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Foreword

The tremendous research and development effort that went into the

development of radar and related techniques during World War II

resulted not only in hundreds of radar sets for military (and some for

possible peacetime) use but also in a great body of information and new
techniques in the electronics and high-frequency fields. Because this

basic material may be of great value to science and engineering, it seemed

most important to publish it as soon as security permitted.

The Radiation Laboratory of MIT, which operated under the super-

vision of the National Defense Research Committee, undertook the great

task of preparing these volumes. The work described herein, however, is

the collective result of work done at many laboratories, Army, Navy,

university, and industrial, both in this country and in England, Canada,

and other Dominions.

The Radiation Laboratory, once its proposals were approved and

finances provided by the Office of Scientific Research and Development,

chose Louis N. Ridenour as Editor-in-Chief to lead and direct the entire

project. An editorial staff was then selected of those best qualified for

this type of task. Finally the authors for the various volumes or chapters

or sections were chosen from among those experts who were intimately

familiar with the various fields, and who were able and willing to write

the summaries of them. This entire staff agreed to remain at work at

MIT for six months or more after the work of the Radiation Laboratory

was complete. These volumes stand as a monument to this group.

These volumes serve as a memorial to the unnamed hundreds and
thousands of other scientists, engineers, and others who actually carried

on the research, development, and engineering work the results of which

are herein described. There were so many involved in this work and they

worked so closely together even though often in widely separated labora-

tories that it is impossible to name or even to know those who contributed

to a particular idea or development. Only certain ones who wrote reports

or articles have even been mentioned. But to all those who contributed

in any way to this great cooperative development enterprise, both in this

country and in England, these volumes are dedicated.

L. A, DuBridge.



Preface

The use of cathode-ray tubes as a means of displaying information in

radar and other equipments demanded a huge expansion of produc-

tion facilities during the war. In the 3^ year period from January 1942,

nearly 3 million of these tubes were manufactured. Although some of

the production was in specialized types that are not likely to find popular

usage, there are now available from surplus stocks and from present

manufacture many cathode-ray tubes of various types. Along with

development of the tubes and their screens, there has been a correspond-

ing development of the art of beam deflection, reported here only in part,

but in such detail as to suggest numerous variations. It is hoped that

the application of these tubes to peacetime uses will be aided by the

publication of this volume.

Cathode Bay Tube Displays is one of seven related volumes of the

Radiation Laboratory Series that deal with lumped-parameter circuits.

It describes solutions to problems involved in the application of cathode-

ray tubes to radar displays and to test equipment. Although the design

of the tubes themselves is not considered in any detail, operating char-

acteristics of the tubes and of their auxiliary equipment and the character-

istics and construction of their screens are discussed in detail. A number
of means of producing sweeps is given both for electrostatic- and mag-
netic-deflection tubes. Great emphasis is placed on sweeps that progress

linearly with time.

Because of the close relation between the function of a radar set and
the design of its display system, it was particularly difficult to avoid

frequent reference to specific radar applications of cathode-ray tubes.

It is one of the purposes of the introductory chapter, therefore, to present

a general description of the problems peculiar to radar so that the motiva-
tion of some of the circuit design can be understood. Several following

chapters elaborate on the parts and functional circuits used in building

up a display system. Later chapters show how these parts can be
synthesized into complete systems.

Nonstandard values of resistors indicated in some of the circuit

drawings signify the use of standard RMA values in series or parallel to

obtain the desired power rating. For example, a 6-watt resistor is
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actually made up of three 2-watt resistors of the appropriate resistance

value. The connection of multiple-element vacuum tubes as triodes or

diodes is shown in some cases. This practice is usually employed to

avoid the need of other types of tubes as spare parts in field equipment.

Other types may function as well in the circuits.

The editors wish to acknowledge the ever-helpful inspiration and

guidance of the editor-in-chief, Louis N. Ridenour, and of his editorial

board. The preparation of the art and manuscript of this book was

greatly aided by the efforts of Charles Newton and his assistants, V.

Josephson, M. Dolbeare, and M. Phillips. Whatever uniformity of style

and format the book may possess is due to the Technical Coordination

Group operating under the supervision of L. B. Linford and A. M. Stone.

The editors extend to the authors their appreciation of an onerous

task conscientiously performed, and their congratulations upon its

completion. The assistance of W. 0. Reed and W. E. Henry in furnish-

ing important background material for several sections was important

and necessary for the completion of these sections.

The editorial staff wishes to thank Martha Murrell for so effectively

and ably supervising the preparation of the illustrations. Much of the

special typing was done by Doris Williams, to whom the editors are much
indebted.

The Editors.
Cambridge, Mass.,

July, 1946.
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CHAPTER 1

INTRODUCTION

By L. J. Haworth

The cathode-ray tube is a form of visual indicator that permits an

interpretation of electrical phenomena in terms of a picture painted on a

phosphorescent screen by a sharply focused beam of electrons which is

controlled in position and intensity by electrical signals. Under the

proper conditions it paints this picture in an extremely facile way, being

capable of utilizing many millions of separate data per second. Because

of this facility and the ease and accuracy with which observations and

measurements can be made, the device has had great importance in

many diverse applications. As a laboratory and factory instrument,

it is widely used for both qualitative and quantitative studies of electrical

phenomena and of other phenomena that can be reduced to electrical

terms. The geometrical picture that it presents makes it peculiarly

appropriate as an indicator for television and radar.

The picture seen on the phosphorescent screen is called the "display,"

the "indication" or the "presentation." The tube itself is referred to

as the "indicator," "indicator tube," "display tube," "CRT" or "scope."

Often when a tube presenting a particular form of display is to be

identified, a descriptive adjective or code designation is prefixed to

"scope." The words "indicator" and "scope" are often extended to

include devices and circuits auxiliary to the cathode-ray tube proper.

This volume will describe displays and techniques of display pro-

duction which were developed to provide indicators primarily for radar

applications and secondarily for use in the electronics laboratory, although

their usefulness is by no means confined to these fields. The cathode-ray

tubes themselves will be discussed more from the functional than from

the developmental standpoint although the latter will receive some

emphasis in connection with screens and screen materials. A rather

full account will be given of the methods of combining vacuum-tube

circuits and other devices that provide the necessary voltages and cur-

rents for producing the displays. Other volumes of this series give more

detailed descriptions of the component parts (Vol. 17) and of the funda-

mentals of the basic circuits (Vols. 18, 19, 20, 21). The application of the

displays to operational radar is discussed in Vol. 1.

1



INTRODUCTION [Sec. 1-1

1*1. The Cathode-ray Tube.—A cathode-ray tube is an elongated

vacuum tube with a cylindrical neck and an enlarged section or bulb

that has a flattened front surface, containing or having associated with

it as external components an electron gun, an electron-beam-deflecting

system, and a phosphorescent screen (Fig. 1-1).

The electron gun comprises those electrodes that create, control, and

focus the beam of electrons. It is placed axially within the neck of the

tube, and consists of a heated cathode as the source of electrons, and one

or more electrodes that form these electrons into a beam that travels

axially down the tube at high velocity. The beam is controlled in

Heater

Control grid

Focus electrode

Deflecting plates

Anode

Cathode

Focus coil

Second grid,

Cathode

Electrostatic tube

Heater

Persistent phosphor

Blue

phosphor

Magnetic tube

Fig. 1-1.—Elements of cathode-ray tubes.

Glass tube
face

Cascade screen

intensity by a negative control grid consisting of a pierced diaphragm

immediately in front of the cathode. Immediately in front of this grid

may be an accelerating grid (sometimes called the second grid), which is

either at a potential of several hundred volts positive with respect to

the cathode or at full anode potential. If present, this electrode serves

to make the beam current independent of variations in the potentials of

subsequent electrodes. The electron beam is given its final high velocity

by virtue of a potential difference of from 500 volts to several thousand

volts maintained between the cathode and an anode formed by a con-

ducting coating (usually Aquadag or Dixonite) on the inner glass surface

over the region indicated. An additional element of the gun consists

of a focusing electron lens, which makes this beam converge to a small

area or spot at the front of the bulb. This electron lens may be either
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electrostatic or magnetostatic. If it is electrostatic, it is formed by the

electric field distribution between the focus electrode (or first anode),

which is maintained at an intermediate potential, and the high-voltage

second anode. Adjustment of focus is made by controlling the potential

of the focus electrode. If the focusing lens is magnetostatic, it is formed

by the magnetic-field distribution along the axis of the tube set up by a

focus coil or permanent magnet external to the tube. In this case, focus

adjustment is provided by varying either the current through the coil,

or the position of a shunt in the case of a permanent-magnet focusing

device.

Deflection is produced by transverse electric or magnetic fields in the

region indicated in Fig. 1-1. The same type of field is usually used for

both deflection and focus; although electrostatic focus sometimes is

combined with magnetic deflection. In any case tubes are classified

as "electrostatic" or "magnetic" in accordance with the method of

deflection.

Electrostatic deflection is accomplished by passing the beam between

each of two orthogonal pairs of deflecting electrodes or plates mounted in

succession in the neck of the tube. The deflection due to each pair is

accurately proportional to the potential difference between them, and

the two orthogonal deflections add vectorially. If the deflections are to

be large, best focal conditions are achieved by applying equal and

opposite deflecting potentials to the two members of a pair so that the

mean potential between them is independent of the deflection, and the

electrons experience a minimum of longitudinal acceleration in passing

through.

Magnetic deflection is accomplished by passing currents of the

desired waveforms through a coil or a combination of coils surrounding

the tube neck. Permanent magnets are sometimes used to provide fixed

deflections. The deflection due to each coil is proportional to the cur-

rent through it, and the individual deflections add vectorially. Good
focal conditions demand that all of the deflecting fields occupy the same

axial region in the tube.

A single deflection coil 1 can be used to provide a polar display by
mounting it on bearings so that a radial deflection in any desired direction

can be produced.

Multiple coils are used in many different ways. Often two are

arranged orthogonally either to produce entirely independent deflections

in a rectangular display or to provide the two cartesian components of

the radial deflection in a polar display. Occasionally two coils are used

1 A "coil" usually consists of at least two separate windings that are symmetrically

placed with respect to the tube and are connected either in series or in parallel.
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to provide additive deflections in the same direction, especially if the

frequencies involved are widely different.

A rotatable coil is frequently surrounded by an orthogonal pair of

fixed coils or by a separately orientable single coil or magnet in order to

provide a displacement of the origin of the polar display.

The design of deflection coils that can produce displays accurate in

geometry and of good resolution is an exacting task, especially when

this design must also incorporate maximum efficiency in driving power.

Hand in hand with the design of the coils must go a consideration of the

associated vacuum-tube or other electrical circuits that must accurately

provide the necessary currents with a minimum of cost in size, weight,

and power. A number of advances in both coil and circuit design,

which have been made in connection with radar indicator develop-

ment, will be described in later chapters.

Comparison of Tube Types.—At the present state of development,

magnetic tubes produce sharper images than do electrostatic tubes of

the same screen diameter. This fact is especially true at the higher

electron beam currents.

Electrostatic tubes are far easier and cheaper to deflect than mag-

netic tubes at any except the lowest frequencies because of the induced

voltages in the deflection coils of the latter.

The weight and size of an indicator are greater with a magnetic than

with an electrostatic tube, partly because of the weight of magnetic-

focusing and deflecting systems themselves and partly because of the

power they require.

The particular size of tube to be used in a given application depends

principally upon the conditions under which it is to be viewed and the

requirements for dispersion of the picture, especially when measure-

ments are to be made. The relative spot size, which determines the

attainable resolution, is relatively independent of the size for each of

the two varieties. Furthermore the operating cost is the same for all

magnetic tubes and has no systematic dependence on size for electro-

static tubes.

The Screen.—The important characteristics of the screen are its

efficiency, its color, its decay properties and the manner in which it

"integrates" or "builds up" the effects of repeated signals.

Since the strength of the electron beam has definite upper limits set

by a tendency to defocus at high intensities, and since the focal properties

are seldom all that could be desired, it is important that the excitation

efficiency of the screen should be as high as possible. This requirement

is particularly vital when a given spot is being excited only a small

fraction of the time as in many cases of complex or interrupted displays.

It is important, of course, that the emitted light be in a spectral region
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of high visual efficiency or, if the screen is to be photographed, that it

be proper for that purpose.

The screen must have sufficient persistence ("afterglow") to permit

observations and measurements and, in the usual case of a repeating

picture, to make the picture as nearly continuous as possible. On the

other hand the image must not persist so long as to cause confusion if

the picture is a changing one. For photographic purposes a "fast,"

high-intensity blue screen is best. For visual observations three cases

may be considered.

1. Those in which little or no persistence is needed, either because

the picture repeats itself in a time less than the retentivity time

of the eye (about -fa sec), or because the spot moves so slowly

that ample time is afforded for observation without persistence.

Screens incorporating the famil- ior

iar green willemite phosphor

used in ordinary oscilloscopes

and known as type PI (phosphor

number one) are widely used in

such applications. This mater-

ial has an exponential type of

decay with a time constant of a

few milliseconds and is ex-

tremely efficient in terms of

light intensity.

2. Applications in which persis-

tence is needed to smooth out Fig.

the effects of flicker. As will be

seen in Sec. 18-8, a recently developed screen of zinc-magnesium

fluoride with an exponential decay time of between 60 and 100

milliseconds (Fig. 1-2) and designated P12 serves quite well for

this purpose except that its efficiency leaves something to be

desired.

3. Applications in which the picture repeats itself so infrequently

that considerable persistence is needed to afford viewing time and,

in so far as possible, to provide a composite picture. This classi-

fication is especially important in radar applications where scanning

periods may be as long as 20 or 30 sec. Exceedingly long persist-

ence screens were developed for this purpose during the recent war.

They incorporate the "cascade" principle in which the persistent

phosphor, placed next to the glass, is principally excited by the

light from a coating of a blue-emitting phosphor that receives its

excitation directly from the electrons. For reasons to be explained
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in Chap. 18 persistent phosphors excited in this way have much
better "buildup" and decay properties for the uses intended than

they would have if directly excited by the electrons. Two such

screens are commercially available—the P14, which is suitable for

frame times up to a very few seconds, and the P7, which has a

much longer persistence (Fig. 1-2). Since the decay of these

cascade screens is an inverse-power rather than an exponential

function of the time, the disappearance of old signals is less clean-

cut than with the PI and P12 types. Unfortunately no satis-

factory phosphors with exponential decays of more than about

100 milliseconds have as yet been developed.

The problem of obtaining sufficient light from these long-persistence

screens is a serious one, partly because the screens are not so very efficient

and partly because they are usually excited only an extremely small

fraction of the time.

The influence of the buildup and decay properties of the screens on

the visibility of repeated signals, especially in the presence of disturbing

interferences, can best be discussed after some of the applications involved

have been more fully described.

A special type of persistent screen, known as the "skiatron" or

"dark trace" screen, which has the property of darkening under electron

excitation and is used principally for projection purposes, will be described

in Chap. 18.

1*2. The Geometry of Displays.—In a majority of cathode-ray-tube

applications one particular quantity, the signal, is to be studied as a

function of one or more independent variables. The signal may repre-

sent a voltage or current in an electrical circuit, an audio signal detected

by a microphone, the "video" signals of television, the "echo" signals

of radar, or almost any quantity that can be represented electrically.

The independent variables may be any quantities, including time, on

which the signals explicitly or implicitly depend. In forming the dis-

plays the signal is used either to displace (deflection-modulate) or intensify

(intensity-modulate) the electron beam (Fig. 1-3). Independent variables

are in general used only to displace the beam. The motion resulting

from one such variable is referred to as a "sweep." The tracing of the

pattern in response to all of the variables is called "scanning," and a

pattern applied once is called a "single scan" or a "frame." A par-

ticular method of scanning is often designated by prefixing a descriptive

or a coded expression to the word scan (B-scan, PPI-scan).

In a deflection-modulated display the signal deflection is applied at

right angles to an axis or baseline, determined by a sweep. The result

is a graphical representation that affords precise information on the
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Fig. 1-3.—Typical cathode-ray tube displays.

strength and character of the signals in terms of a single variable. In

an intensity-modulated display each of the two coordinates of the tube

face (cartesian or polar) represents an independent variable and the

signals are applied to intensify the spot so that the display resembles a

picture or a map. Outstanding characteristics of the signals can be

accurately located with respect to the independent variables but infor-
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mation on their strength and character is only qualitative. In most

laboratory applications, the display is deflection-modulated, the inde-

pendent variable usually being time. In television, intensity modulation

provides a '
' picture

'

' in the ordinary sense. Both deflection and intensity

modulation are used in radar, the echo signals being displayed in terms

of one or two geometrical coordinates.

A sweep may be continuously controlled by information or data pro-

vided by an external source, or it may be an explicit function of time,

with or without dependence on external parameters. The data pertinent

to a controlled sweep may consist of voltages that are utilized, directly

or through amplifiers, to deflect the beam proportionally; alternatively

they may consist of means for controlling the orientation of a deflection

coil used in a polar display.

A motion that is an explicit function of time is called a "time-base

sweep." Such sweeps are of great importance in two ways. In many

cases time itself is one of the desired display coordinates as, for example,

when observing waveforms. In other applications a time base can be

used to represent some other variable whose time dependence is known.

For example, in radar a linear-time-base sweep is linear in radar range

and is usually spoken of as a "range sweep." Similarly, in television,

time serves as the connecting link between the linear scanning of the

image tube in the "camera" and the identical scanning of the cathode-

ray ("picture") tube in the receiver. The waveforms required to pro-

vide a time-base sweep are generated by some sort of electrical network in

the indicator circuits. When the displacement represents some quantity

other than time the initiation of the waveform must usually be " synchro-

nized" with some external sequence of events in order that the zero of

the coordinate be properly fixed. Often when time itself is the coordinate

a similar synchronization with the signals must be provided.

Sometimes the characteristics of a time-base sweep are made respon-

sive to the values of external parameters. Such a sweep is said to be

modulated by the pertinent external data.

In a majority of applications continuity is supplied to the displayby

repeating the scan at more or less regular intervals. In many applica-

tions, such as radar and television, the repetition results from periodicities

in the independent variables; in others, involving a time-base coordinate,

repetition is "synchronized" with an explicit periodicity of the signals in

time. If, in either case, the signals are identical from cycle to cycle the

display pattern is stationary ("frozen") as in a photograph or a drawing

(Fig. 1-Za) and observations and measurements can be easily and accu-

rately made. If the pattern is a changing one, its progress can be

readily followed unless the changes are of a random nature. Even if

the signal is a transient one it is frequently possible to excite it again
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and again in order to provide time for study. Often the exciting stimulus

is provided or initiated by a signal from the indicator itself.

In a deflection-modulated display the periodicity of the scan and of

the sweep are the same. A two-dimensional intensity-modulated dis-

play involves two sweep periodicities, the one of lower frequency deter-

mining the periodicity of the scan. The appearance of the pattern
depends upon the coordinates of the display, the periodicities involved,

the relative time occupied by each sweep, and the form of the explicit

or implicit dependence of the sweep speeds on time. Consider, for

example, the important case in which both sweeps are linear and the
period of the faster sweep is short compared to the total frame period.

A cartesian display will then consist of a set of parallel straight lines

with a slope determined by the relative sweep speeds and a spacing
determined by the ratio of the fast-sweep period to the total-frame
period. A polar display will consist of a set of radial but slightly spiraled

"spokes" if the angular sweep period is the longer, or a continuously
expanding spiral if the reverse is true. In any of these cases successive

scans will exactly superpose only if the two frequencies are commensurate.
In a vast majority of cases, however, the ratio between the sweep perio-

dicities is so great that neighboring traces overlap, giving a solid pattern
that approximately superposes regardless of the exact frequency ratio.

1-3. Laboratory Instruments.—The nature of most laboratory appli-

cations is such that the most useful displays are deflection-modulated.

Electrostatic tubes are invariably used for this purpose because they are

far easier to deflect than magnetic tubes and because the nature of the
display is such that low electron-beam intensities with their attendant
good focus can usually be used.

The Synchroscope.—Although special equipments are frequently used,
most of the requirements for a laboratory instrument can be illustrated

by the so-called "synchroscope." This instrument consists of an electro-

static cathode-ray tube in a case that also encloses a variety of electronic
circuits and power supplies for operating both the tube and the circuits.

Included in the circuits are means for providing a linear range sweep
whose speed can be adjusted (usually in steps) over a wide range of

values. The sweep circuit is so arranged that the electron beam rests,

with zero intensity, at one side of the tube until the receipt of a "trigger
pulse," at which time the sweep begins and the beam is intensified by a
square voltage wave applied to the control grid. After passing across
the tube the electron beam is cut off in intensity and is then quickly
returned to the origin where it remains until the next trigger pulse.
The trigger pulses may be supplied externally or they may be derived
from an internal oscillator of variable frequency. Pulses from the
internal oscillator can be brought out of the synchroscope through an
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external connection. The circuit that derives pulses from the internal

oscillation can perform the same function for sinusoids or other regular or

random external waveforms. Usually, means are provided for "scaling

down" the pulses in a regular way so that only a fraction are used to

trigger the sweep. When desired, the sweep can be triggered by a

delayed pulse derived from a variable-time-delay circuit. Often the

instrument contains sources of precise timing indices, which consist of

very short pulses used to produce sharp pips at right angles to the base

line of the sweep. These may consist of a set of discrete, uniformly

spaced (in time) indices, or a continuously variable index, or both. The

delay circuit and the time indices are not available in all synchroscopes.

Signals may be applied directly or through an amplifier to the

deflecting plates orthogonal to those used by the sweep.

By means of these facilities the instrument can be used to study the

sequence of signals following any regular or random external trigger pulse

or following any particular phase of a more complex waveform. Several

cycles of the signals may be viewed along the sweep by making use of

the scaling circuit. If the delay circuit is available, any desired time

interval can be examined in detail by using a fast, delayed sweep.

The internally derived trigger can be used to initiate any desired

external sequence of events, the scaling and delay circuits serving the

same roles as before. By means of a switch it is possible to interchange

the role of the delayed and the undelayed triggers so that the sweep

begins before a trigger is delivered to the outside. In this way it is

possible to obtain a clear view of the initial stages of the signal resulting

from the externally delivered trigger.

This device is much more flexible than the oscilloscope so familiar

before the recent war. By comparison the latter suffers from the facts

that it can be used only for regularly spaced signals, that it is difficult

and often impossible to view a selected time interval on a fast sweep,

and that there is no way of viewing a "single sweep." The presence of

these features on the synchroscope render the oscilloscope obsolete except

for very limited applications.

The J-scope.—A second extremely useful laboratory instrument, the

J-scope, is used principally when very precise time measurements are

desired. In this device the time base sweep is "wrapped" into a circle

and the signal deflections are applied radially by means of a central

electrode (Fig. l-3c). The sweep is derived by applying a properly

phased precision sinusoid applied in quadrature to the two pairs of

deflecting plates. The frequency of the oscillation is made very high,

but lower frequencies are made available through frequency-reducing

circuits. For each signal sequence the tube is blanked on all but one

sweep cycle so that a delayed sweep is effectively produced. Measure-
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ments are made with the aid of fixed indices or by shifting the phase of

the oscillation with respect to the signal sequence and using a single

fixed index. In either case the control knob must determine the phase
(in whole and part cycles) at which the tube must be brightened.

RADAR DISPLAYS

1-4. Digression on Pulsed Radar.—Since most of the displays to be
described in this volume were originally developed for radar use, they
can most easily be classified in that connection. A brief description of

the operation of pulsed radar will therefore be helpful. 1

Radar operates on the echo principle. Short, regularly spaced bursts

(pulses) of radio-frequency waves are generated by an oscillator (mag-
netron) excited by a short pulse of d-c power from a modulator (Fig. 1-8).

These are transmitted into space in a more or less narrow beam from a
directional antenna. An object (target) in the path of the beam scatters

the radiation and some of it is returned to the antenna whence it is

directed to a sensitive receiver and finally to an indicator such as a
cathode-ray tube. Since the radiation has a known velocity, equal to
that of light, the range to a given target can be determined by measuring
the time elapsing between the transmission of a pulse and the receipt of

the corresponding echo. The elapsed time and the range are related

by the factor 10.8 jusec/statute mile, or 12.2 ^sec/nautical mile; or, put
in another way, R/t = 167 yd/Msec. In order to avoid confusion, the
time between pulses is made greater than that required for receipt of an
echo from the maximum expected range. The direction of the target is

also known from the orientation of the antenna when the echo isreceived.

Thus by "scanning" the beam about, it is possible to observe each target

within range and, in principle, to plot its position.

Since maximum ranges lie between approximately 20 and 200 miles,

depending upon the application, the range of pulse-repetition frequencies
(PRF) is from a few hundred to a few thousand per second. Pulse
lengths vary from 0.1 to 5.0 /tsec, 0.5 and 1.0 /xsec being the most common.
The range resolution, that is, the minimum distinguishable separation of

targets in range is 167t yd where t is the pulse length in microseconds.
The range of a resolvable target can be determined to a small fraction of

this value, however, by timing some particular part of the echo pulse
such as its leading edge.

The duration of the echo pulses range from the value t in the case
of a point target to much greater values for extended targets. Thus the
frequencies involved in the demodulated signals are in the range from a
few times l/r down to very low values.

1 The principles and design of radar are described in Vol. 1 of this series.
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Resolution in angle depends upon the width of the r-f beam. In

microwave radar this varies from 0.5° to 10°.

Scanning is usually accomplished by rotating the antenna mount or

scanner about one or two axes, although in some cases limited angles

are scanned by mechanical or by electrical means internal to the antenna.

During most operations, scanning proceeds continuously but in some

circumstances the motion is stopped and the beam points (searchlights)

in a manually controlled direction.

Many different scanning motions are used. The most commonly

used scan is a rotation about a vertical axis. The r-f beam is made

narrow in azimuth and has a vertical extension sufficient to cover the

required sector in elevation. The latter may vary from a few degrees

when observing the earth's surface from a low level, to 45° or more when

observing the surface from a high level, or aircraft from any location.

A huge antenna used for long-range aircraft detection may rotate con-

tinuously through 360° as slowly as 2 rpm; a small one used at close

range may rotate as rapidly as 100 rpm. Smaller sectors can be covered

in oscillatory fashion at approximately the same angular velocities.

"Electrical" scanners cover a few degrees at rates as high as 10 or 20

scans per second.

With such antennas it is possible to obtain the azimuth angle (bearing)

of each target.

Often elevation as well as azimuthal information is needed. In one

widely used method of acquiring this, a vertically narrow beam, fanned

horizontally through a limited angle, is scanned rapidly about a horizontal

axis. In some cases the antenna is manually oriented in azimuth to

point at the target, using information from a second radar set that is

scanning horizontally. In other cases a continuous azimuthal rotation

is provided so that the beam executes a "vertical sawtooth" type of scan.

Other types of two-dimensional scanning include:

1. The "spiral scan," in which a limited sector is covered by slowly

tilting the antenna beam through an angle about a rapidly rotating

axis;

2. The "helical scan," a special case of the spiral scan in which the

axis of rotation is vertical;

3. The "horizontal sawtooth" in which the rapid azimuthal rotation

of the helical scan is replaced by a rapid oscillation; and

4. The "V-beam scan" in which a V-shaped beam with apex at the

ground and one leg vertical is rotated in azimuth. The azimuthal

position of targets can be determined from the vertical lobe and

the height from a combination of the range and the relative

scanner orientations at which the target is detected by the two

beams.



Sec. 1-5] GENERAL FEATURES OF RADAR DISPLAYS 13

Those characteristics that concern the displays are given in Table 11
for a few typical radar sets.

Table 11.

—

Characteristics of Some Types of Radar Sets

Ground- Airborne

Characteristic based
Airborne Shipborne high-resolu- Height

air search
sea search sea search tion

(over land)

finder

Wavelength 10 cm 3 cm 3 cm 1 cm 10 cm
Pulse length 1 usee 0.5 and

1.0 usee

0.5 usee 0.25 and
1.0 usee

1 usee

Repetition rate 300/sec 1200 and
600/sec

800/sec 2000 and
500/sec

600/sec

Horizontal-beam
width 0.5° 2° 1°

6°
0.6°

*

5°

1.3°Vertical-beam width. * *

Scanning rate 2 to 4 rpm 30 rpm 10 rpm 20 to 60 rpm 4/sec

2/min
Maximum range .... 200 miles on 75 miles on Horizon on 25 miles and 50 miles

aircraft ship

100 miles on
ships

80 miles on
40 miles

land mountains
1

* The beam in these cases is "fanned" vertically and is "shaped" in such a way that the energy is
more concentrated in the horizontal direction where it is most needed.

1-5. General Features of Radar Displays.—The information avail-
able from a radar receiver may contain as many as several million sepa-
rate data per second. From these and other data, such as the orientation
of the antenna, the indicator should present to the observer a continuous,
easily understandable, geometrical picture of the radar targets under
study, giving the size, shape, and, in so far as possible, the nature of
each to any desired degree of accuracy. A cathode-ray tube, the only
available device that can begin to fulfill these requirements, does so to
an astonishing degree. Its principal shortcoming is that it cannot pre-
sent a true three-dimensional picture. Under very simple conditions it

is possible to present a third dimension in an understandable, though
unnatural way, but in any complicated three-dimensional situation, more
than one display must be used.

The fundamental geometrical quantities involved in radar displays
are the spherical coordinates—range, azimuth angle (or bearing), and
elevation angle—relating the position of the target to the origin at the
antenna. Almost every radar display includes one or two of these
quantities directly as coordinates of the tube face or is a simple modifi-
cation of a display that does.

A vast majority of displays use as one coordinate the value of slant
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range, its horizontal projection (ground range), or its vertical projection

(altitude). Since slant range is involved in every radar situation, it

inevitably appears in at least one display on every set. It is the coordi-

nate that is duplicated most often when more than one type of display

is used, partly because displays presenting range have the highest

signal-to-noise discrimination (Sec. 1-11) and partly for geometrical

reasons.

Range is displayed by means of a linear^time-base sweep starting

from a given point or line at a definite time in each pulse cycle. Thus

distances along this range sweep are proportional to increments of slant

range. The sweep speed determines the scale factor, relating distance on

the tube to actual range, and the sweep length, or total distance repre-

sented. Distances are expressed in miles (statute or nautical) or yards.

The origin of range may be on or off the tube face. Sometimes it is

made virtual by delaying the start of the sweep for some time after the

instant of transmission.

An angle at which the scanner is pointing, either in azimuth or

elevation, may enter into a display (1) directly as a polar angle, (2)

directly as a cartesian coordinate, or (3) as a basis for resolving a range

sweep in a particular direction. These various methods will be better

understood in connection with the specific display types.

Many considerations enter into the choice of the display geometry.

In a three-dimensional problem the designer must decide how to divide

the coordinates between two displays or how to arrange them in a single

display, if this method is feasible. Even when reduced to two dimen-

sions the problem is a complicated one, often involving conflicting require-

ments, such as the need for high resolution and dispersion without

sacrificing the field of view. In some cases the needs can best be met

by deliberately deforming the picture; in others it becomes necessary to

use more than one display, either alternately on a single tube or simul-

taneously on different ones.

Many different display schemes have been employed to resolve these

questions. The following summary includes the important geometries

that have actually been used. (Many more permutations and combi-

nations are possible but they have had little or no practical application

to date. The various types will be described in detail in the next section.

)

1. One-dimensional Deflection-modulated Displays. The independent

variable is always range (type A, type J, etc.). Two such dis-

plays on a single tube are sometimes compared to obtain directional

1 The range sweep must be nonlinear when range is to be projected in a plane not

containing the radar set as, for example, in the case of true ground mapping on the

indicator of an airborne radar.
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information by comparing signal intensities from two different

antenna-beam lobes (types K and L).

2. Two-dimensional Intensity-modulated Displays. The signals appear

as bright spots or patches against a background that is usually

partially illuminated by the receiver noise. These may be classi-

fied as follows:

a. The representation of a horizontal or vertical plane.

(1) True plots of a plane surface in which range and an angle

are combined as polar coordinates (PPI).

(2) Deformed displays.

(a) Radial deformation of a polar plot, created by a shift of

the range origin (open-center PPI, delayed PPI).

(6) Linear deformation created by "stretching " a polar plot

along one rectangular axis ("stretched" PPI, the RHI).
(c) Rectangular plots of the polar coordinates range and

angle (type B, type E, V-beam display).

6. Rectangular plots of azimuth and elevation.

(1) True displays that follow the antenna orientation (type C).

(2) Error indicator (type F. Such displays are not always

intensity-modulated.)

3. Three-dimensional Intensity-modulated Displays. These are all

modifications of two-dimensional displays in which one or more
coordinates of the tube face present, in a formalized way, infor-

mation about the third dimension being displayed.

Indices.—It is always desirable and usually mandatory to provide
some form of index or marker for making geometrical measurements on
the display. Often these consist simply of a gridwork of regularly

spaced lines from which fairly accurate values can be read at a glance.

If high precision is required these are supplemented by a continuously
movable interpolating index in each coordinate. Often their controls

are connected to devices providing remote data transmission, and
movable markers are sometimes used for this reason alone.

The indices may be provided either by placing a transparent surface

containing them as nearly as possible in optical superposition on the dis-

play or by modulating the electron beam in such a way that the marks
appear as part of the display itself.

Lines ruled on a fixed transparency over the tube face are the simplest
to provide but their use results in errors due to display inaccuracies and
to parallax as well as to faulty interpolation. Furthermore, in general,

they do not lend themselves to changes in the origin of the scale factors
of the display unless they are discrete and few enough in number so
that multiple scales are not confusing. Mechanical motions can be
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introduced to provide for interpolation and for a moving display, but

this method is usually cumbersome. Parallax may be largely overcome

by methods of optical superposition (Chap. 16) but in their simplest

form these indices are likely to be confusing, and the more elegant ones

are bulky. Their principal usefulness is in connection with plotting and

with superposing maps or charts on the display.

Electronic markers, produced by modulating the electron beam,

reduce or eliminate most of these difficulties. They completely elimi-

nate parallax and, because they can be generated by precision means

that are independent of the sweeps, they automatically fall in their

proper place on the display regardless of its position, its scale factor,

or any deliberate or unintended distortion. In general the methods of

producing interpolation indices are far less cumbersome than the mechani-

cal methods but in many cases, especially on slow scans, the intermittency

with which the display is "painted in" hinders the process of setting the

index on the echo unless rather complicated switching methods are intro-

duced to provide the markers at more frequent intervals.

Electronic indices are invariably used in range determinations. They

consist of sharp pulses, generated by a precision timing circuit, that are

introduced into the display along with the echo signals at the proper

times on each pulse cycle. Almost every display entails a set of discrete

markers derived from a precision oscillator that is properly phased with

respect to the transmission of the r-f pulse. Since the radar data are

inherently capable of providing very great accuracy in range determi-

nations, and since fixed markers must be rather few in number to avoid

confusion, an interpolating index is very often used. Fairly simple

circuits providing an amazing degree of precision have been developed

for this purpose.

In the case of angle determinations, the fundamental data are not so

precise as in range determinations, and, in general, inaccuracies intro-

duced by the display are less. For these reasons and in the interests of

simplicity it has been most usual in the past to use a set of fixed indices

engraved on a transparent overlay. In the particular case of a polar

display (PPI) concentric with the tube face, these indices are often

supplemented by a rotatable cursor. More recently, as the inherent

accuracy of the data and the accuracy requirements have increased,

electronic indices have been replacing mechanical angle markers. These

can be produced most simply by brightening a few range sweep traces

by means of a signal generated when the scanner passes through the

position in question. This method is satisfactory for fixed, discrete

indices and for a variable index on a fairly rapid scan. On slower scans

the intermittency makes adjustment so slow that the switching methods

alluded to above must be used. These are more costly and in the case

of a mechanically rotating coil they cannot be used at all.
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1-6. One-dimensional Deflection-modulated Displays.—Since one-

dimensional displays yield little geometrical information, their only

justification in radar is that they permit the use of deflection modulation,

thereby yielding a maximum of information about the intensity and form

of the echo signals. For this purpose it is best to display the signals as a

function of time or range; therefore, the only radar displays using deflec-

tion modulation are those in which the deflections are applied perpen-

dicular to a range sweep (Fig. 1-36). As in the synchroscope, the sweep

may represent part, or nearly all, of the period between pulses. In the

former case the particular interval appearing on the display is deter-

mined by the delay elapsing between transmission of the outgoing pulse

and the starting of the range sweep.

The A-scope.—The general classification type A is applied to describe

such displays. An "A-scope" is universally used for observing the radar

signals and the various circuit waveforms in a radar set during test and
alignment. For this reason an A-scope is an indispensable adjunct to

every radar set, either as a part of the permanent installation or as a

piece of portable test equipment.

As an operational radar indicator the A-scope is, with modern narrow

beam sets, used only when "searchlighting" and then chiefly as an
instrument on which to make accurate range determinations or occa-

sionally for decoding IFF or beacon signals.

Range Scopes.—The generic name "R-(for range) scope" is applied

to several forms of modified A-scope used for accurate ranging. In all

of them a greatly expanded display is combined with a precision timing

device. In some cases the delay is only crudely calibrated, the entire

precision being incorporated in a marker timing circuit. In others the

delay circuit itself is a precision device and forms part of the complete

timing equipment. The displays used are sometimes subclassified in

terms of the particular type of electronic marker used (Sec. 6-3).

Sometimes an R-sweep and an A-sweep are shown simultaneously on

the same tube by switching between them on alternate pulses. The
A-sweep is used for general utility and for determining the proper delay

for the R-sweep, either by inspection of the range scale or by displaying

on the A-sweep an electronic marker that indicates the setting of the

R-sweep delay. Such an indicator is called an "A-and R-scope" or an
"A/R-scope" (Sec. 7-6).

A "J-scope" or a combination of a fast and a slow J-scope is often

used for extremely accurate range determinations.

1*7. Two-dimensional Intensity-modulated Displays.—Most radar

sets use a simple azimuth scan and present their data on an intensity-

modulated display of the horizontal plane. Even when height (or ele-

vation angle) is important some sort of range-azimuth display is usually

basic to the indication system. The third coordinate usually appears in
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Fig. 1-4.—Radar display types.
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a separate display on another tube, most frequently in a presentation

of a vertical plane into which all the targets in a given azimuthal sector

are projected. Thus intensity-modulated displays of plane surfaces,

particularly the horizontal one, are the most important of those used in

radar. Several such displays are diagrammed in Fig. 1-4.

The Plan-position Indicator.—If the ground range and azimuth angle

of each target are represented respectively by the distance from a fixed

origin and by azimuth angle on the tube face the result is a map with

the radar site at the origin. Except when aircraft targets are observed

at large elevation angles or when ground mapping is done from a very-

high-flying aircraft, the difference between ground range and slant range

is small and slant range is therefore usually used in the display.

An indicator used for such a display is known as a "plan-position

indicator" or "PPI" 1 (Figs. IZe, l-4d and l-4e). It is achieved by
rotating a range sweep about the range origin in synchronism with the

azimuthal scanning of the antenna. The various targets then appear in

the proper directions as well as at the proper relative distance from this

origin and the result is a map.
The origin of the PPI may be at the center of the cathode-ray tube

giving an equal field of view in all directions. Frequently, however,
it is displaced, sometimes far off the tube face, in order to give a maxi-
mum expansion to a given region (Fig. 1-4/). Such a display is called

an "off-center PPI." If the displacement is extreme it is frequently

called a "sector" display.

The PPI is the most widely used and versatile of all displays. In
presenting the information with which it deals, its only fundamental
shortcoming is that, in common with all maps or charts, it cannot simul-

taneously possess a highly expanded scale and a large field of view.

The vertical analogue of the PPI may, of course, be formed by sub-

stituting elevation for azimuth angle but it is more customary to use

deformed displays for this purpose.

In spite of the usefulness of a true display such as the PPI, occasions

arise in which it is not ideal. These occasions usually involve the need
for providing high resolution or dispersion in some particular coordinate

without restricting the field of view too severely in other dimensions. A
number of types of deformed displays have been devised for such pur-

poses; they are particularly useful when dealing with point targets.

Radial Deformation.—Two types of radial deformation of the PPI
have been widely used. In the open-center PPI (Fig. l-4c), the origin is

expanded into a circle in order that more accurate bearing determinations

1 The abbreviation "PPI" is used interchangeably to represent both the indicator

and the indication. The same double usage applies to abbreviations used for other
types of indicators.
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may be made on a nearby target, as, for example, when "homing."

Range and bearing scales remain linear but relative target positions and

the shapes of extended targets are deformed, especially near the origin.

The delayed PPI (Fig. lAg), so-called because of the technique used,

collapses an annulus ring into a solid circle. By this means, high reso-

lution and dispersion can be provided on distant targets without sacri-

ficing an all-around view as an off-center PPI would do. The extent of

the resulting deformation depends upon the amount of the delay relative

to the range interval covered by the display. It is most serious near the

center of the display.

Linear Deformation (the "Stretched" PPI, the RHI).—A deformed

display of considerable utility, especially in the vertical plane, can be

formed by "stretching" a polar plot in one rectangular dimension as

though it were on a sheet of rubber.

On such a display the cartesian coor-

dinates parallel and perpendicular to

the axis of stretch retain their original

meaning and their linearity but they

have different scale factors. Straight

lines remain straight but, except for

those parallel to the coordinate axes,

their directions are changed. Circles

of equal range appear as ellipses with

their major axes in the direction of the

stretching.

This technique finds its greatest use in the determination of the

height of aircraft. For this purpose the display, known as "range-

height indication" (RHI) (Fig. 1-5) represents a vertical plane on which

all of the aircraft in any desired azimuthal sector are shown. Because

the maximum height of aircraft is much less than the range interval

usually of interest, and because it is usually required that height be

measured to a high degree of accuracy, a vertically stretched display is

extremely desirable. The amount of stretching which may be effectively

used is determined by the ground-range interval portrayed as compared

to the airplane ceiling. The RHI is always used in conjunction with a

PPI or other horizontal display, which often obtains its data from

another radar set. Correlation of the echoes between the displays is

made partly by azimuthal position and partly by range. If the height-

finding antenna scans rather than searchlights in azimuth, the RHI is

usually blanked except during a narrow azimuthal interval that may be

chosen at will.

The horizontal counterpart of the RHI, sometimes called the

"stretched" PPI (Fig. 1-46), is used principally in connection with the

Aircraft

echoes

echoes
Ground ran8e ln miles

Fig. 1-5.—Range-height indication.
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ground control of aircraft approaching a landing. The stretching is done

perpendicularly to the landing strip and aids greatly in detecting slight

deviations from the proper course.

Rectangular Presentation of Range and Angle (Type B, Type E).—

A

plane surface is often represented in a deformed manner by combining

range and angle in cartesian rather than polar coordinates. This dis-

play is obtained by moving a range sweep laterally across the tube face

in synchronism with the antenna motion so that the origin is stretched

out into a straight line.

In range and azimuth these rectangular displays, known as "Type B,"

are of two different sorts.

1. Displays in which no attempt is made to minimize the deformation,

either because it is unimportant in the particular circumstances or

because certain advantages can be gained by neglecting it (Figs.

l*3d and 1-4/&). Any desired range interval and azimuthal sector

may be covered, although in practice more than 180° is rarely used.

The display is normalized to make optimum use of the tube face.

At short range the angular resolution and dispersion are far greater

than in the PPI. The display is used in situations in which the

chief considerations are the range and bearing of point targets or

groups of targets with little or no importance attached to the

shapes of extended targets or the relative locations of widely

separated targets. It is of special usefulness in homing operations,

and in determining range and bearing.

2. Displays in which the desired angular field of view is so small that

the distortion can be made negligible by properly normalizing the

range and angle scales (Fig. l-4t). Such a display, known as a

"micro-B," is simply a substitute for a PPI sector and is used

either because it is technically easier to attain or because the same
indicator is alternately used for a regular B display. Proper

normalization requires that the angular dispersion be kept pro-

portional to the range to the center of the display.

The vertical analogue of these displays, known as "type E," is used

instead of the RHI when elevation angle rather than height is desired.

In some older sets, it is also used to determine height by means of an
engraved hyperbolic scale, but in modern practice the RHI is used for

this purpose. The analogue of the micro-B is never used because defor-

mation does no particular harm in this case and its use permits both a

large field of view in range and a high dispersion in angle. A modifica-

tion of the type E display, which is used with the V-beam antenna, is

described in Sec. 15'5.
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Azimuth-elevation (Type C) Indication.—Azimuth and elevation angle

are used as rectangular coordinates of the tube face in the type C indi-

cation (Fig. 1*6). The electron beam scans the tube face in synchronism

with the two-dimensional antenna motion and the video signals are

applied as intensity modulation in the usual way. This display has the

great disadvantage that the signal

discrimination is very poor if an

appreciable fraction of the pulse

cycle is used for the reception of

signals. For this reason the

cathode-ray tube is activated
during only the short time interval

that includes the signal. The
proper delay is determined from

another display that involves range.

The C-scope is used principally in

connection with homing or firing on

a point target.

1*8. Three-dimensional Displays.—Two conventionalized three-

dimensional displays have been successfully used in situations involving

relatively few targets.

The "Double Dot" Display.—This is a modified type B presentation

on which the elevation angle is roughly indicated. On alternate range

§-10

Ground
echoes

-60 -30 +30 +60
Azimuth in degrees

Fig. 1-6.—Type C indication,

-Instantaneous

position of

antenna beam
(a) (fi) (c)

Fig. 1-7.—Three-dimensional displays. A, B and C are targets, (a) Double-dot display.

(6) Spiral scan, (c) Radial—time-base indicator.

sweeps the origin of the pattern is moved to the right and left respec-

tively by a fixed amount (Fig. 1-7 a). On the sweeps corresponding to

the right-hand position, the origin is simultaneously shifted vertically

by an amount proportional to the sine of the elevation angle. Any
single echo therefore appears in two neighboring positions, and the slope

of the line joining the two "dots" is a rough measure of elevation angle
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which is accurate to two or three degrees under the usual circumstances

of use. This display has been used in air-to-air homing.

Three-dimensional "Radial Time Base."—A radial time base can be

used as a three-dimensional display, most easily with a spiral scan. A
range sweep moves from the center of the tube in a direction correspond-

ing to the projection of the antenna beam on a plane perpendicular to

the axis of scanning (Fig. l-7c). The echoes therefore appear at radial

distances corresponding to their range. If the target is on the symmetry

axis of the scan, it is equally illuminated at all "spin" angles and the

echo appears as a full circle (Target A). If it is far off axis it is illumi-

nated only through a narrow spin angle (Target B) and the arc on the

display is short. Target C indicates an intermediate case. The display

is surprisingly easy to interpret after a short period of observation. The

technique of providing this display is exactly the same as that for one

PPI, the spin angle taking the place of azimuth angle.

1*9. Error Indicators.—A cathode-ray tube may be used as a radar

indicator in a very different way from those so far described, that is,

as a meter on which to display various forms of intelligence. One

common application of this type is its use to indicate accuracy of point-

ing in connection with a conical scan. The signal intensity is combined

electrically with the scanning information to provide voltages propor-

tional to (or at least increasing with) the pointing error in both azimuth

and elevation, and these voltages are used to deflect the spot. A depar-

ture of the spot from the tube center indicates the direction and, to a

qualitative degree at least, the magnitude of the pointing error. The

radar signal is sometimes used to intensify the spot in order to be able to

distinguish between perfect pointing and no target. Range can be indi-

cated by causing the spot to grow "wings" whose length is some rough

inverse measure of the range. In this form the indication gives to a

surprising degree the illusion of an actual aircraft that apparently grows

larger as it approaches.

1*10. The Elements of Complete Indicators.—The equipment aux-

iliary to the cathode-ray tube varies widely with different situations but

a few general statements can be made. Those parts concerned with the

pulse repetition cycle are collectively called the "timer" (Fig. 1-8). The

timer provides synchronization with the modulator, sweeps, and markers

for the display and measurement of range, blanking of the cathode-ray

tube during unused portions of the pulse cycle, and other related oper-

ations that may arise in special cases. The remaining equipment, other

than the necessary power supplies, is mainly concerned with the display

and measurement of geometrical quantities other than range.

Because time is always measured with respect to the instant at which

the modulator fires, synchronization between the modulator and the
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timer is of basic importance. In some cases, the timer exerts precise

control of the exact firing time of the modulator by sending it a trigger

pulse; in others, it responds to a trigger from the modulator. In the

latter case, the system is said to be "self-synchronous." 1 Although

certain advantages can often be derived by giving control to the timer,

this method cannot always be used, 2 and it is sometimes inconvenient

in a multiple-display system. Figure 1-8 illustrates a self-synchronous

system. Some of the departures possible when the timer does the syn-

chronizing will be pointed out later.

The cathode-ray tube must be turned on only during the fraction of

the pulse cycle in which it is used. One portion of the timer generates

a square wave (Waveform b, Fig. 1-8) that performs this function and
usually finds other applications within the timer.

If the display includes a range sweep, as is nearly always the case,

the timer generates the waveform that ultimately produces it. This

waveform usually consists of a linearly increasing voltage wave that

begins at the initiation of the sweep and returns to the initial condition

at its end (Waveform c, Fig. 1-8). This method of operation involves a

switching action, which (as indicated in Fig. 1-8) is usually provided by
the same square wave that turns on the cathode-ray tube.

The timer generates a set of discrete range markers: sharp video

pulses occurring at regular, precisely known intervals. In a self-syn-

chronous system, the markers must be recycled on each transmitter

pulse; a transient oscillator is therefore required. In the simple example
illustrated, the square wave b provides the necessary switching voltage.

Often the discrete range markers are supplemented by a continuously

variable range marker that may be generated in any of several ways.

As indicated in Fig. 1-8, the markers are usually mixed with the radar

video signals and the combination applied to the cathode-ray tube. In

some cases, however, the signals and the markers are applied separately

to different electrodes of the cathode-ray tube.

The equipment illustrated does not provide for the use of a delayed

sweep. If one is to be used, separate square-wave generators are neces-

sary to switch the range-marker circuit and to perform the other func-

tions. The generator used to switch the range-marker circuit must be
triggered directly as before. The other generator must be provided with

1 A trigger generator for the modulator is sometimes housed with the indicator

equipment for convenience, but the actual synchronization is accomplished by trans-

mitting the modulator pulse to the timer proper. This case is functionally identical

with that in which the trigger source is physically part of the modulator.
2 Certain modulators, such as the rotary gap, cannot be triggered at all. Other

types can be triggered, but have so variable a response time that the modulator pulse

itself must be used for synchronization in order to provide the necessary precision.
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a delayed trigger that may come from a continuously variable timing

circuit or may be one pulse of a discrete set, often the range-marker

pulses themselves. The continuous type of delay is frequently associated

with a continuous precision range marker.

Many deviations from Fig. 1-8 are possible if the timer provides the

synchronizing pulse. In particular, the discrete range markers can then

be derived from a high-precision c-w oscillator, one of the marker pulses

being selected as the modulator trigger by a scaling-down process. A
continuous marker may also be provided from this oscillator by means

of a continuous phase-shifting device. Other advantages of the timer-

controlled synchronization entail the use of a "pretrigger" by means of

which the actions of certain circuits can be initiated somewhat in advance

of the firing of the modulator.

Many other functions, some of which will appear in later sections,

are performed by the timer in complex situations.

Before proceeding farther in the discussion of the indicating equip-

ment, it is necessary to specify the type of display. For illustrative

purposes, Fig. 1-8 has been arranged to illustrate a simple A-scope or,

alternatively, a simple B-scope. The former requires no equipment

beyond that already described. The connections to the cathode-ray

tube are shown as position A of the switch. The range-sweep voltage

is applied to one pair of deflecting plates and the signal- and range-mark

voltages to the other. The square wave controlling the cathode-ray-

tube intensity is applied to the cathode in proper polarity to brighten

the tube during the range sweep. The same arrangement forms the

basis of most synchroscopes.

In the B-scope display, the range sweep is applied to a deflection

plate just as before. Signal modulation is applied to the control grid,

and the second set of deflecting plates receives a voltage that produces

the azimuthal deflection. This voltage may be furnished, in simple

cases, by a linear potentiometer geared to the scan axis. Amplification

may sometimes be necessary before applying the azimuth sweep voltage

to the cathode-ray tube. The circuits shown are equally applicable to a

magnetic tube, the only appreciable changes being in the deflection

amplifiers.

The timer of Fig. 1-8 can be used in the production of many other

types of indication. For example, Fig. 1-9 shows the additional parts

necessary to generate one type of PPI, and Fig. 1-10 those necessary for a

(technically) different PPI or, alternatively, for one form of RHI.
The PPI of Fig. 1-9 is of the so-called "rotating coil" type. A single

deflection coil driven by the range-sweep amplifier produces a radial

range sweep. By means of some form of electro-mechanical repeater,

this sweep is made to take the direction on the tube face which corre-
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sponds to the instantaneous antenna orientation. Except for this modi-

fication in the deflection system, the display circuits may be identical to

that of the B-scope of Fig. 1-8.
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Fig. 1-9.—Rotating-coil PPI.

Figure 1-10 shows the parts necessary to convert Fig. 1-8 to an
"electronic" PPI without moving parts, or, by a slight variation, to

an RHI. The range sweep of a PPI can be considered to be made up
of two orthogonal sweeps with speeds proportional to sin and cos

(see sketch in Fig. 1-10). In this particular form of PPI, these sweep
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Fig. 1-10.—Electronic PPI and RHI.

components are formed by passing a sawtooth waveform through a sine-

cosine resolver on the scanner. The resolver is a variocoupler or a sine-

cosine potentiometer that, when excited by a given waveform, produces
two components of the same waveform but proportional respectively to

the sine and the cosine of the orientation angle of the resolver. Proper
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amplifiers are provided for driving either a pair of orthogonal coils

(as indicated in Fig. 1-10) or the deflecting plates of an electrostatic tube.

If elevation angle is substituted for azimuth angle, the device becomes
an RHI. Usually, in this case, the gain of the vertical amplifier is made
greater than that of the horizontal amplifier, and the display is therefore

"stretched" in the vertical direction. Since direct-coupled push-pull

sweep amplifiers are usually used, they can be biased in such a way as

to produce the off-centering shown.

SIGNAL DISCERNIBILITY AND RESOLUTION

In order that the radar operator may obtain a maximum of infor-

mation, it is essential that the display aid in every possible way his

ability to detect weak echoes and to distinguish details when the echo

pattern is a complex one. These problems, which are closely related,

involve principally such display characteristics as the type of display,

the spot size, the sweep speed, and the properties of the screen.

I'll. Signal Discrimination.—The ultimate limitation in detecting

weak echo signals is nearly always set by the inherent noise of the radar

receiver. The noise energy, which is generated in the input circuits of

the receiver, is distributed uniformly throughout the whole frequency

spectrum. One of the major problems of radar-set design is to maximize

the discernibility of weak signals in the presence of this noise. The
broad aspects of this problem are discussed elsewhere in these volumes. 1

Those factors that concern the display will be considered briefly here

and in Chap. 18. The signal discernibility depends on a great number
of intimately related factors involving almost all of the components and

many of the design parameters of the radar set. One of the most

important of these factors is the signaLtj-noise ratio, that is, the ratio

of the power contained in the video signal to the average noise power.

Within the radar set this ratio is determined by the power delivered to

the antenna by the transmitter, the antenna characteristics, the losses

in the various r-f components, the noise generated in the receiver, and
the frequency response of the receiver and the video amplifier. Of
these, only the frequency response needs to be discussed here. Both
theory and experiment have shown that for this type of signal, the

maximum signal-to-noise ratio is attained when the i-f bandwidth (B is

approximately 1.2 times the reciprocal of the pulse length t; that is,

when (B = 1.2/t, where (B is in Mc/sec if t is in /zsec. If (B is appreciably

less than this optimum value, the loss in signal energy through rejection

of its higher-frequency components is proportionally greater than the

accompanying rejection of noise. For (B greater than the optimum
value the energy contained in the frequency spectrum of the signal is

1 Chap. 2, Vol. 1 and Chaps. 8 and 9, Vol. 24 of the Radiation Laboratory Series.
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not sufficiently great to compensate for the linear increase in the noise

energy passed when the bandwidth is increased. However, the maxi-
mum is a rather broad one and therefore little sacrifice is made in signal-

to-noise ratio if the bandwidth is made, for example, twice as great as
the optimum value. This, then, is the bandwidth usually chosen in

order to make the receiver tuning less critical and to preserve the pulse

shape in the interests of good range resolution.

Thus in the signals delivered to the detector and video amplifier,

appreciable energy is contained in frequency components as high as two
or three times the reciprocal of the pulse length. In the case of a 1-jusec

pulse, these frequency components are 2 or 3 Mc/sec. It is the function
of the video amplifier and the display proper to so treat these signals

that the signal-to-noise discernibility is as great as possible within the
limits set by other requirements.

An extremely important aspect of this problem is the fact that the
receiver noise is entirely random in character; therefore the problem is a
statistical one. Since, as in all such cases, the ability to draw a correct

conclusion is enhanced by making a large number of observations, it is

desirable to average or sum measurements over as many pulse cycles as
possible. Before the implications of this fact are examined in detail,

another consideration arising from the random nature of the noise will

be discussed.

Because in pulsed radar the echo from a small target lasts for only a
very small fraction of the pulse repetition cycle, it is obvious that the
greatest signal discernibility will be achieved if the observatious can be
made in such a way that the output signal of the receiver is examined
not in terms of the average power over the entire pulse cycle, but rather
in terms of the average power during time intervals comparable with the
pulse length.

Fortunately, a cathode-ray-tube display that includes a range sweep
provides an excellent means for making these observations. Compari-
sons are made in terms of elementary units of the tube face, the size of
which is determined by the spot size of the tube or the visual acuity
of the observer. The time interval included in each observational ele-

ment is, of course, inversely proportional to the speed of the sweep. If

the latter is low the data are integrated over a time interval that is long
compared to the pulse length, and the signal must compete against an
unnecessary amount of noise. For very slow sweeps, the power neces-
sary for the signal to be discernible is inversely proportional to the square
root of the sweep speed. As the speed is increased, further changes
become less and less important and an optimum condition is reached
when the speed is such that the beam moves approximately 1 mm (or
one spot size if it is greater than 1 mm) during the duration of the signal.
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Beyond this point the discernibility slowly decreases although not enough

to be of practical importance. The reasons for this behavior are not

clearly understood but they are probably connected with the fact that,

as the signal is smeared out on the display, the contrast gradient between

it and its surroundings is lessened, and with the fact that the randomness

of the data results in graininess in the display.

An idea of the magnitude of the above effects can be gathered from

the fact that if a 1-jusec signal is displayed on a 7-in. PPI tube the mini-

mum discernible signal power must be approximately 2 db (60 per cent)

higher on a 50-mile sweep than under the optimum conditions of an

8- or 10-mile sweep.

It is clear from this discussion that a type C display provides

extremely poor discernibility because the receiver output signal is inte-

grated over the entire pulse cycle. Since there is no range sweep the

motion that determines the observational interval is the much slower

one provided by the antenna scan, although this interval is determined

in a somewhat different way than in the case of the range sweep.

Considerations such as the preceding ones place requirements on the

bandwidth of the video amplifier. If its bandwidth is too small, it

effectively integrates the data over an unnecessarily long time interval

with much the same effect as that produced by a slow sweep. For this

reason and for the sake of good range resolution, the bandwidth of the

video amplifier in a well-designed set is always made appreciably higher

than half the i-f bandwidth.

It has been stated earlier that the signal discernibility depends upon

the number of pulse cycles included in the observation. Statistical con-

siderations predict and experiment has proved that the power necessary

in a "minimum detectable" signal is inversely proportional to the square

root of the number of pulses included in the observation, provided that

all of the elements concerned in the integration are linear. The number

of pulses included is proportional to the pulse-repetition rate of the

transmitter and to the time over which evidence accumulates. The

factors determining the latter depend upon the particular situation

involved.

In the case of a deflection-modulated display with the antenna

stationary, the integration time is determined by the eye and mind of

the operator or by the cathode-ray-tube screen, depending upon which

can average the signals over the longer interval. Experiments testing

the operator's memory have been performed by applying the signals at a

fixed PRF for a definite time interval to an A-scope with a short per-

sistence (PI) screen. For reasons of simplicity of analysis the signal

was confined to some one of six known positions on the sweep. It was

found that as the time interval was increased the inverse-square-root law
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was obeyed up to almost 10 sec and even then broke down only slowly.

This "memory time" may well be somewhat shorter in the practical case

where the whole trace must be considered. On the other hand it is

Fig. 1-11 .—Effects of pulse repetition on signal visibility. In this series of photographs
the number of A-wcope sweeps recorded during each exposure was varied from 12 to 400.
Artificial signals were injected at the locations marked, with the following strength relative
to average noise power: Sit +10 db; S%\ +5 db; 5*: db; S*: —5 db.

usually true that in the final stages of an observation the operator con-

centrates on a region where he suspects that a signal is manifesting itself.

The effect of increasing the number of pulses is clearly shown in Fig. 1-11
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where the camera has been substituted for the eye and mind of the

observer.

Since the memory time of the observer is so long, it can be aided

appreciably only by a very long persistence screen. The preceding

experiments, repeated with a P7 screen, indicated a decrease of about

1.5 db (40 per cent) in the necessary signal power as compared to the

PI screen when the signals were applied indefinitely. 1 This rather small

improvement is offset by the poorer resolution of the cascade screen

(Sec. 18-9) and by the confusion resulting if the picture is changing.

For this reason and because signal discernibility is not, in the case of

modern radar sets, of very great importance on type A displays, per-

sistent screens have not been widely used for this purpose in the United

States.

It should be pointed out that when certain forms of man-made inter-

ference are present, the improvement obtained by using a long-persistent

screen is much greater than when the random receiver noise is the

limiting factor. Indeed, it was for this application that the cascade

screen was originally developed in England.

In an intensity-modulated display the number of integrated pulses is

determined by the PRF and by the method and rate of scanning, the

memory of the observer, the screen characteristics, or some combination

of these factors. From this standpoint alone the ideal screen would be

one on which the intensity of each spot would represent the average of

all the excitations received over a very long time in the past. The

limits within which this requirement can be met are set by (1) the

achievable properties of the screen and (2) the degree to which past

information can be retained without causing confusion as the picture

changes.

The screen properties of importance in this connection are the type

of decay and the manner in which the light intensity "builds up" under

successive excitations.

In order to examine these effects, consider first a scan that is so slow

that either the limitations of achievable persistence or the requirements

of freedom from confusion prevent appreciable storage of information

from one scan to the next. In such a case the averaging is to be done

over a single pulse group occurring in a time that, with modern narrow

antenna beams and customary scanning rates, is always short compared

to the total scanning time and to the achievable decay times. In order,

then, to give the operator a composite picture and time to make obser-

vations, the screen chosen will have sufficient persistence so that there

i Experiments in England showed somewhat greater improvement with a small

fraction of the tubes used.
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is no appreciable decay 1 during the process of scanning across the target,

and the entire echo arc will be observable at one time. In order, how-
ever, that the average intensity of this arc shall represent all of the data,
it is essential that the screen integrate the effects of all the pulses that
overlap on a given focal spot; that is, it should not saturate too quickly.
The number of overlapping pulses, which is often large, is given for a
PPI by the expression NS/ur at the center of the arc, where N is the
PRF, S is the spot size, w is the angular velocity of the scan and r is

the distance from the origin of the display to the echo spot. For example,
with a 30-sec scan and a PRF of 300 there are about 7 overlapping
pulses at "ranges" corresponding to the tube radius, R (assuming
S/R =

tstsO- The number increases with decreased distance until the
entire pulse group, consisting in this case of 25 pulses, is included.
The property of buildup in intensity from the excitation by such a group
of successive pulses is possessed to an adequate degree by all cascade
screens if the excitation is not at too high a level.

At faster scanning rates it becomes possible to provide screens having
carry-over from one scan to the next. Within the requirements set by
clarity on a changing picture the longest obtainable persistence should,
in general, be used in order to average over the largest possible number
of pulses. If, however, the permissible decay time is so short that the
operator and not the screen has the longer memory, the persistence
should be determined entirely by the requirements of freedom from
flicker on the one hand and freedom from blurring due to motion on the
other. This condition usually obtains with very rapid scans because
their use implies rapid relative motion. 2

If a set has several indicators
involving different scale factors their persistences should theoretically be
graded, fast screens being used on the expanded displays where the
picture changes rapidly and slower ones being used on those displays
covering large areas. Fortunately, it is usually the latter on which the
signal-tc-noise discernibility is of most importance because the expanded
displays are usually confined to near-by regions.

In connection with excitation by successive scans, a peculiar property
of certain cascade screens becomes involved. If the scanning is not too
slow (that is, if it is approximately one scan per second) many screens
will, if initially unexcited, display more than twice as much intensity

1 Except for that involved in the disappearance of the so-called "flash," which
occurs within a very short time interval during and immediately after each excitation.

2 When extended observations are to be made on a single target or region, the dis-
play is frequently "frozen"; that is, the relative motion is removed so that the picture
remains stationary. It is then, of course, possible to use longer persistences without
blurring. Since, however, observation of the frozen display is usually part of the
"tracking" operation that controls the removal of the motion, the persistence must
not be so long as to inhibit the ability to detect small changes.
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after two scans than after one, and so on even though, in the time

between scans, the intensity may have decayed many fold. This

property of "supernormal" buildup was at one time believed by many

to be very desirable from the signal-discernibility standpoint on the

hypothesis that it would enhance the brightness of the repeating signal

as compared to the random noise. However, the property is most

exaggerated on an initially unexcited screen, whereas in actual cases of

successive scan integration the screen is initially excited by previous

scans. Furthermore, it is not evident a priori that the readjustment in

the weighting of the successive pulse groups which the phenomenon

introduces is a desirable one. In any case careful observation has not

detected any appreciable advantage in this respect for screens with very

high super-normal buildup. This fact does not imply, of course, that

this property is not connected with other definitely desirable ones.

Indeed, those screens with highest buildup are in general those with the

longest persistence.

1-12. Resolution.—In order to distinguish between objects or between

parts of the same object, it is necessary that they be resolved. The

characteristics of the receiving equipment which influence resolution

most importantly are the bandwidth of the signal channel, which affects

range resolution, and the spot size and scale factor of the display, which

also affect range resolution and to a lesser extent angular resolution as

well.

The "spot size" of a cathode-ray tube depends upon the tube type,

the individual tube, the voltages employed, the design of focus and

deflection coils, and the intensity level at which the tube is operated.

In the series of magnetic tubes used for radar it is roughly proportional

to the tube radius and is usually such that from 150 to 200 spots can

be resolved along the display radius. As a convenient figure in this dis-

cussion, the number will be taken as 180. Now, on a range sweep of

length R in nautical miles, the number of radar pulse lengths is 12.2R/t,

where t is the pulse length in microseconds. Thus, on a centered PPI

the fundamental pulse-length resolution and the spot-size resolution are

equal when 12.2R/t = 180 or R « 15. Accordingly, on a set with a

l-/xsec pulse, a 15-mile centered PPI will halve the inherent range reso-

lution; a 100-mile PPI will reduce it approximately seven fold, and so on.

This disadvantage can be overcome by the use of expanded displays, but

the accompanying restriction in the field of view is often undesirable.

Fortunately, this is not the entire story. For one thing the operator

could not, except on the fastest sweeps, realize the fundamental range

resolution without optical aids, even if the display made it available; in

fact, on a 5-in. tube the spot-size resolution is nearly as good as the

visual acuity of the observer, although on a 12-in. tube it is three or
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four times worse. Secondly, range resolution alone is of limited useful-
ness if it is accompanied by poor angular resolution, and, in this regard,
the fundamental limitation is usually not the indicator but the r-f beam
width. The angular width of the cathode-ray-tube spot on any PPI is

given in radians by R/180r where R is the radius of the tube and r is

the distance from the range origin to the spot in question. Thebeam-
width Ad, measured in degrees, is given by 57iJ/180r = A0 or R/r « 3A0.
Thus, even for a 1° beam the display resolution exceeds the fundamental
resolution for all points further from the origin than one third of a tube
radius. Therefore, the cathode-ray tube is usually not the limiting
factor in over-all angular resolution. Id certain cases of accurate range
measurements or of observing groups of aircraft or ships, however, better
range resolution on long-range displays would be useful. Frequently,
the need for high dispersion requires expanded displays apart from
question of resolution.

This discussion shows that, in general, the cathode-ray tube imposes
a severe restriction in range resolution on any but the fastest sweeps.
It is therefore apparent that unless fast sweeps are to be used, there is

no point in going to extreme bandwidths in the receiver. Indeed, in
most cases the latter need not be so great as seriously to impair the
signal-to-noise discrimination. It should be borne in mind, however,
that with too small a bandwidth, a signal far in excess of the limit level
has a much greater length after limiting than would have been the case
had it been weak in the first place.

1-13. Contrast.—The contrast of the display depends upon the char-
acteristics of the screen and upon the way in which it is excited. Unfor-
tunately, present screens of the persistent type have serious shortcomings
in this respect. The screen material has a natural color not far from
that of the phosphorescent light so that contrast is reduced by reflected
light. The necessary thickness of the screen tends to blur the edges of
the signals, reducing contrast "gradient" as do also limitations in the
sharpness of focus of the electron beam. Many screens also have a
certain amount of graininess, which contributes to this effect.

Contrast between signals of different intensities is especially important
in overland flying where it is essential to be able to distinguish land from
water and at the same time to have good contrast between echoes from
ordinary terrain and the much stronger ones from built-up areas. Unfor-
tunately, the range of echo intensities is so great that, if the receiver has
gain high enough to render the terrain visible, the signals from built-up
urban areas must be drastically limited to avoid "blooming" of the
cathode-ray tube, and detail is destroyed. If the gain is low enough to
preserve detail in the strong signals, the land background is not visible.

This difliculty is made worse by the nonlinear response of the cathode-
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Fid. 1*13.—Photographs of three-tone normal indication.
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ray tube. Since the beam current in a magnetic tube is proportional to

the cube of the grid swing as measured from cutoff (which is near the

operating point in the absence of signal and noise), a signal of, for

example, half the voltage of a limited signal will, in principle, give only

one-eighth as much light intensity. In actual fact the difference is not

so great as this because of the tendency of the screen to saturate on

strong signals. This nonlinearity reduces considerably the difference in

signal voltage between those signals that are just strong enough to pro-

duce a visible result and the level at which strong signals must be limited.

Thus the choice between a land background with no detail in built-up

areas and the reverse is an even more necessary one than if the cathode-

ray-tube response were linear. It is possible, of course, to introduce a

nonlinear element in the video amplifier to compensate for the tube

characteristic. This method has been used with some success, but no

really satisfactory circuit has been devised, partly because the need was

not fully appreciated until comparatively recently.

The " Three Tone" Method.—A simple but extremely effective method

of retaining detail on high-intensity echoes while still providing a land-

to-water contrast is illustrated in Figure 1-12. At some point in the

signal channel ahead of any saturation or limiting, the signals are split

into two channels. In one of these they are amplified much more than

in the other, which may not contain any amplification at all. If the

signals are not already in video form, each channel includes a detector.

In any case each contains a limiter, the one in the low-gain channel being

set at approximately twice the level of the other. Following the limiters,

the two sets of signals are mixed and passed through a standard video

amplifier. As can be seen by the waveform diagrams the net result is to

enhance the strength of the land echoes but without destroying the detail

in echoes from the built-up areas. A " before and after " picture is shown

in Figure 113. The aptness of the name "three tone" given to this

method is vividly shown by the three shades—black, gray, and white. 1

The method can, of course, be extended to more than two channels.

Many variations of this technique are possible. One, which has been

applied to existing sets in which an additional channel is difficult to install,

consists of switching the gain up and the limit level down on alternate

pulse cycles by means of a scale-of-two multivibrator, 2 the signals being

added on the cathode-ray-tube screen. The results are almost indis-

tinguishable from those utilizing two channels.

1 The name "Three-tone PPI" is frequently applied because of the type of indica-

tion usually used.

* See Sec. 44.



CHAPTER 2

CATHODE-RAY TUBES

By T. Soller

A very brief discussion of the elements of a cathode-ray tube has been
given in Sec. 1-1. This chapter gives an elementary treatment of the
electron-optical principles involved in the formation of the focused spot
on the cathode-ray-tube screen, and of the effects on the electron beam of
the variation of certain parameters of the electron gun. Later sections
discuss more specifically the electrical characteristics of the electrostatic
and magnetic types of cathode-ray tubes, and the operating conditions
necessary to achieve optimum performance.

BEHAVIOR OF THE ELECTRON BEAM OF A CATHODE-RAY TUBE
2-1. Electron Optics.—The theory and design of electron guns used

in cathode-ray tubes are based on well-defined electron optical principles.
A field of research and development, designated as "electron optics,"
has arisen out of the analogy between the behavior of light rays in passing
through media of different indexes of refraction and that of the tra-
jectories of electrons in electric and magnetic fields. Although it is

beyond the scope of this volume to give a comprehensive resume" of elec-
tron-optical systems, 1 a brief discussion of a few electron-optical principles
is nevertheless needed for an understanding of the performance of
cathode-ray tubes.

The electron guns used in cathode-ray tubes always involve axial
symmetry, being composed of coaxial cylindrical elements or apertured
disks to which various electric potentials are applied. Figure 21
illustrates the construction of a typical gun. A series of equipotential
lines have been drawn for the specific potential distribution on the
electrodes as indicated by the figures. Any region of the gun in which an

1 The reader interested in electron-optical design is referred to the following litera-
ture on the subject: L. M. Myers, Electron Optics, Theoretical and Practical, Van
Nostrand, New York, 1939; I. G. Maloff and D. W. Epstein, Electron Optics in Tele-
vision, McGraw-Hill, New York, 1938; O. Klemperer, Electron Optics, University
Press, Cambridge, England, 1939; V. K. Zworykin and G. A. Morton, Television,
Wiley, New York, 1940; H. Moss, "The Electron Gun of the Cathode-ray Tube
Part 1," J. Brit. Inst. Rod. Eng., 5, 10-26 (1945); H. Moss, "The Electron Gun<of the
Cathode-ray Tube, Part 2," /. Brit. Inst. Rad. Eng., 6 (1946).

39
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appreciable nonuniformity in the axial potential distribution occurs may

be considered to be an "electron lens." It is apparent that the gun

illustrated involves essentially two lenses: one near the cathode, the other

in the region of the junction of Anode No. 1 and Anode No. 2. This

latter lens, whose performance is less complicated than that of the

cathode lens, is the main focusing lens of the gun.

Grid No. 2 at

100 volts
Anode No. 2 at 4600 volts

<MCM«

Values given in volts

Fig. 2-1.—Typical electron-gun diagram, beam outline, and equipotential line plot.

Magnetic deflection

coils begin here

Region 1

potential V
x

The action of all electrostatic electron lenses is based on the ele-

mentary fact that the force acting upon an electron traveling in an

electric field is in a direction normal to the lines of equal potential, and

has a magnitude proportional to the potential gradient. This fact may
be expressed as follows:

dn

The passage of an electron through

a portion of the field, as indicated

in Fig. 2-2, will be considered in

some detail. In this figure and in

the subsequent analysis, the

following simplifying assumptions

are made: A and B are two ad-

jacent equipotential surfaces

having the potentials Vi and V2

respectively; the region 1 to the left of A is field-free, that is, at the

potential Vi) and the region 2 to the right of B is similarly field-free,

that is, at potential F2 -

The kinetic energy of an electron is proportional to the potential at

any given point, and is given by the equation

Region 2
potential V2
(V

t
>V

t )

Fig. 2-2.—Refraction of electrons in an elec-

tric field.

£mv2 = V • e. (1)
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Consequently, in Region 1,

*-»=-r* (2)

and, in Region 2,

m

Since the only force acting on the electron as it crosses from Region 1 to
Region 2 is normal to the equipotential surfaces, only the a>component
of the velocity is affected, the y-component remaining constant, as
indicated by the equation

Viy = V2y. (4)

But viv = v ! sin 0i, and v* = t/2 sin 2 . Hence, Eq. (4) becomes

vi sin 0i = i/2 sin 2 , (4a)

and substituting for v t and v2 their values from Eqs. (2) and (3),

VVi - sin 0i = y/Vi • sin 2 . (5)

Snell's law of optics for the bending of a ray of light traveling from a
region of index of refraction n\ to one of index n2 is

ni sin i = n2 sin r, (6)

where i is the angle of incidence and r is the angle of refraction. The
similarity between Eqs. (5) and (6) leads to the conclusion that the
behavior of an electron (originally starting from rest) in an electrostatic
field may be described in optical terms_by assigning to every region in
the field an index of refraction n ~ y/V.

In the extended field region indicated in Fig. 2-1 the trajectory of each
electron will be a curved path, and it is apparent qualitatively that a
divergent bundle of electrons entering the focusing lens will be made con-
vergent, roughly as shown in the diagram. The region therefore acts
as a convergent lens.

The conditions in ordinary optics are somewhat different from those
in electron optics. In the case of optical image formation, the index of
refraction changes abruptly from one fixed value to another at the
boundaries of the lens surfaces; whereas, in the electron-optical case, no
such definite boundaries exist, and the index changes gradually over a
wide region. In order to calculate the electron trajectories, a knowledge
of the spatial distribution of the potential is therefore necessary. In
certain cases the potential distribution may be expressed mathematically
as a second-order differential equation, whose solutions determine the
trajectories sought; in other cases, measurement of the equipotential
surfaces is done experimentally in an electrolytic tank, and approximate
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step-by-step methods of ray-tracing are employed to yield the trajectories.

Fortunately, the solutions are simplified by the fact that in electron optics

the trajectories are never far removed from the axis, nor do they make

large angles with the axis. Therefore, only paraxial electrons need be

considered.

In describing the performance of electron lenses, it is convenient to

follow the analogy to ordinary optics, and to use the optical terminology.

Since electron lenses in general spread out over a considerable space, they

are most closely analogous to thick optical lenses. For the latter the

laws of image formation are most simply expressed in terms of distances

measured not from the lens surfaces but from what are known as the

"cardinal points" of the lens system. These are four in number: two

"focal points" Fi and F2 , and two "principal points" Hi and H2 ,
whose

positions can be calculated from the radii and positions of the various

boundary surfaces and from the appropriate indexes of refraction. The

performance of the entire lens system, regardless of the number and

location of the glass surfaces, may be determined from the equivalent

optical system as defined by these points.

In an analogous manner, the image-forming properties of an electron

lens may most simply be described in terms of its cardinal points. Two

forms of lens generally employed in cathode-ray tubes are those formed

by (1) two cylinders, either of the same diameter or of diameter ratios

between 1 and 3, with the larger cylinder at a higher potential than the

smaller; and (2) two adjacent apertured disks.

For an analysis of the problem of determination of the cardinal points

for various electron optical systems, the reader is referred to the work of

Maloff and Epstein. 1 Their calculations show that, for coaxial cylinders,

the focal length of the lens decreases, that is, the "power" of the lens

increases, with increasing voltage ratio, and that the inverse is true for an

increasing ratio of the diameters of the cylinders forming the lens. The

focal length in the image space /2 is greater than that in the object space

/i when the electron is accelerated in going through the lens. In fact,

the ratio /2//i = \/V2/Vv Their analysis also shows that the principal

points for the conditions illustrated in Fig. 2-1 are located at some dis-

tance inside the first-anode cylinder.

It is apparent that, in the case of the focusing lens here discussed,

both object and image are at relatively great distances from the principal

points. In this case the lens may be considered as a "thin lens," whose

center is midway between the principal points, for which the familiar

LaGrange law of optics, illustrated in Fig. 2-3, states that

ni^i sin 0i = njiz sin 2 . 00

1 Maloff and Epstein, op. cit.
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In the equation, the subscripts 1 and 2 refer to the object and image
space, respectively, n = index of refraction, h = object or image height,

and refers to the semiangle subtended at the object or image by the
lens aperture.

In the case of electron-optical image formation, the angles 0i and 2

are always so small that sin may be replaced by tan 0, and Eq. (7) then
becomes

I Lens aperture

if «r-^k

nihi tan 0i = n2h2 tan 2, (8)

or

, R , R .„.mhi— = n2K2 —, (9)

whence the magnification is [-• u—i-
h2

V

_ hj _ V Kl _ V fy[ Fig. 2-3.—Geometry illustrating object-m ~ ht
~ u' n2

~ u V v:' (10) image relationshiP-

2-2. Focusing-lens Systems.—The lens system just described is

the main focusing system in the electrostatically focused cathode-ray
tubes. There are many variations of this electrostatic focusing system,
one of which comprises adjacent apertured disks instead of cylinders.
There are no simple formulas that represent the performance of a given
lens because its optical constants depend on the nature of the potential
distribution along the axis. This distribution, in turn, is a complicated
function of the shape and size of the various elements. In addition, the
various aberrations that afflict an optical system are also present in elec-
tron-optical systems. Some of these are the results of misalignment of
adjacent elements, or of asymmetry in the elements themselves. Others
arise from spherical aberration caused by the shape of the potential dis-
tribution. In order to obtain a completed design that gives satisfactory
performance, it is necessary to supplement theoretical design information
with a good deal of empirical data obtained from experimental guns.

In cathode-ray tubes of some types, the focusing is done by a magneto-
static lens rather than by an electrostatic lens. This magnetostatic lens
usually takes the form of a short coil surrounding the tube neck. The
coil itself is housed in a soft-iron shell having an air gap so located that
it produces a fairly localized axial magnetic field, through which the
electron beam must pass. The focal length of such a lens is given to a fair
approximation by the equation 1

1 lei /+-
J
= 8mV J_ x

H' dz' (ID

where / is the focal length, e is the electronic charge, m is the electronic
1 Maloff and Epstein, op. cit.
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mass, V is the electrical potential (assumed to be uniform in the region

occupied by the lens), and Hz is the axial component of the magnetic field

produced by the coil. The focal length of such a lens is easily adjusted

by varying the current through the coil, to which H is proportional.

The magnetic lens, as usually constructed, can be considered as a "thin

lens," and Eq. (10) also holds for the magnetostatic focusing lens.

In order to reduce spherical aberration, the cross section of the elec-

tron bundle is usually limited by the introduction into the gun of aper-

tured disks that act as stops. This method is particularly applicable to

guns used in tubes in which both focusing and deflection are done by

electrostatic means. If the focus is to be electrostatic, aberration due to

the focusing lenses may also be reduced by making the geometrical size

of the lens larger, that is, by using a gun of larger diameter. In the case

of magnetic focusing, the size of the focus coil is usually adequate to

reduce the aberration to a satisfactory degree, because the coil itself is

external to the tube. 1

Focusing of Ions.—The electrical particle of chief importance in the

operation of a cathode-ray tube is the electron. However, the presence

of even a minute percentage of heavy ions may affect the useful life of the

tube. Particularly, a focused beam of negative ions may produce a

localized screen deterioration or "ion spot" at the center of the tube face.

In Eq. (11) the focal length of a magnetic lens is shown to be a function of

the mass as well as the charge of the particle, and hence, when electrons

are focused on the screen, ions will not be focused. On the other hand,

the trajectory of charged particles in an electrostatic field turns out to be

the same both for electrons and for singly charged ions provided that all

particles start with zero velocity. Hence, with electrostatic focusing,

ions which originate at or near cathode potential as well as electrons will

be brought to a focus at the screen. Magnetic focusing is therefore

superior to electrostatic focusing in this respect.

2-3. Cathode- or Immersion-lens System.—The bundle of electrons

focused on the fluorescent screen by the focusing lens originates from the

cathode and is controlled by a modulating or control grid. The emitting

surface of the cathode is usually a small plane area immediately behind

the central opening in the modulating grid. In the region just beyond

the modulating grid there is usually another electrode at a relatively high

positive potential. This electrode serves to draw the electrons from the

cathode and accelerate them along the axis, as indicated in Fig. 24. This

combination of electrodes forms the cathode-lens system. This is an

immersion-lens system because the object is not external to the lens, but

immersed in it, in a manner analogous to the case of the well-known

immersion objectives used in microscopes.

1 See Sec. 31 for aberrations of focus coils.
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The electrical fields in this region are much more complicated than in

the region of the main focusing lens. Furthermore, they change when
the beam is controlled in intensity by varying the potential of the modu-
lating grid. For a typical gun this variation is indicated in Fig. 2'4 by

the series of equipotential plots in the region of the cathode for four values

of grid voltage between —10 and —165 volts, the latter corresponding

to beam cutoff. 1

Cathode, volts Cathode, volts

Cathode, volts

900-

Fiq. 2-4.—Equipotential plots of cathode lens, for several values of grid bias.

In addition to the changes in the constants of the cathode lens pro-
duced by the changes in the potential of the control grid, the cathode-
lens problem is further complicated by three facts.

1. The electrons may leave the cathode in any direction, and the
analysis of this region cannot therefore deal simply with paraxial elec-

trons (see Sec. 2-1).

2. Since the electrons are emitted from a hot cathode, they leave the
cathode with random speeds (a Maxwellian distribution). At any given
point, the index of refraction for electrons that enter the field with any
but zero velocity is determined by the variable velocity of the electron

at this point. Therefore, even in the case of paraxial electrons, there is

no single set of cardinal points for this lens for any given distribution of

equipotential surfaces.

3. Space-charge effects in this region are appreciable because the
current density may be fairly high, and the average velocity is usually low.

1 These plots were obtained through the courtesy of Dr. L. B. Headrick, Lancaster
Engineering Department, RCA.
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Cathode image

Figure 2-5a shows in a schematic way the trajectories followed, under

the influence of field conditions such as are represented in the plot for

— 80-volt grid bias in Fig. 2-4c, by electrons leaving the cathode in various

directions from (1) a point on the axis, and (2) a point at some distance

from the axis. These trajectories cross the axis at a relatively short

distance from the cathode, in a region designated as the "crossover,"

and thereaftc r proceed to form an enlarged image of the cathode some

distance beyond. All the electrons leaving the cathode form a bundle of

variable cross section, which

reaches a minimum value at the

crossover and thereafter expands,

as shown by the schematic beam
envelope in Fig. 2-56. The loca-

tion of the cardinal points of the

immersion lens has been found by

Maloff and Epstein. 1 For the

particular case considered it was

determined that the image of the

cathode would be formed at a dis-

tance of approximately 2 cm from

the cathode, and that its mag-

nification would be approximately

5. This image, however, is of

secondary importance, the chief

function of the immersion lens

being to form a crossover of mini-

mum size. Because of the change

in lens constants, the position of

the crossover moves away from

the cathode as the grid is made less negative, thereby increasing the

beam current.

2-4. The Complete Electron Gun.—The complete electron gun of

the cathode-ray tube embodies in various forms both electron lenses

described in Sees. 2-2 and 2-3. One of these has already been illustrated

in Fig. 24. Figure 2-6 illustrates two other gun types, more generally

used. Figure 2-6a shows an electrostatic-focus gun used in a typical

oscilloscope tube, in which the deflection is also produced by electric fields.

Figure 2-66 illustrates a typical gun used in an all-magnetic tube, in

which both focusing and deflection are produced magnetically. The

focusing lens in this case is physically placed outside the tube, but it

snould definitely be considered as part of the gun. In all types of tubes

illustrated, the cathode lens is essentially the same.

1 Maloff and Epstein, op. cit.

Fig. 2-5.- — Formation of crossover and beam
envelope.
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The conventional analysis of the process of image formation in all

types of cathode-ray tubes is in terms of the action of two lenses and may
be summarized as follows. Electrons are emitted from the cathode :n

First

-anode A.

Cathode K ,

Co"tr°l
grid G]

Heater

Conductive
coating Fluorescent

screen

Negative E.

Fluorescent screen

Deflection coils

Screen grid G2

Heater I

Fig. 2-6.—Two common forms of cathode-ray tubes, (a) Electrostatic deflection-type
cathode-ray tube with electron gun designed for zero current to focusing electrode (first
anode), (b) Magnetic deflection-type cathode-ray tube with tetrode electron gun.

an amount determined by the potential of the control grid Gh and
accelerated by the field due to the positive potential applied to the
accelerating electrode G2 ; the shape of the beam is controlled by the
constants of the cathode lens formed by these elements, resulting first
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in a constriction near the cathode, known as the "crossover," and there-

after in a divergence of the beam; either the entire bundle (Fig. 2-66) or

the central part of it (Fig. 2-6a) then passes through the region of a second

lens, called a "focusing lens," at a considerable distance from the cathode,

and is there made to converge toward the tube axis, reaching a focus at

the screen of the tube. Obviously the crossover described in the previous

section cannot be observed directly, but from the constants of the focus-

ing lens and the size of the image formed on the screen, it can be shown

that the object that is imaged on the screen is very near the cathode, and

that its size is considerably smaller than that of the emitting area of the

cathode. It is much smaller than that which would result if the enlarged

image of the cathode were considered to be the "object" for the focusing

lens. Consequently it is concluded 1 that the object focused may be

considered to be the virtual image of this crossover, which also turns out

to be smaller than the emitting part of the cathode, and the position of

which is in the vicinity of the cathode, and slightly behind it.

A somewhat different analysis of the electron optical system involved

in the formation of the image has been made by Liebmann, 2 who considers

the image to be formed by three rather than two lenses. By replacing the

single cathode-lens field distribution mentioned in the previous paragraph

by two relatively closely spaced lenses, he arrives at the conclusion that

because of the combined action of these two lenses there is formed, not

far from the modulating grid, a virtual, reduced, inverted image of the

cathode. The main focusing lens then forms an image of this at the

screen (see also page 56).

The conditions existing in this region of the cathode-ray tube are so

complicated that the theoretical analyses necessarily employ greatly

oversimplified conditions. Further investigations toward a clearer

understanding of this complicated electron-optical problem are necessary

and important.

A discussion of (1) the effect of various parameters on the beam cur-

rent, (2) the area from which this current originates, (3) the angle that

this beam subtends at the cathode, and (4) the current density of the

beam at the screen will contribute to an understanding of the properties

of complete cathode-ray tubes.

Beamrcurrent-grid-bias Relations.—The characteristics that an input

amplifier must have in order properly to drive the cathode-ray tube are

determined by the tube's modulation or transfer characteristic, which is

the relation between the current to the screen of the cathode-ray tube and

the voltage applied to the control grid.

1 Maloff and Epstein, op. cit.

* G. Liebmann, "Image Formation in Cathode-ray Tubes," Proc. I.R.E., 33, 381-

380 (1945).
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This relation is expressed by

C = A(Ecl - E»Y = AE% (12)

in which i^ = screen current, Eei — voltage of control grid (a negative
number), E„, = voltage on control grid to produce tube cutoff (a negative
number), Ed = "grid drive" above cutoff, in volts (Ed is positive, since

|2?oo| must be greater than \Eei \
in order to have any beam current), A —

grid-drive factor, a constant, and n = a constant (positive, and not neces-
sarily an integer). For constant tube geometry and anode voltage, A,
n, and Em will be constant. However, the value of E^ is not specific

because cutoff may be defined in various ways. Since the value of grid

potential for which the screen current is judged to be zero depends upon
the sensitivity of the measuring instrument, this definition of cutoff is

not employed. Instead, the grid bias necessary to produce some arbi-

trary small current, for example, 0.5 or 1.0 p&, may be used to define Em .

A much more commonly used definition for E*,, however, is that known as
the "visual cutoff " voltage. Even this value is not too well defined since
it depends, for any given electron gun, on the condition of the eye of the
observer, the external illumination falling on the screen, the efficiency of
the phosphor, and the area of the screen being bombarded by electrons.

Thus the cutoff voltage for the visual extinction of a stationary, sharply
focused spot will be considerably greater than that corresponding to
extinction of the line pattern of a television raster.

Method 1 for Determination of Constants in Eq. (12).—One customary
method of determining the constants A and n in Eq. (12) involves plotting
inn and Ed on a log-log plot, with Ed measured from the visual cutoff as
determined by some arbitrary criterion. The slope of the line best
fitting the experimental points then gives the value of the exponent n,

and the value of A can be determined by choosing some one point on the
line and substituting its coordinates in Eq. (12). Experimental data
compiled by Moss 1 and others indicates that the relation between cathode
current ik and grid drive, determined by this method, is

h = KEY, (13)

where K is a function of the visual cutoff of the tube, and is given approxi-
mately by the expression

K = ZE~\ (14)

Thus, combining Eqs. (13) and (14),

ZEy
ik - -gf- (15)

1 H. Moss, "The Electron Gun of the Cathode-ray Tube, Part 1," J. Brit Inst
Had. Eng., 6, 10-26 (1945).
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At zero bias, the cathode current is

(i*)*-o = 3^5 (16)

In Eqs. (13), (14), and (15), ik is measured in microamperes, Em and Ed

in volts.

For many magnetic-focus guns, almost no current is intercepted by

apertures in the gun. Consequently Eq. (15) holds as the relation

between screen current and grid voltage as well, and indicates that the

value of the exponent n in Eq. (12) is 3.5. On the other hand, for tubes

employing electrostatic focusing, beam stops are almost universally

introduced. They take a considerable portion of the cathode current,

and the screen current is consequently considerably less than in the case

of magnetic focusing. The value of n is therefore less than 3.5. Moss

indicates that, over most of the characteristic, n has the value 1.5.

Method 2 for Determination of Constants in Eg. (12).—A second method

of determination of the constants in Eq. (12), which does not depend on

the determination of the visual cutoff, consists of considering n as a

parameter and plotting iUn as a function of Ecl for several arbitrarily

chosen values of n. 1 The correct value for n in Eq. (12) is the one that

gives the best straight line in these plots. The intercept on the Eci axis

then gives the value of Ew , which is called the "extrapolated cutoff," and

which differs from the Em used in Method 1. The constant A is the slope

of the line raised to the nth power. For magnetic tubes not containing

limiting apertures, the value of n thus found is very near 3. Using this

method, Eq. (12) becomes

C = A(Ecl - EJ* s AEd . (17)

The value of A is found to vary with cutoff, but not so simply as expressed

by Eq. (14) (see also Sec. 2-12).

For tubes of the electrostatic focus and deflection type, in which the

masking of the beam is severe, this method indicates that the value of n

is approximately 2, and the screen current is then given by

iaa = A(Eel - EeoY m AE\. (18)

Because of variations in size, location, and alignment of apertures in this

type of tube, wider variations result in n and especially in A than in the

case of magnetic tubes.

The exact evaluation of the values of n and A, and the reasons for

their variation, are of primary interest to the designer of the cathode-ray

tube. In using the tube, it is probably sufficient to know that in general

the screen-current vs. grid-drive curves are roughly cubic for magnetic

» W. B. Nottingham, RL Report No. 62-7, May 14, 1943.
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deflection-type tubes, and roughly square-law curves for electrostatic

deflection-type tubes. In some cases this is not true, since some magneto-
static focus tubes employ beam masking, and some electrostatic focus

tubes may have no masking of the beam.
Emitting Area of Cathode and Cathode Loading.—The area of the

cathode from which the current indicated by Eq. (12) originates is of

considerable interest. At cutoff, this area is zero, whereas for zero grid

voltage, Moss1 has shown that the emitting diameter is equal to that of

the control-grid aperture D, regardless of the spacing between grid and
accelerating electrode (see Fig. 21) or of the voltage applied to this elec-

trode. For values of grid voltage between these extremes, Moss found
that the curve of emitting diameter d as a function of grid drive Ed was
a somewhat S-shaped curve, which can, to a first approximation, be
considered linear, so that

Eea
D. (19)

Furthermore, the emission current density has been found to vary
over the emitting area in a manner roughly illustrated by Fig. 2-7. Both
the peak and the mean current density are seen to increase with increasing

grid drive. The ratio of peak density to mean density also increases with
increasing current. The cathode

loading is defined as the cathode cur-

rent per unit emitting area. A very

rough assessment of the cathode load-

ing for any value of grid drive Ed

may be made as follows. From Eq.

(15),

x= Distance

from axis

y=Current

density

From Eq. (19),

irrf
2

4
A =

E2

4EL

(2-15)

^-v*

D2
. (20) Fig. 2-7.—Cathode current density as

function of grid voltage.

Therefore, the mean cathode loading is

12 Ey
D2

' (21)

From experimental data, Moss arrives at a semiempirical relation for the

peak cathode loading pe as follows:

0.015 ™, /rtON
Pc = -qt • Ey, (22)

1 Moss, op. cit.
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in which pc is expressed in ma/mm 2
; D, the grid-hole diameter, in mm;

and the drive Ed in volts. This equation gives only an approximate

estimate of the peak loading. In practice, the diameter of the grid hole

of a cathode-ray tube is between 0.75 and 1.0 mm. From Eq. (22) the

estimated peak cathode loading for a 50-volt drive on a tube having a

1-mm grid hole is found to be approximately 5 ma/mm 2
. For satis-

factory cathode life, conservative designers estimate that the maximum

peak loading should not be far above 10 ma/mm 2
.

Beam Divergence.—The angle of divergence
<f>

of the conical bundle of

electrons, after they have passed through the grid aperture, determines

the cross section of the beam at the focusing lens, and consequently it

affects the magnitude of spherical aberration in this lens as well as the

amount of deflection defocusing.

For a given geometry of gun,

the experimentally determined

relation between beam-divergence

angle <f> and control-grid potential

Ed is illustrated in Fig. 2-8. In

this figure, each curve applies to a

specific value of Ec z, the potential

applied to the accelerating grid,

with the further condition that all

electrodes beyond the accelerating

grid are maintained at the same

potential as this grid, that is, that

the region beyond the accelerating grid is equipotential. The cutoff of

the tube increases with increasing Ec2 , but the interesting fact is evident

that at zero grid bias the beam-divergence angle is independent of E&.

This fact is to be expected from the principle of voltage similitude, which

states that the trajectories are unaltered by multiplication of all electrode

potentials by a constant factor. x To a first approximation,

Eco

Curve: Eci
1 7
2 27
3 37

Sin <t> ».

s0
/y i

/7
/

01 J?

.2 to
"? «
Era
8<8

Ecl (-volts) Scale arbitrary

Fig. 2-8.—Relationship between grid drive

and beam divergence.

sin <j>
= sin <}>o, (23)

where Es/E^ is the voltage drive expressed as a fraction of the drive to

zero bias. The value of <K however, varies with the gun geometry,

increasing with an increase in size of the grid aperture and with a decrease

in the distance between control and accelerating grids.

In a complete tube, under normal operating conditions, the region

beyond G2 is generally not field-free, and hence the beam divergence will

be altered somewhat. For example, in the case of the magnetic gun

i Maloff and Epstein, op. cit., p. 187: H. Moss, J. Brit. Inst. Rad. Eng., 6,204 (1945);

6 (1946).
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illustrated in Fig. 2-66, the potential difference between (z 2 and the con-

ducting coating of the anode causes some electrostatic focusing and

thereby reduces the beam divergence (see also Sec. 2- 13).

Whenever a gun contains beam-limiting apertures, as in Fig. 26a,

for example, a very small grid drive Ed suffices to make the cone <f>
fill

the aperture. In practice, then, the values of grid drive employed are

considerably larger, with the result that the effective beam angle is

determined by the size and location of the masking aperture, and the

increase in beam current to the screen with grid drive is due to the increase

in current density from the cathode.

Effects of Beam Convergence on Image Current Density.—The problem
of the designer of a cathode-ray tube is to achieve as bright and as small

a spot as possible, with the use of a minimum of input power both to

create and to deflect the spot. This requirement necessitates the incor-

poration within the tube of a screen of maximum efficiency together with
an electron gun that can produce an electron beam that converges at

the screen into a minimum diameter. The two principal elements of this

gun have been briefly described. It is now of interest to consider the
effects of beam convergence on the current density.

A fundamental law, derived by Langmuir, 1 is that given by Eq. (24)

:

Pi = Pc
(J§

+ lj sin2
0, (24)

in which pc = current density at the cathode, pt
- = current density at

the image, V = potential at the image, e — electronic charge, k = Boltz-

mann constant, T = temperature of cathode (degrees Kelvin), and 6 =
semiangle of convergence of the beam at the screen.

In order to consume a minimum of power, V should be kept as low
as possible. Also, to keep T as low as possible, oxide-coated cathodes are

used. The value of pc is not constant over the whole emitting area, but,

as was indicated in Fig. 2-7, decreases exponentially with the distance
from its center. The peak density at the center increases with increasing

total current. However, the maximum current density that can safely

be drawn from the cathode, the peak cathode loading previously dis-

cussed, is also subject to practical limitations.

Thus the only variable in Eq. (24) which is not essentially severely

restricted is 6. The current density at the image may therefore be
increased by making larger. For a fixed location of gun and screen,

this increase can be attained by altering the gun so that the divergence
of the beam from the first lens is increased; and will then increase in

1 D. B. Langmuir, "Theoretical Limitations of Cathode-ray Tubes," Proc. I.R.E
22, 977 (1937).
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direct proportion to the diameter of the beam at the focusing lens.

Alternatively, with no changes in the gun, 6 may be increased by shorten-

ing the tube, that is, by decreasing the distance between focusing lens

and screen. This decrease must be accompanied by a simultaneous

increase in the power of the focusing lens. Obviously, the process of

shortening the tube means a loss in deflection sensitivity because the

distance from deflecting system to screen is also reduced.

The increase in current density obtained by increasing has definite

Focusing
limitations, which are intimately

lens Region of Screen.^ associated with the mechanism
T ,
—.—

,

_----1 used to deflect the beam, and
which pertain specifically to the

problem of deflection defocusing.

This deflection defocusing is a

function of the angle of deflection,

the cross section of the electron

bundle in the region of deflection,

and the type of deflection system

used. A comparison may be

made between magnetic deflection

produced by coils of good form

external to the tube, and electric-

field deflection produced by care-

fully designed plates, with

identical distances between de-

flecting systems and screen, as

illustrated in Figs. 2-9a and b.

For a deflecting angle cti, chosen

to be roughly the maximum angle

for good performance with electric-

field deflection, the deflection

defocusing becomes serious in the

case of deflection produced by the

action of deflection plates when

Fig. 2-9.—Comparison between deflec-

tion by electric and magnetic fields, (o) De-
flection by electric field, (b) Deflection by
magnetic field, (c) Shortened tube.

the beam diameter at the plates exceeds 2 or 3 mm; whereas, for magnetic

deflection with the same deflection angle, this diameter may be as large as

6 or 7 mm before it produces an equivalent amount of defocusing. Con-

sequently, the ratio between the maximum values of m and de is roughly

between 2/1 and 3/1. The ratio of current densities, which varies as 2
,

then comes out to be roughly 6 to 1 in favor of magnetic deflection. The
reasons for this are (1) that the area of uniformity of field is considerably

greater in the magnetic case because the dimensions of the parts produc-

ing the field can be much greater and (2) that the energy of the electrons
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is constant during the magnetic deflection, and is not constant for electric-

field deflection.

A further possible advantage of a tube of the magnetic-deflection

type, namely, a shorter over-all length, immediately becomes apparent;

for, keeping 6m constant, a decrease in the distance from focusing lens to

screen, illustrated in Fig. 2-9c, results in a smaller beam diameter in the

deflecting region. Therefore, with the same over-all defocusing, a

greater deflecting angle a2 may be used. The deflecting angle employed

in almost all magnetic tubes developed for radar use is 27°; and for the

most widely used screen size, namely 5 in., the ratio of the over-all

lengths of the electrostatic type to that of the magnetic type is approxi-

mately 1.5 to 1 (namely, 16f in. for the 5CP1 vs. Hi in. for the 5FP7).

The preceding discussion indicates the superiority of magnetic deflec-

tion over electric deflection in several respects, but it does not indicate

the degree to which experiment checks the Langmuir equation for cur-

rent density. Even in the most carefully designed and constructed tubes,

the measured current density at the screen 1 is roughly only 10 per cent of

that predicted by the Langmuir theory. The discrepancy between these

values is, without doubt, due to the combined effects, principally in the

region of the immersion lens, of space charge, the finite velocity of emis-

sion of electrons, and aberrations in the lens. The problem is by no
means completely understood.

Variation of Spot Size with Electrical Parameters Eg, Ec2 , Eb .—Since

the current distribution to the screen and, to a first approximation, the

luminance of the spot follow a Gaussian distribution, it becomes difficult

to define just what should be called the "spot size." Thus the term "spot
size" must be arbitrarily defined, and is taken to be the diameter of that

circle at which the luminance has reached some definite fraction of the

peak value at the center of the distribution curve. Because of the finite

thickness of the screen and the scattering of light therein, the light output

of the screen will have a somewhat broader distribution than that of the

beam current that strikes the screen. In the following paragraphs, this

difference is neglected, and "current density" and "spot-size" distribu-

tions will be considered as being identical.

In making an analysis of the effects of the various parameters on the

1 In order to avoid the difficulties that scattering of light in the phosphor and
possible nonlinearity between the current density and the resulting light output would
introduce, it is necessary in making measurements of current density to work directly

with the electron beam, rather than to observe the characteristics of the luminous spot

in a conventional cathode-ray tube. Therefore, the screen is replaced by a specially

designed electrode containing either a small circular aperture or a narrow slit in front

of a Faraday cage by means of which the current passing through the aperture may be
measured as the beam is moved across it by the deflecting system. For a discussion

of this method, see L. Jacob, Phil. Mag., 28, 81 (1939).
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experimentally determined current distribution using the Faraday cage

method, simplifying assumptions are made. These are

1. The focusing lens, and the immersion lens, are considered to be

free from aberrations.

2. The effects of space charge are neglected.

Under these conditions the measured current density distribution at

the screen, which appears as d* in Eq. (21), d2/di = (v/u) -y/Vi/Vt,

gives information of the conditions existing at the crossover, which is

assumed to be the "object" whose "image" is measured. Note that the

crossover cannot be measured directly. Under experimental conditions

in which the effective area of the cathode is limited to avoid the intro-

duction of excessive aberrations, Moss 1 found (1) that the diameter of the

crossover is independent of Eg , at least over a limited range, and (2)

that the diameter of the crossover is proportional to \/y/Vi, where Vi

is the voltage at the crossover; that is,

* -^ <*>

Therefore it would seem that it would be advantageous to have the

crossover formed at as high a potential as possible. However, since, in

Eq. (23), -y/Vi appears in the numerator, the diameter of the image

should be independent of Vi and, as is readily seen by combining Eqs.

(23) and (25), should be inversely proportional to VTs, where F2 is

the final-anode potential; that is,

d2 = -JL, (26)

In reality, however, the simple conditions under which these results

obtain are not met in practice. Space charge in the cathode region is not

negligible, and neither lens is free from aberration, particularly in the

complicated cathode region. Therefore, the observed spot size increases

with increasing current. Also, the spot size decreases with increasing

voltage on the accelerating grid, probably because of (1) the reduction of

space-charge effects, and (2) the increase in the cathode loading. Finally,

the observed variation of spot size with increasing anode voltage does not

uniformly agree with Eq. (26). This last fact has led Liebmann2 to dis-

count this crossover theory, and to propose an analysis based on three

lenses rather than on two. This analysis results in a deemphasis of the

crossover as such and indicates that the spot size should be independent

1 Moss, op. tit.

1 Liebmann, he. tit.
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of VV A complete understanding of the many factors entering into the

exact behavior of the cathode-ray-tube spot is thus not at hand.

'

ELECTROSTATIC CATHODE-RAY TUBES 2

Cathode ray tubes in which both the focusing and deflection are

electrostatic are the most common types of tubes. For brevity, these

will be designated in Sees. 2-S-2-9 simply as "electrostatic" cathode-ray

tubes. Several typical ones are illustrated in Fig. 2*10. The principal

Fig. 2-10.—Typical electrostatic cathode-ray tubes: (a) 2AP1 ; (b) 3BP1
;
(c) SCP1

;
(d) SBP»-

advantages of these tubes employing deflection by electrostatic fields lie

in the high impedance of the deflection elements, the extremely fast

writing speeds that may be obtained, and the linearity of the deflection

with respect to the voltages applied to the deflection elements.

2-6. Gun Types Used in Electrostatic Cathode-ray Tubes.—The
guns used in cathode-ray tubes of the electrostatic focus and deflection

type currently available in the United States are of three types. The
latest one of these to come into use has already been briefly described in

1 Further experimental data in regard to various methods of measurement of spot

size in complete cathode-ray tubes, and spot-size relationships for various conditions

of operation, are given in Chap. 17.

2 The assistance of A. Y. Bentley in the compilation of data and material for this

section is gratefully acknowledged.
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Sec. 2-4 and in Fig, 2-6a. The three guns differ principally in regard

to the arrangement of the focusing lens. These variations introduce

changes in the control characteristic, as well as in the total light output

available, and in the quality of the focus. Photographs of typical

samples of the three types of electron gun are shown in Fig. 2-11, with

>.v
T

Fig. 2-11.—Photographs of typical electrostatic electron guns used in electrostatic

deflection cathode-ray tube, (a) Triode type, (b) Accelerator type, (c) Zero-first-anode-

current type.

cross sections as indicated in Fig. 2-12. In all these, the cathode and

control-grid construction are not essentially different.

Cathode.—The thermionic cathode of almost all cathode-ray tubes is a

nickel cyUnder or cup, indirectly heated by an internal heater that is

electrically insulated from the cathode by a ceramic covering. The

emitting portion of the cathode is a small area on the closed end surface

of this cylinder which is coated with barium and strontium oxides. The

emitting surface is usually a plane perpendicular to the axis of the cup.
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The input power to the heater is customarily 4 watts, and most heaters

are designed for operation at 6.3 volts.

Control or Modulating Grid.—The element controlling the flow of

electrons from the cathode is a nickel cylinder, usually £ in. in diameter,

coaxial with the cathode cylinder. With the exception of an approxi-

mately 1-mm-diameter circular central opening immediately opposite the

emitting portion of the cathode, the forward end of the cylinder is closed.

The spacing between cathode and grid is about 0.005 to 0.010 in. and
must be closely controlled.
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Sometimes the grid cylinder

extends a short distance beyond the

plane containing the aperture.

This extension is known as the

"grid skirt" and is introduced to

effect the proper degree of control

of the beam. The grid skirt also

introduces some additional focusing

action. It is very important for

good image formation that the

planes of the cathode and grid aper-

ture be parallel, and that the grid

hole be truly circular and free from
burrs. If any cathode material

gets onto the grid aperture, the

elevated temperature of the grid

due to its proximity to the hot

cathode may result in emission of

electrons from the grid. These
electrons are accelerated toward the

screen by the high positive potential

on other electrodes and cause un-

controllable stray light emission

known as a "ghost." To eliminate this effect, it is customary to reduce
the emissivity of the grid either by gold-plating it, or by adding radiating

fins to the grid cylinder to reduce its temperature, or both.

The rest of the gun structure is composed of an arrangement of

coaxial cylindrical and apertured disk elements that differ in the three

types of guns.

Triode Guns.—In the oldest type of gun, which is sometimes called a
"triode gun" although it contains four essential elements (see Fig. 2- 12a),

the electrons after passing through the control-grid aperture enter the
first anode, or focusing electrode. This electrode is in the form of a long
cylinder containing one or more apertures of various sizes. The field

i

—

1 D3

ZX-L i

—------r.rT81*^

»1 Eb2~*Neg. Eel Ek
supply

Fig. 2-12.—Typical electron guns used
in electrostatic cathode-ray tubes, (a)

Triode type. (6) Accelerator type, (c)

Zero-first-anode-current type.
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between the first anode and control grid forms part of the immersion or

cathode lens discussed in Sec. 2-3, and is not considered to contribute

any focusing action. Because the region within the focusing electrode

is almost field-free, the electrons travel essentially in straight lines. The

purpose of the apertures is to mask off the outer portion of the conical

bundle of electrons. Immediately beyond the focusing electrode is the

second anode. This electrode usually consists of a short cylinder closed

at the far end by a disk containing a small central circular aperture.

This aperture further masks off part of the exterior portions of the elec-

tron bundle. The second anode is maintained at or near ground poten-

tial and is connected electrically to a conducting coating that lines the

inner wall and bulb of the cathode-ray tube to a point extending almost

up to the forward end, which contains the fluorescent screen. Thus, the

volume beyond the second anode forms an essentially field-free region.

The principal focusing action of the electron gun takes place in the

region between the focusing electrode and the second anode because of

the strong lens formed by the potential difference between these two

elements. As is indicated in the figure, the potential of the focusing

electrode is negative with respect to the second anode. For the con-

struction usually employed, the voltage needed on the focusing elec-

trode in order to bring the electron beam into focus at the screen is

roughly one-fourth the total voltage applied to the electrons. One

characteristic of a gun of this type is that the act of focusing the beam by

varying the potential of the focusing electrode simultaneously changes the

constants of the cathode lens and causes a change in the beam current.

This unwanted change in brightness of the trace must be corrected by a

manipulation of the control-grid potential, and the process of securing

proper adjustment of the beam is thus made more complex. The maxi-

mum beam current that reaches the screen is relatively low; hence,

although the focused spot has small size, the available brightness is only

moderate.

Accelerator Type of Electron Gun.—This electron gun type is a modifi-

cation of the one just described, containing an additional electrode that

is interposed between the control grid and the focusing electrode or first

anode (see Fig. 2- 126). This new electrode usually consists of an aper-

tured disk or a shallow cup, which is connected internally to the second

anode. This electrode accelerates the electrons in the region immedi-

ately in front of the grid to the velocity corresponding to second-anode

potential, increasing the maximum current that may be drawn at zero grid

bias. It further acts as a screen grid and prevents variation of the poten-

tial of the focusing electrode from affecting the constants of the

cathode lens, which now is formed between the control grid and the

accelerating electrode. Therefore the beam current is essentially
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unaffected by variations in focusing voltage. Thus two desirable

improvements have been effected by the introduction of the accelerator

electrode: (1) freedom from interaction between focusing voltage and

beam current, and (2) an appreciable increase in the modulation sensi-

tivity. The latter is desirable for intensity modulation applications

because the video amplifier may then have a lower gain, resulting in con-

siderable saving in power. It should be noted, however, that this

higher modulation sensitivity is obtained at the oost of some impairment
of focus.

In both types of electron gun described thus far, an appreciable

fraction of the total current is intercepted by the apertures in the focusing

electrode. In practically all electrostatic deflection tubes the second

anode also contains a masking aperture that collects a fraction of the

current. The purpose of the aperture in the second anode is to assure a

well-defined beam centrally located with respect to the deflection plates.

In both electron guns described, the current flowing to the focusing

electrode is usually considerably greater than that flowing to the second

anode. Hence, to secure reasonably good voltage regulation of the first

anode, it is necessary to make the resistance of the bleeder circuit rela-

tively low, thus wasting power in the bleeder. A small amount of regu-

lation of the first-anode voltage is desirable since the voltage of this

electrode should decrease somewhat with increasing beam current in order

to maintain focus (see Sec. 2-8). Such compensation by means of the

regulation afforded in the bleeder circuit is, however, complicated by
the fact that the variation in first-anode current existing from tube to

tube is considerable, and therefore no universal regulation can be applied

in this manner.

Zero-first-anode-current Type of Electron Gun.—In order to overcome
the focusing-electrode regulation difficulties, a further modification of the

gun has been made, in which the focusing electrode draws essentially no
current. 1 A gun of this type is sketched in Fig. 2- 12c. The accelerator

electrode is in the form of a long cylinder, with a masking aperture at its

forward end. As before, the focusing electrode is interposed between the

accelerator and the second anode. However, it is now relatively short,

and consists either of an open cylinder, as illustrated, or of an apertured

disk with aperture diameter greater than that of the apertures m the

adjacent parts of the accelerator and second anode. The electron lens

formed in the region of the focusing electrode then makes the beam
converge to a focus at the screen, as in the previous types. By masking
the beam in G2 instead of in A 2, secondary electrons emitted from the

1 This type of gun structure was first produced by RCA. Its advantages

have been clearly demonstrated, so that the more recently designed tubes of practically

all manufacturers employ this type of gun.
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masking aperture are less apt to reach the screen. Also, the smaller diam-

eter of the beam in the focusing field is advantageous in that it reduces the

effects of spherical aberration in the focusing lens.

Cathode-ray tubes of a given type number may contain any of the

three types of guns. Specifications, particularly on older tube types, have

been so lax that they could be met by any of the existing gun types.

Therefore, the gun type used was a matter of preference with individual

manufacturers. However, it is possible to identify tubes having their

electron guns changed to the zero-focus-current guns because these are

uniformly designated by the addition of the letter "A" after the tube

type number. These and other newer zero-focus-current types which do

not have the A designation may be identified in table D-l by reference

to the values pertaining to Anode No. 1 current.

The gun proper may be considered to end at the second anode. A
converging bundle of electrons, well defined by the aperture in the second

anode, and traveling with a speed that is determined by the total voltage

difference between cathode and second anode, then passes through the

region of two orthogonal sets of plates, where it is acted upon by the

deflecting electrostatic fields.

2*6. Theory of Deflection in an

Electrostatic Field.—The equa-

tions for the deflection of thebeam
at the fluorescent screen due to the

electrostatic field between the

plates between which the beam
passes will now be derived. In

this derivation, the simplifying

assumptions are made that the

plates are parallel, that the electrostatic field between the plates is

uniform and normal to the plane of the plates, and that the field is

zero everywhere else; that is, fringing fields are neglected.

The origin of the coordinates may be taken to be at the point at

which the electron enters the field, with the x- and t/-axes as indicated in

Fig. 2-13. In this figure, I = length of plates (cm), d = separation of

plates (cm), L = distance from end of plates to screen, and Y = position

of deflected spot on screen. Also, let

V = potential of second anode with respect to cathode,

Va = potential of top plate,

Vb = potential of bottom plate (for the direction of deflection shown,

VB < Va),

Va = Va — VB = deflecting voltage,

e = electronic charge,

m = electronic mass.

Fio. 2-13.—Deflection of electron beam in an
electrostatic field.
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The kinetic energy of an electron as it enters the deflecting region will be

%mv* = V • e. (27)

Therefore, its speed v is given by

-4W (28)m

and it is initially directed along the z-axis. Therefore, the initial con-

ditions existing at point are t = 0, x = 0, y = 0, and vy = dy/dt = 0.

Because of the potential difference existing between the plates, an

electric field

E = ^ volts/cm, (29)

which exerts a uniform force on the electron in the direction of the

+2/-axis, exists between the plates. By the time the electron reaches the

end of the plates, this force has displaced it from the axis by an amount
yi, and its path at this point is inclined at an angle a with respect to the

x-axis. The desired expression for the displacement is simply determined

from the geometry illustrated, because

Y = yt + L tan a. (30)

The problem is to find y t and tan a.

The equation of motion for an electron in the electric field E is

«§-*«• (3D

When Eq. (31) is integrated twice, and the initial conditions already

mentioned are used, both constants of integration are zero, and the

equation for the displacement y becomes

y = --E-t (32)m 2 v '

To a first approximation, the electrons travel at the uniform speed v.

The relation for the time t required to travel a distance x is given by
t = x/v. Equation (32) may therefore be written in terms of the

distance x rather than in terms of time.

y = --E~- (33)
in 2v2 K

'

Using Eq. (27), Eq. (33) reduces to

1 E
V =

A
y-x\ (34)
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At the end of the plates, y = yi and x — I; hence

Vi = \y' 12
- (36)

Also, from Eq. (32), the inclination of the beam at any point is

In Fig. 2-13 the value of dy/dx at the end of the plates is represented as

tan a; therefore from Eq. (36)

1 E
tan a — s y ' I- (37)

Substituting Eqs. (35) and (37) into Eq. (30),

lift

2VM
~\*-L-l (38)

for the case where I <£ L. This condition exists in most cathode-ray

tubes.

Replacing the E in Eq. (38) by its constituent factors, from Eq. (29),

The deflection sensitivity

"-f.-M-T** (40)

A more customary method of stating the deflection characteristics is in

terms of the deflection factor DF, which is the reciprocal of the deflection

sensitivity and is usually expressed in deflecting volts per inch of deflec-

tion; that is,

DF ^^ = ?dV = k .v (volts/inch). (41)

The more sensitive the tube, the smaller will be its deflection factor.

It is evident from Eq. (41) why short tubes, in which the plates are rela-

tively near the screen, have large deflection factors. The plates nearest

the screen are designated as Z>i and D2 , and those nearer the base as Z> 3

and D t . Generally the deflection factor for plates Di and D2 is consider-

ably greater than that for plates D s and Z>4 because of the decreased
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value of L for the former set of plates. This difference can be partially

counteracted by a decrease in the spacing or an increase in length, or

both, for the set nearer the screen.

In practice, the deflecting plates used in cathode-ray tubes do not

consist of the straight parallel plates here described. Rather, they are

either curved or bent to improve the sensitivity and still prevent the beam
from striking the forward end of the plates.

In operation, the deflection factor of the cathode-ray tube is directly

proportional to the operating voltage V of the second anode. This
voltage is limited by the difficulty in producing the peak deflecting voltage

needed to deflect the spot to the edge of the screen.

2«7. Postdeflection Acceleration.—The light output of a phosphor
increases roughly as the square of the voltage through which the electrons

striking the screen have been accelerated. Therefore it is advantageous
to use as high a total voltage as possible. However, doubling the total

voltage also doubles the deflection factor, as is evident from Eq. (38).

In order to secure the advantages of higher brightness without a corre-

sponding sacrifice in deflection sensitivity, the possibility of using post-
deflection acceleration has been introduced in several types of cathode-
ray tubes. In these tubes, the electrons may be accelerated through a
potential difference approximately equal to that existing between cathode
and second anode after they have passed the region of the deflection
plates. The required accelerating field is achieved by splitting the con-
ducting coating that usually extends almost to the screen. The annular
gap between the resulting two conducting sections is i- to £-m. wide, and
is located on the bulb a short distance beyond deflection plates Di and
Dt. The section of the coating surrounding the deflection plates is

connected internally with the second anode, whose lead comes out
through one of the pins in the base of the tube. The conducting surface
between the annular gap and the screen is called the "third anode" or
"intensifier," to which electrical connection is made by means of a
separate contact on the bulb. In order to eliminate flashover between
the second and third anode due to sharp points that may exist in the
adjacent edges of the two coatings, the space between them is usually
bridged by a semiconducting coating having a high resistance. The
coating serves to insure a uniform field distribution in this region.

In order to accelerate the electrons after they leave the deflection
plates without affecting the deflection sensitivity of the tube, it would be
necessary that the equipotential surfaces of the accelerating field be
everywhere normal to the direction of the incident electrons. This
condition has not been achieved in practice, and the shape of the equi-
potential surfaces in the region between second and third anodes is such
as to alter the trajectories of the electrons. Consequently, for a voltage
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difference between second and third anodes (Eb3 — Em) equal to that

between cathode and second anode (Eb2 — Ek), there is an increase in

deflection factor of approximately 20 per cent over that which would exist

if the third anode were connected directly to the second anode.

In addition to the effect of the postdeflection field on the deflection

sensitivity, this field introduces aberrations in the deflected spot, so that

the maximum useful ratio of Eb3 to Eb2 is approximately 2 to 1.

With careful design, it should be possible to achieve the deflection

sensitivity and light output obtained when using postdeflection acceler-

ation in a conventional type of tube not employing this feature. How-

ever, the problem of obtaining voltage insulation through the base of
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Fig. 2-14.—Variation of deflection factors with second-

5CPl-type tube.

such a tube is considerable, and the postdeflection-acceleration principle

reduces these insulation difficulties very considerably. A further factor

in favor of the use of postdeflection acceleration is that the total acceler-

ating voltage may be applied half below ground potential and half above

ground potential, thus reducing the problem of insulation of all supply

voltages. Several 3-in., 5-in., and 12-in. electrostatic tubes employ the

postdeflection-acceleration principle. 1

2*8. Electrical Characteristics of Standard Cathode-ray Tubes.

Deflection Characteristics.—As indicated by Eq. (41), the deflection factor

of a tube is proportional to the accelerating voltage applied to the second

anode. Using the customary terminology for second anode voltage,

namely Em,
DF = k • Eb2 . (42)

1 For further particulars consult Appendix D. This same principle, but applying

the total voltage in several steps, is used in the special type 5RP tube described in

Sec. 2-9.
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If allowance is made for the introduction of postdeflection acceleration

and its effect on the deflection factor, the deflection-factor equation is,

in the general case,

DF = ki(En) + k*(Ew - Eb2). (43)

Figure 2- 14 illustrates the behavior of the deflection factor with variation

in the accelerating voltages for a common type of cathode-ray tube
(5CP1). For this tube type, the constants ki and k2 in Eq. (43) have
the following values when Eb2 and
Eb3 are expressed in kilovolts, and
the deflection factor is in volts per

inch: for deflection by £>i and
D2 , ki = 35, k2 = 9; for deflection

by Ds and D i} &i = 30, k2 = 10. *

Transfer Characteristics.—From
Eq. (18) in Sec. 2-4, the relation

between screen current and grid

drive for electrostatic tubes is

im = A • (E„ - Eely = A El
(2-18)

As noted in Sec. 2-4, the method
of measurement adopted affects the

evaluation of the constants n and
A in Eq. (12). Figure 2-15 pre-

sents data for tubes having the

same cutoff bias, but which have
electron guns of the three types

discussed in Sec. 2-5 but made by
different manufacturers. For elec-

trostatic tubes made during the war years, those made with triode guns
generally had the lowest grid-drive factor A, whereas those made with

the accelerator type have the highest. This does not imply that the three
types of gun necessarily differ so widely in their transfer characteristics.

For any specific tube, the cutoff bias, as well as the transfer characteristic,

varies with changes in the operating voltages applied to the tube.

Figure 2-16 represents transfer characteristics for an accelerator-type

gun. The cutoff bias increases roughly linearly with increasing second-
anode voltage, and the grid-drive factor A decreases as the cutoff bias

increases. This behavior is characteristic of all guns.

The variation in geometry from tube to tube makes it impossible to

1 For deflection factors of all common tubes, as well as tolerances in these factors,

Bee the table in Appendix D.

-60 -10
-40 -20

f^jin volts

Fro. 2-15.—Transfer characteristics of
various gun types used in electrostatic
cathode-ray tubes: (1) accelerator; (2)
zero-focus-current; and (3) triode type.
Test conditions: Ebt — 1500 volts, Ebt
= 3000 volts.
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express the grid-drive factor A specifically in terms of the cutoff bias

measured under some standard

condition. In practice, the speci-

fication limits on transfer charac-

teristics are expressed in terms of

the maximum grid drive required

to produce a stated change in

screen current. The transfer

characteristic is specified only for

a relatively restricted number of

tube types. Since many tube

types do not provide means for

measurement of the screen current,

the more customary specification

is in terms of a "modulation

characteristic," which is the rela-

tion between grid drive and light

output.

Focus-voltage Characteristics.—
The guns used in allcommon types

of electrostatic cathode-ray tubes

are so designed that the voltage

needed on the focusing electrode,

the first anode, to focus the beam
at a specified grid drive is approxi-

mately one-fourth that applied to

the second anode. Specified

tolerances on this fraction are usually + 20 per cent.

For any given tube, the focusing voltage varies with the grid drive.

A typical curve illustrating this variation is shown in Fig. 2-17. If
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Fig. 2-16—Transfer characteristics as

a function of accelerating voltage, for type
5CP1 tube.

Ebi, Eb3 ,

Curve volts d-c volts d-c
1 2250 4500
2 2000 4000
3 1750 3500
4 1500 3000
5 1250 2500
6 1000 2000

10 20 30 40

Grid No. 1 drive (A#cl ) in volts

50

Fig. 2-17. -Focusing-anode voltage for best focus as a function of grid drive from cutoff.

Curve is typical of that obtained with 3BPI A tube.
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Fig. 2-18.—Variation of line width with
anode voltage. Curve A: light output ad-
justed to 5 foot-lamberts. Curve B: light

output adjusted to 10 foot-lamberts.

optimum focus is to be maintained

in the case of an intensity-modu-

lated display, the focusing voltage

must vary in the manner illus-

trated over the range of grid

voltages applied to the tube. As
briefly discussed in Sec. 2-5, this

variation may be obtained by pro-

viding a certain amount of regula-

tion in the bleeder supply, but

this method is not flexible enough

to compensate properly for varia-

tions from tube to tube. There-

fore, in critical applications, the

focusing voltage may be varied by
applying to the focusing electrode

a waveform similar to that intro-

duced upon the control grid, but

suitably amplified and inverted.

In some cases, it is practical to use a

pulse transformer for this purpose.

Line-width Characteristics.—The spot size, or the width of the line

traced out on the screen of an electrostatic cathode-ray tube, increases

with increasing screen current or light output, and decreases with increas-

ing over-all accelerating voltage. 1

For a given beam current, with the

focusing voltage adjusted for best

focus at the center of the tube face,

the line width is found to increase

with increasing distance from the

center of the tube. This increase

is, in general, different for orthog-

onal deflections produced by the

two sets of deflecting plates. The
specifications for line width are

based upon the "shrinking raster"

method described in Sec. 17-4.

The ordinates of Figs. 2-18 and
2-19 refer to this method of

1 Proper adjustments of operating

voltages and use of push-pull deflection

are necessary for optimum spot size.

See Sec. 2-10.
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Fig. 2-19.—Typical line-width versus
screen-current curves for 5CP1 cathode-ray
tubes. Curves 1: Eb2 = 1500 volts; En
= 3000 volts. Curves 2: Ebi = 2000 volts;

Eb3 — 4000 volts. Solid curve is measured
at Position A, and dotted curve is measured
at Position B.
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measurement. Fig. 2-18 illustrates the decrease in spot size with

increasing accelerating voltage, for two light-output levels. Figure 2-19

illustrates the variation of line width with screen current for two values

of accelerating voltage.

2-9. Special Types of Cathode-ray Tubes. Central-electrode-radial-

deflection Type (3DP1).—The purpose of this type of tube is to provide

an increased length of time base without increase in the tube size for

A-scope applications. This condition is met by making the time base a

large circle concentric with the tube axis instead of the customary

straight line across the diameter of the tube. When so used, the tube

is called a "J-scope." The electron gun used in this tube is standard,

being identical to that used in the 3BP1 type. The circular time base

is produced by applying voltages in quadrature to the two sets of deflec-

tion plates. The signal is applied to an electrode in the form of a tapered

rod sealed into the center of the tube face; the electrode extends axially

toward, but not as far as, the region of the deflection plates. Contact

to this electrode is made by a button that extends through the tube face.

A difference of potential between this central electrode and the conducting

coating on the bulb produces a radial electric field. Hence, signals

applied to the central electrode appear on the trace as inward or outward

deviations from the circular trace.

A tube of this type is not adapted to the measurement of the strength

of the signal applied to the central electrode because the radial deflection

sensitivity is a function of the sign of the voltage applied to the central

electrode, the radius of the base circle, and the instantaneous position

of the spot on this circle. The electric-field strength at any point in the

radial field between the central electrode and the second-anode coating

varies as the reciprocal of the distance of the point from the axis of the

tube. Hence, the deflection sensitivity decreases in the same manner.

Accordingly, the deflection factor, which is the reciprocal of the deflection

sensitivity, increases linearly with distance from the central electrode.

This behavior is illustrated in Fig. 2-20, which also illustrates that the

deflection factor is greater when the radial deflection occurs along the line

corresponding to the deflection produced by plates D3 and Z>4 than when

it is along the line corresponding to the orthogonal set of plates Di and D2 .

Radial deflection along the line DiD2 results in a lower deflection factor

because, for unit deflection produced on the tube face by either set of

deflecting plates in the absence of any signal voltage on the central

electrode, the average position of the electron beam is nearer the central

electrode when deflected by plates Di and D2 than when the deflection is

by the plates farther removed from the screen, D 3 and D4 . The radial

field distribution also accounts for the nonsymmetry between the curves

shown in Fig. 2-21 for radial deflection toward the center and those for
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radial deflection away from the center of the tube face, particularly for

the base circle of 15-mm radius. Because of the complications illustrated

0.2 0.4 0.6 0.8 1.0 1.2

Displacement from center of tube face along

deflection axis indicated in inches

Fig. 2-20.—Variation of deflection factor for central electrode of type 3DP1 cathode-ray
tube, deflection produced by deflecting plates DiDi and D 3Di.

20 40 60 80
Positive or negative potential applied to central electrode in volts

100

Fig. 2-21.—Radial deflection as a function of central-electrode potential for a type 3DP1
tube with Eb = 2000 volts. Note asymmetry when base circle has a radius of 15 mm.

in Figs. 2-20 and 2-21, the use of the 3DP1 cathode-ray tube is restricted

to the measurement of time relationships.

Multigun Electrostatic Cathode-ray Tubes.—It is often desirable to

present simultaneously on a cathode-ray-tube screen either several related
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quantities, such as current and voltage, as a function of time, or two

sweeps of different speeds, displaced vertically. Cathode-ray tubes

incorporating more than one electron gun and deflecting system have

been designed for these applications.

The 5SP1, a tube of the two-gun type, consists essentially of two

complete 5CP1 electrical systems in one envelope. All elements of each

gun and deflecting system are completely independent and have separate

pins. The eight leads to the deflection plates and two to the second

anodes are brought out through the glass neck. The two gun structures

are so mounted that their axes intersect at the screen. Electrostatic

shielding of the two deflection systems from one another is provided,

so that there is practically no interaction between them. The maximum

coupling between any two plates, one in each system, is approximately

0.03 fi/xi . The capacitance between the two modulating grids is approxi-

mately 0.075 nni. The two traces may be shifted at will by separate

centering controls; only the results of deviation from perfect parallelism

of the two sets of corresponding deflection plates cannot conveniently be

compensated. This deviation may amount to as much as 3°.

More than two guns may be mounted in a single tube. Also, some

corresponding elements must usually be connected internally, in order to

reduce the number of leads through the base.

The multiple-gun tubes are particularly useful when the phenomena

to be observed are nonrecurrent. If the phenomena recur at regular

intervals, and if the conditions of writing speed and recurrence rate are

not extreme, conventional single-gun tubes may be used for the observa-

tion of two phenomena by employing electronic switching of the two

waveforms, each of which is presented on alternate sweeps. Usually the

use of a multiple-gun tube is to be preferred to the added circuit com-

plexities necessary for the electronic switching.

High-intensity Cathode-ray Tubes.—In order to obtain a useful inten-

sity of trace when very fast single sweeps are to be observed, the energy

of the cathode-ray beam must be considerably higher than in the custom-

ary tube types. This increase in energy is obtained by raising the

voltage rather than the current since a high current usually makes the

spot size too large.

The best method of achieving the desired result is by extending the

postdeflection-acceleration principle discussed in Sec. 2-7. It was there

pointed out that the voltage on the third anode could not be increased

more than a limited amount if excessive deflection defocusing was to be

avoided. A much higher ratio of total accelerating voltage to that

existing in the region of deflection has been made possible by controlling

the shape of the equipotential surfaces, by altering the shape of the bulb

from the curved wall of the 5CP1 type to a cylindrical section of the



Sec. 2-9] SPECIAL TYPES OF CATHODE-RAY TUBES 73

same diameter as the face, and by introducing into this cylindrical

section three intensifier bands held at specific voltages. The type 5RP
tube incorporates this feature, and, with it, a ratio for Eb3/Eb2 (with

respect to the cathode) of 10/1 is possible with a final voltage of 25 kv.

Under these conditions, it is possible to photograph traces for which the

maximum writing speed is approximately 250 cm/jusec. 1

Ultrahigh-freguency Cathode-ray tubes.—The amplitude A of the deflec-

tion produced by a parallel-plate type of deflecting system varies with
the frequency of an applied sinusoidal voltage of constant peak amplitude
according to the relation

, A sin wt/2 /AA .

where A is the amplitude of deflection for frequencies approaching zero,

w is the angular frequency of the applied deflecting voltage in radians
per second, and t is the transit time of the electron through the deflecting

field in seconds. Accordingly, as the frequency increases, A will be
reduced to 50 per cent of A when ut/2 = 2, will be zero when ut/2 = w,

and thereafter will alternate in sign in the manner of a damped oscillation.

For nonsinusoidal transient phenomena containing very-high-fre-

quency components, serious distortion may take place because the sensi-

tivity will be different for the various harmonics, and some components
may even produce reversed deflections. Hence, in order to reproduce
an exponential waveform without appreciable distortion, the time con-
stant of the exponential should be at least five times the electron transit

time.

From these considerations, it is evident that the transit time of the
electrons through the deflecting region of the cathode-ray tube should be
reduced to a minimum when observations of phenomena involving ultra-
high frequencies, such as oscillations in the microwave region, or transient
phenomena containing ultrahigh-frequency components, are to be made.

Lee2 has constructed an oscillograph using very short deflection plates

(5 mm) and a high accelerating voltage (50 kv). If an effective plate
length of 7 mm is allowed for, the transit time under these conditions is

5.5 X 10-11 sec and the reduction of deflection sensitivity is therefore
only 4 per cent at 3000 Mc/sec and 40 per cent at 10,000 Mc/sec. Lee's
oscillograph requires continuous pumping, and records the trace by means
of direct electron impact on a photographic plate. Optical enlargement
of 100 times of these minute traces is possible, and, at this magnification,
the sensitivity of the oscillograph at 50 kv is 0.1 mm per volt. This
sensitivity corresponds to a deflection factor of 250 volts per inch.

1 Additional information on the 5RP type will be found in Appendix D.
* G. M. Lee, "A Three-Beam Microoscillograph for Recording at Frequencies up

to 10,000 Mc/sec," Proe. I.R.E., 34, 121W (1946).
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About 10 min are required for changing the photographic plate and for

reestablishment of operating vacuum; eight sets of three oscillograms

may be recorded on a single plate.

The desire for a sealed-off tube of reasonable deflection sensitivity

suitable either for direct viewing or for photography at high writing

Fia. 2-22.—Special cathode-ray tube, Du Mont type KI017.
Laboraloriea.)

(Courtesy of Du Mont

speeds, to be incorporated into a high-speed oscilloscope developed at

the Radiation Laboratory (see Sec. 7-7), led to the development by

Du Mont of the type K-1017 ultrahigh-frequency cathode-ray tube.

This tube has two orthogonal sets of deflection plates 8 mm long,

each set enclosed in a shielding structure to prevent electrostatic coupling,

with plates directly connected to coaxial-type fittings attached to the
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glass tube neck. The speed of the electron beam as it passes through

the deflecting region is limited for continuous operation to that corre-

sponding to an accelerating potential of 4.5 kv. For pulsed operation,

a somewhat higher potential may be used. After deflection, the beam
is accelerated by a series of five intensifying bands. With Ebi = 3kv,

the calculated transit time through one set of plates is 3 X 10~ 10 sec, for

which 2000-Mc/sec sine waves will be recorded at half amplitude. With
#62 = 3 kv, and Eh3 = 25 kv, the deflection factor is approximately 125
volts per inch. The screen normally used is the Pll, and with this

screen and the above voltages applied to the tube, sufficient light inten-

sity is available to enable photographic recording of single-trace writing

speeds up to 300 in.//nsec with orthochromatic film (Eastman 5211) and
a coated lens of aperture f/1.5.

Figure 2-22 shows several views of the tube. Additional electrical

and mechanical details will be found in Table Dl.
2*10. Remarks Concerning Operating Conditions for Electrostatic

CRT's. Adjustment of Mean Potential of Deflection Plates.—The mean

-80 -60 -40 -20 +20 +40 +60
Mean potential of plates 3 and 4,M3A in volts

Fig. 2-23.—Spot area as a function of the mean potential of the deflection plates with
respect to that of the second anode.

potential of the two pairs of deflection plates with respect to the potential

of the second anode must be properly adjusted if optimum spot size is

required. Normally one would expect that the optimum results would
be obtained when the mean potential of these plates is the same as that
of the second anode. In practice it is found that values other than zero
are often necessary in order to obtain good focus. The reason is that
misalignments in the deflection-plate structures often introduce into the
electric fields asymmetries that can be at least partially compensated by
proper adjustment of the mean potentials. Figure 2-23 gives experi-

mental results for a particular cathode-ray tube. Each of the series of

curves here represented gives the area of the spot, measured in square
millimeters, for a fixed value of the mean potential M X2 of plates 1 and 2,
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when the mean potential M34 of the other set is allowed to take on

various values. For each value of M X2 there corresponds a specific value

of M 34 which produces a spot of minimum area, and the minimum area

of spot is not sensitive to the exact values of the set of potentials chosen.

The minima of the curves of Fig. 2-23 are indicated as circles in Fig. 2-24.

There is considerable variation in the optimum value of M« and Mu
from tube to tube of a given type, as well as a systematic difference

between specific tube types. The lines plotted in Fig. 2-24 indicate

averaged data for a large number of tubes for three typical tube types.

From these curves, it is apparent that provision should be made for

+80

+40

.£

-40

4>

Jgs'1 1

-80_
-80 -40 +40 +80

Af,
2
in volts

Fig. 2-24.—Average value of mean potentialsM1,2 andM 3,4 of deflecting plates for optimum

focus. Potentials are measured with respect to that of the second anode.

adjustment of the mean potential of at least one set of deflection plates,

and that its range of operating values will depend upon the mean potential

of the other "fixed" set. One method of making this adjustment is to

set the mean potential of Plates Di and D2 at the second-anode potential,

and to provide means for the adjustment of the mean potential of Z> 3

and Di between and 50 volts below the second-anode potential. For

any given tube, the adjustment of mean potential for optimum focus

should be made when the tube is installed; it will usually not require

further adjustment. This control, often called an " astigmatism control"

does not therefore need to appear on the panel containing operating

adjustments.

Push-pull Deflectimi.—As the spot is deflected from the center of the

tube face by the action of one pair of deflection plates, it is subject to

deflection defocusing, in which a round spot is distorted into an elliptical

shape with the major axis of the ellipse along the direction of deflection.

Because the electron beam has an appreciable cross section, the portion
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of the beam that is nearer the positive deflection plate is traveling at a

higher speed than that portion on the opposite side, and it is therefore

deflected less by the electric field. In addition, the fringing fields around

the deflection plates contribute an appreciable focusing action. For

least disturbance of the focus, this fringing field should be as symmetrical

as possible. 1 In order to insure symmetry, and thus to minimize deflec-

tion defocusing, the deflecting field should be produced in such a way
that the mean potential of the pair of plates remains constant. Push-

pull driver tubes, which provide symmetrical voltage swings of the two

deflection plates, may be used. In fact, for cathode-ray tubes having a

high deflection factor, the method of driving a single plate of a pair with

an ordinary receiving-type tube, besides causing serious defocusing, would

require operating the tube beyond the voltage limit for a tube of this type.

For optimum performance both the sweep and the signal plates

should have push-pull drive. However, if the amplitude of the signal is

restricted to a small fraction of the screen radius, single-sided drive for

the signal will give reasonably satisfactory results.

Push-pull Centering.—For the same reasons discussed in the preced-

ing paragraph, the centering controls for the two pairs of deflection

plates should apply symmetrical voltages, so as to maintain a constant

mean potential. 2

Choice of Operating-voltage Levels.—For maximum light output and
sharpness of trace, the cathode-ray tube should be operated at as high

an accelerating voltage as possible, consistent with power-supply and
driving-circuit limitations.

In Fig. 7-17 the cathode is at a negative potential, the second anode
at, or slightly above, ground potential, and the third anode at a high

positive potential (+2000 volts). The ground of the system could be
at the cathode or at the third anode without altering its performance.

However, it is desirable to have the greatest possible number of the

electrodes that must accept signals near ground potential. Therefore,

the second anode and the deflection plates are kept near ground, as shown.
Shielding.—Magnetic shielding of electrostatic cathode-ray tubes is

almost a necessity in order to reduce the effect on the pattern of small

alternating magnetic fields. 3

MAGNETIC CATHODE-RAY TUBES

The principal advantages of tubes of the magnetic-deflection type as

compared with those of the electrostatic-deflection type are their better
1 For an extensive discussion, see I. G. Maloff and D. W. Epstein, Electron Optics in

Television, McGraw-Hill, New York, 1938.
2 A typical circuit illustrating both push-pull centering and deflection is given in

Fig. 7- 17.

3 For a discussion of magnetic shields, see Sec. 16-4.
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spot size at high luminance levels and their shorter length. The shorter

length is primarily due to the greater practicable deflection angle. The

reduction in length is greatest for medium-sized tubes, and becomes

relatively small for tubes with very large face diameters. Several

typical magnetic cathode-ray tubes are illustrated in Fig. 2-25.

In order to attain these advantages, external focus and deflection

coils must be introduced. The use of these coils involves greater com-

plexity of both deflection and focus control circuits than in the case of

electrostatic deflection and focusing, with consequent increases in weight

both in the tube mount and in the larger power supplies required. It

Fig. 2-25.—Typical magnetic cathode-ray tubes, (a) 3HP7; (6) 4AP10; (c) 5FP7;
(d) 7BP7; (e) 12DP7.

should also be pointed out that the cost in driving power could be con-

siderably reduced if the advantage of short over-all length were sacrificed

to some extent. If the beam deflection angle of 55° commonly used for

military-type tubes could be decreased to 35° to 40°, a significant saving

in power, as well as a reduction in the deflection defoeusing, could be

attained.

Magnetic cathode-ray tubes are the logical choice for high perform-

ance only when the display involves intensity modulation of the traces.

For oscilloscopes, the use of an electrostatic tube is far less cumbersome,

and, in general, gives just as satisfactory performance.

2*11. Triode Gun.—This simplest of all gun types consists of cathode,

control grid, and high-voltage anode. It has been used extensively in

British cathode-ray tubes during the war, and is capable of giving
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excellent performance. Its chief disadvantages are a considerable vari-

ation in cutoff bias and transfer characteristic, both of which are functions

of the accelerating voltage. It is not a common gun type in the United

States; therefore it will not be discussed further.

2-12. Tetrode Gun-—The tetrode gun, sketched in Fig. 2*66, is the

basic type used in cathode-ray tubes manufactured in the United States.

It has an extra electrode, known as the "second grid, G%" (sometimes

also called a "first anode"), located immediately in front of the modu-
lating grid ffj. This grid is usually in the form of a shallow cylinder

with a relatively small aperture at the end nearest the control grid, and

Fig, 2-26.—Several versions of guns used in magnetic tubes.

with its forward end either wide open or with an outwardly rolled edge.

The chief purpose of this electrode is to act as a screen grid, and thus

make the cutoff voltage independent of the anode voltage. It is also

possible to utilize this electrode for blanking the trace. Although the

normal operating voltage on (?2 is Ec% = +250 volts, an improvement in

spot size results if this grid is made more positive (see Sec. 17-8). It

should therefore be operated at as high a voltage as possible, but the

changes in cutoff bias and modulating characteristics which occur with

changing Ec2 must be considered. l

Figures 2-26a to d illustrates several versions of this type of gun as

made by various manufacturers.

* The increase in cathode loading which results when Eci is raised will shorten the

life of the cathode. Whether this will be significant or not depends upon the specific

conditions of operation, such as the average operating current, etc.
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Transfer Characteristic of Tetrode Gun Type.—As stated in Sec. 2-4,

the beam-current—grid-bias relation for a magnetic tube, as obtained by
the "extrapolated cutoff" method, is

C = A(Ed - Eeoy = AE3
d (2-17)

A condition for Eq. (2-17) is that all potentials except Eci be held con-

stant. From Fig. 2-27, which gives experimental data on three tubes

differing in cutoff voltage, it is evident that the cubic law holds closely,

and also that the grid-drive factor A, which is determined from the slope

of curves, decreases with increasing E^. Measurements of the transfer
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-Static characteristics of three 5FP7 cathode-ray tubes at Eh = 4kv, Ec i. = 25C

volts.

characteristic of a large number of tubes of various manufacturers give

the distribution of points shown in Fig. 2-28, in which the factor A is

plotted against the extrapolated cutoff voltage E^. A mean-value

curve has been drawn through these points, but this curve follows no

simple mathematical relationship. Very roughly,

A « 1.5E-1*. (45)

This curve indicates (1) a wide range of Em for production tubes, (2)

considerable scattering in the value of A for a given E^, and (3) a factor

of approximately 5 in the range of values of A to be expected in pro-

duction tubes. Accordingly, the grid drive required to produce a given

beam current may vary by a factor of -^5, or 1.7. This fact must be

considered in the design of amplifiers to drive the tube.
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Factors that affect the cutoff bias and transfer characteristic are the

size of the Gi aperture, the spacing between cathode and grid, and the

effects of the field distribution immediately in front of the G\ aperture.

In the case of a simple triode gun, this distribution is determined by

the value of Eb ; for the tetrode guns, it is determined by the shape,

location, and potential of the screen grid Gi, and is almost independent of

the value of Eh . Once a choice in cutoff, normal operating value of EC 2,

etc., has been decided upon, the spread in cutoff values illustrated in
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-Variation of grid-drive factor A with extrapolated cutoff voltage.

Fig. 2-28 results primarily from variations (0.001 in. to 0.002 in.) in the

normal cathode-to-grid spacing, which normally is about 0.005 in.

The variation in A for a given #<«> for tubes of the same manufac-
turer is caused by variations in cathode emissivity. For any given tube,

a value of A far below the line indicated in Fig. 2-28 indicates an unsatis-

factory cathode. Usually such a tube will be found to have the central

part of the cathode inactive because of gas in the tube, which causes

positive-ion bombardment of the cathode. Such a tube will almost

always be unsatisfactory in operation because of aberrations in the

focused spot.

For a given tube, both the cutoff and transfer characteristic are

affected by the value of Ee2 . Figure 2-29 illustrates this behavior for a
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single tube. For comparison, the dashed line in this figure refers to one

of the tubes whose data are given in Fig. 2-27.

Measurements on a series of

different tubes indicate that a linear

relation exists between cutoff bias

(Eoo) and the second-grid voltage

(Eei), as illustrated in Fig. 2-30. l

The curves intersect the Ec2 axis at

approximately — 75 volts, indicating

that this negative value is required

on the second grid if the tube is to

be cut off with zero volts on the

control grid. Care must therefore

be exercised with regard to signal

level on the grid in order to secure

blanking of the return traceby gating

the second grid. If the second grid

goes only to zero potential, the curves

indicate the necessary negative

potential of the control grid to obtain

cutoff.

In most specifications, the limits

of cutoff bias are specified at some

usually +250 volts. If the tube is to be

-100-80 -60 -40 -20
Control-grid bias Ecl in volts

Fig. 2-29.—Variation of static charac-

teristics with change in second-grid volt-

age Ec2.

standard value of Ec2 = Es

-200 800200 400 600

Potential of grid No. 2 in volts

Fig. 2-30.—Variation of cutoff bias with change in second-grid voltage Ec z.

operated at any arbitrary value of Ecif the corresponding value of cutoff

1 A relationship of this form, derived from the principle of voltage similitude, is

given by H. Moss, J. Brit. Inst. Radio Eng., 6, 204 (1945).
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voltage (#«>) e2 can be found from the empirical equation

UWc2 — \CJeo)» / ttt • ye\ > (46)

where (2£co). is the value of cutoff voltage when Eci has the standard

value of E,.

The figure also indicates that if the tubes are to be operated at a

high value of Eci , the actual tolerance limits on cutoff bias are increased

greatly above those that exist under normal specification conditions, and

adequate bias-voltage control must be provided.

The strong similarity between the family of plots of Fig. 2-29 and

Fig. 2-27 suggests that any given tube may be caused to have any

specified .So, with a corresponding specific slope, by suitable control of

Fig. 2-31.

20 40 60 80 100

Grid drive in per cent of cutoff voltage

-Typical increase in beam divergence with grid drive.

the parameter Ec2 , and therefore that the operation of all tubes may be

"normalized" by this procedure. This process can be carried out as far

as Ew and slope are concerned, but the beam-divergence angle will not

thereby be normalized.

Beam-divergence Angle of Tetrode Gun.—The parameters Eci and Ej,

affect the strength of the electron-optical lenses in the gun, which deter-

mine the cone angle </> of the electron bundle passing down the tube axis.

The beam angle can be determined experimentally by measuring the

diameter of the unfocused beam at the screen. Since the edges of the

spot are relatively well defined, reasonably accurate measurements are

possible. The diameter at the screen divided by the distance from the

control grid to the screen gives to a first approximation the cone angle 4>

of the beam as it leaves the gun. Figure 2-31 illustrates the variation of

the unfocused-spot diameter with grid drive for a typical 7BP7 tube.

The similarity between this curve and that of Fig. 2-8 is apparent,

although the region beyond the accelerating grid in the case here described
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is not field-free. The curves of Fig. 2-32 are obtained when a log-log

plot of the beam angle as a function of beam current rather than

control-grid voltage is made for a series of values of the accelerating grid

voltage Eci and of the total final voltage Eb . The points fall on reason-

ably straight lines, whose slopes are almost independent of the values of

10 200 300 400

Fig. 2-32.-

50 100

Beam current inma

-Beam angle as a function of beam current, for various values of Eb and EC 2, for a
type 7BP7 cathode-ray tube.

Ec2 and of Eb, and have a value of approximately 0.2; therefore, the

relation

4> = k iV (47)

over the range of screen currents encountered in actual operation of the

tubes is indicated. 1 This relation may be put in terms of the grid drive

Ed because, if the fifth root of Eq. (17) is taken,

tV = k'Ey, (48)

whence
4> = h"E°d

- 6
. (49)

A curve of the form of Eq. (49) will fit the experimental curve shown in

Fig. 2-31 up to a point represented by a drive of 70 per cent of cutoff

voltage, which is the region of interest.

The curves of Fig. 2-32 indicate that, for any given beam current at a

1 Curves similar to those of Fig. 2-32, which have been obtained for several other

tubes of the same and other gun constructions, lead to the following general

conclusions:

1. For the tetrode gun type used in 7BP7 tubes, variations in cutoff bias under

standard conditions affect the beam angle slightly, the beam being larger for

larger values of cutoff.

2. For triode-type guns, the logarithmic plot is a line concave upwards, indicat-

ing an increasing slope with increasing beam current. The average slope in

the region 2 to 200 n& is, however, not far from 0.2 to 0.25.
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fixed total voltage, the beam-divergence angle increases with increasing

voltage applied to the accelerating grid Gi. This action is the net result

of two opposing electron-optical effects arising from the change in acceler-

ating grid voltage EC2 alone:

1. The strength of the lens formed by the field between G2 and the

conducting anode coating in its vicinity decreases as Eci increases

because the ratio of Eb to Ec2 is thereby decreased. Hence the

effect of the lens in decreasing the divergence of the electron

bundle as it passes through this region is diminished.

2. Increasing Ec2 increases the cutoff bias and the cathode loading.

Therefore, for a given cathode current, the fractional drive to zero

bias is thereby decreased, and thus the initial beam-divergence

angle
<f> is decreased, as is evident from Fig. 2-8.

Ceramic or

glass rod

The experimental curves of Fig. 2-32 indicate that the first effect

predominates.

The spherical aberration in the focusing lens increases with the cross

section of the electron bundle that it is required to focus. Hence the

curves of Fig. 2-32 seem to indi-

cate that increasing Ee 2, for con- Glass neck of CRT Aquadag

, . n , i , , C^ramir. or \ ./ COating

stant Eh, would result in a

deterioration of the focused spot.

The reverse is actually true (see

Sec. 17-8). The improvement in

spot size is undoubtedly due
primarily to the very great reduc-

tion in the aberrations of the

cathode lens because of the pro-

gressive elimination of space-

charge effects.

2-13. Modified Tetrode.—

A

modification of the tetrode gun
illustrated in Fig. 2-66 consists of

placing in front of the second grid

a cylinder of the same diameter as that of the second grid. This cylinder

is electrically connected to the anode coating by stiff spring clips, and it is

rigidly attached to the other parts of the gun by means of supports to
two or more insulating rods. Figure 2-33 indicates the general arrange-
ment of this gun and a photograph of a gun of this type is given in

Fig. 2-26e.

This type of construction produces almost no change in the transfer

characteristic because the anode cylinder does not intercept any of the

Anode cylinder

G
l
G2

Cathode

Heater \— Cathode sleeve

Fig. 2-33.—Tetrode gun with anode cylinder.
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beam. The power of the (72-to-anode lens, which is formed by the G2
and anode cylinders, is increased by reducing the diameter of the anode
from that of the conducting coating (as in the common tetrode type pre-

viously described) to that of the anode cylinder having the same diameter

as the G2 cylinder. Measurements of the type illustrated in Fig. 2-32

indicate that the beam angle is reduced by a small amount by this

change in gun construction, with a resultant improvement in spot size,

but extensive quantitative data are not available. The chief advantages

gained by this modification, however, are the possibility of a more
accurate alignment of the component parts of the gun (that is, better

centering of the electron axis of the gun in the tube neck) and much
greater rigidity. Both of these improvements result in better perform-

ance under operating conditions.

2-14. Magnetic Guns with Limiting Apertures.—A logical modifica-

tion of the gun described in Sec. 2*13 consists of the introduction of an

apertured disk into the anode cylinder, either at the emergent end or

within the cylinder. By proper choice of the size of aperture and its

location, any desired degree of

masking of the beam is attainable.
1.0
\

I
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1.9 8.0 25/ \W/ N 7,
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Fig. 2-34.—Typical limiting-aperture electron
gun. All dimensions in millimeters.

The effects of increased masking

are (1) a reduction in spherical

aberration due to the focusing

lens, (2) a reduction of deflection

defocusing because of smaller

beam cross section in the region

of the deflection coils, and (3) a

change in the transfer characteristic from a cubic law to one that ap-

proaches a square law, for reasonable amounts of masking. These

effects are desirable from the standpoint of improvement in spot size

and in the dynamic range of signals reproduced. Qualitatively, these

improvements have been noticed in operating systems utilizing limiting-

aperture guns having dimensions approximating those shown in Fig. 2-34.

A quantitative assessment of the improvement in performance requires

the development of better methods of measurement and many more
experimental data.

245. Electrostatic-focus Guns for Magnetic-deflection Cathode-ray

Tubes.—There are ample reasons, particularly in airborne radar appli-

cations, why a gun utilizing an electrostatic-focusing lens rather than a

magnetic lens is desirable. These are (1) a saving in weight since focus

coils weigh about 2 lb, (2) elimination of the power required to operate

the focusing coil, (3) elimination of defocusing caused by the changing

resistance of the focus coil with change in ambient temperature, (4)

decrease in mechanical complexity and cost to provide means for neces-
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sary adjustments of the focusing coil, and (5) elimination of time-con-

suming adjustments.

The chief reason why electrostatic-focus tubes were not widely used

in the United States is that the design of such tubes was not sufficiently

advanced to give performance equal to that obtainable from magnetically

focused tubes, particularly at the low anode voltages normally used. In

order to get good spot size, it is necessary that the elements of the gun be

extremely well aligned. The
alignment achieved in experi-

mental tubes has not been ade-

quate to produce spots free from

excessive aberrations, especially

at the high deflection angles

customarily used. Progress in the

design of such tubes is encourag-

ing, and it is hoped that the per-

formance of this type of gun will

soon be comparable with that of

the magnetic-focus guns.

In guns of the electrostatic-

focus magnetic-deflection type, a

large fraction of the current leav-

ing the cathode is usually inter-

cepted by the apertures in the

focusing element. At an operat-

ing voltage of 4 to 6 kv, and for

the range of normal operating

beam currents, most electrostatic-

focus guns deliver approximately

25 per cent of the total cathode current to the screen. Hence the grid

drive necessary to achieve a given current to the screen is considerably

larger than that required for the magnetic-focus tetrode commonly used.

Figure 2-35 gives curves for the grid drive plotted against beam current

for the common magnetic-focus gun and for a typical electrostatic-focus

gun, for normal gun variations. The video amplifier required to drive

electrostatic-focus guns will therefore require roughly double the gain of

that required for magnetic-focus guns.

The efficacy of electrostatic-focus tubes for projection purposes, where
the accelerating voltage is very high, improves both because the relative

performance improves at higher voltage and because the power required

to focus magnetic tubes becomes considerable.

2-16. Special Types of Guns and Tubes. Ion-trap Guns.—Particu-
larly for television applications, it is desirable to eliminate negative ions
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trostatic-focus guns.
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from the beam that reaches the screen because these cause a dark spot

known as an "ion spot." The effect of any ions present is less serious

when the focusing is magnetic rather than electrostatic, as discussed in

Sec. 2-2. The complete removal of the ions from the beam may be

accomplished by specially designed guns. In one of these a "bent" gun
is used, in which the initial direction of the electron beam makes an

angle of roughly 30° with the tube axis. A localized magnetic field

normal to the tube axis then bends the electron beam until it travels

axially, but it has almost no effect on the ions which are intercepted by
the wall of the cylinder.

ml

rr~j l-J
J

XjJ ' '..'.''.' ' ' ' '
' '.mi >>>>>>>>>>

N
WfF

Section CC'
Fig. 2-36.—Ion-trap gun.

A second form of gun, shown in Fig. 2-36, incorporates a different

kind of ion trap, involving both magnetic and electrostatic fields. The
paths of electrons and ions in this gun are indicated by the solid and

dotted lines, respectively, in Fig. 2-36a. The magnetic field in the

region of the second-grid cup is produced by an electromagnet A whose

pole pieces form arcs fitting closely around the tube neck, as shown in

Fig. 2-36c. Its field is directed to the proper region of the gun by the

two soft-iron lugs L welded to the second-grid cup by means of a non-

magnetic angle piece. The adjacent ends of the second-grid and anode

cylinders are cut at an angle with the normal and cause the axis of

the electric field between them to be similarly oriented with respect to

the tube axis. A second electromagnet, B, with pole pieces similar to

those of A, is located over the midsection of the anode cylinder, as shown.

Soft-iron lugs are not used with this second magnet. It is not imperative

to use the lugs L associated with the first magnetic field. If used, they
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must be accurately located and of very good magnetic material, so as

not to cause an unsymmetrical field.

The action of the device is as follows. The magnetic field due to A,

when the polarity is as indicated in Fig. 2-36c, will bend electrons as

indicated in Fig. 2-36a, but it will have little effect on the direction of

the ions. The subsequent electric field across the gap between the

cylinders bends both electrons and ions in the opposite direction, so that

both would strike the side wall of the anode cylinder. However, the

path of the electrons is bent in the reverse direction by the action of

the magnetic field due to B. This field does not so affect the ions,

which are trapped within the cylinder.

It is necessary that the electron beam emerging from the gun be

traveling along the axis of the gun. This positioning of the beam can

be accomplished by the proper adjustment of the field strengths of

magnets A and B. With slight redesign of the gun, it should be possible

to achieve trapping of the ions and an axial course for the electron beam
by making use of only a single magnetic field.

Ion-trap guns may be used with either electrostatic or magnetic
focusing. The 7DP4 type uses the former, and the 10BP4, the latter.

Projection Cathode-ray Tubes.—Projection tubes have been designed

to be used with lens or reflective optical systems to provide large dis-

plays that are useful in radar as aids to plotting, and in television to

provide more comfortable viewing, or to enable many people to see a
single display. Tubes whose greatly magnified images are to be pro-

jected must have luminances many times those of conventional tubes

and should possess resolution at least as good as that of tubes used for

direct viewing.

To achieve high luminance it is necessary to apply much higher

accelerating voltages (10 to 70 kv) to the projection cathode-ray tube.

At relatively low voltages, the luminance of a phosphor, for constant

current density, increases as E%, where Eb is the applied accelerating

voltage, and n varies between 1.5 and 2. As the applied voltage

approaches the limiting or "sticking" potential of the particular phos-

phor used, a further increase in applied potential results in little further

increase in luminance (see Sec. 18-6). Consequently, the development
of methods of eliminating this limitation is receiving much attention.

One method that has proved to be both practical and effective is that of

covering the phosphor on the vacuum side with a film of evaporated
aluminum, whose thickness is between 500 A and 5000 A. This film is

connected to the high-voltage source, and has good conductivity; there-

fore it effectively eliminates the sticking potential. If the phosphor is

first covered with an organic material to provide a smooth surface, the

evaporation of the aluminum film onto this material results in an efficient



90 CATHODE-RAY TUBES [Sec. 216

mirror that reflects toward the observer a large fraction of the light

that, in an unfilmed tube, would be directed backward into the bulb.

Relatively low velocity electrons will not penetrate such a film, but at

15 kv the efficiency of an Al-backed screen is approximately 4 cp/w,

which is roughly twice that of an unbacked screen at the same voltage.

A further advantage of the aluminum backing is the elimination of the

ion spot, for the thickness of film used completely stops any ions present

in the beam. 1

The requirements of high beam currents with minimum spot size,

and the high potential differences in adjacent gun parts call for special

care in the design and construction of the electron guns used in pro-

jection tubes. These guns may have either magnetic or electrostatic

focusing. The former type allows the use of a larger-aperture beam
with less aberration than is possible with an electrostatic-focus gun.

However, the power required to focus a high-voltage beam by means of

a magnetostatic lens is considerable. This requirement and the added

complexity of the external focusing arrangement make an electrostatic-

focus gun desirable. In either case, the guns require an especially good

alignment and, if electrostatic focus is used, a focusing electrode of large

diameter and a high degree of symmetry, in order to minimize aber-

rations. High-voltage electrodes must have no sharp points, and their

edges should be rolled, in order to prevent corona.

A gun of the magnetic focus type for operation up to 10 kv has been

designed by R. R. Law. 2 The only projection tube designed for radar

use, the 4AP10, also utilizes magnetic focusing. Since this tube is used

at 9 kv, the construction of the gun differs very little from that shown in

Fig. 2-34. 3

An electrostatic focus gun is used in the 5TP4 tube, designed for the

projection of television images by means of a reflective optical system.

This tube is designed to operate at 27 kv. It utilizes a second grid

between the control grid and focusing electrode to prevent interaction

of the fields produced by these electrodes. The focusing electrode inter-

cepts a maximum of 27 per cent of the total current, at an Anode No. 2

current of 200 /xa. In order to maintain focus, the regulation of the

supply to the focusing electrode should be such that its voltage will drop

by about 125 volts in the range of Anode No. 2 current between and

200 *ia. This tube also contains the Al-backed screen previously

mentioned.
1 For a more complete discussion, see D. W. Epstein and L. Pensak, "Improved

Cathode Ray Tubes with Metal-backed Luminescent Screens," RCA Review, 7, 5-10

(March 1946); C. H. Bachman, Gen. Elect. Rev., 48, 13-19 (Sept. 1945).

2 R. R. Law, "High Current Electron Gun for Projection Kinescopes," Proc.

I.R.E., 25, 954-976 (1937).
3 See Sec. 16-16 for a discussion of the use of this tube in a projection indicator.
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217. Remarks Concerning Operating Conditions for Magnetic

Cathode-ray Tubes.—Since it is desirable to have the maximum number

of signal-receiving electrodes near ground potential, magnetic tubes are

usually operated with the cathode near ground. The focus and deflec-

tion coils may be held at any convenient potential without affecting the

behavior of the tube because the internal conducting coating on the glass

of the tube neck provides electrostatic shielding.

This method of operation places the screen of the tube at a high

positive potential, often greater than 5 kv. This screen potential causes

no difficulty when the humidity is low, and good electrical insulation of

the tube face is maintained, and when the normal procedure requires

only visual observation of the display. When plotting must be done on

or near the tube face, or when a scale must be moved relative to it, a

local disturbance of the potential of the screen may be caused by contact

with the glass, or by the electric charge on the moving scale. This

disturbance will result in a shift or distortion of the pattern, unless

suitable precautions are taken (see Sees. 16-5 and 16-9).

The required range of bias voltage depends upon the choice of oper-

ating level of the second grid, as discussed in Sec. 2-12. For the normal

value of Ec2 , namely 250 volts, the normal value of cutoff bias is —45
volts. This value is subject to a tolerance of + 50 per cent, resulting in

cutoff limits for this value of Ec2 of — 22£ and —70 volts. On the other

hand, if a higher value of Ec2 is used in order to obtain better spot size,

the normal value of cutoff will be determined by Eq. (42). Thus if the

maximum allowable value of Ec2 , namely 750 volts, is used, the normal

cutoff at this voltage will be —115 volts, which will result in cutoff

limits of —60 and —175 volts. For other values of Ec2 , corresponding

cutoff limits will be required.

The maximum signal voltage required will also depend upon the

choice of the operating level of Ec2 , and will increase with increasing

voltage on the second grid. For a given operating value of Ee2 , the

maximum useful grid drive or signal level will depend upon the amount
of defocusing permissible in the display. Since this defocusing depends

upon the properties of both the tube itself and of the focus and deflec-

tion coils used with it, no specific numbers can be definitely stated.

However, a rough approximation can be made by an arbitrary assump-

tion of a maximum beam current of 200 pa,. Using this value as a

basis for determining the maximum limited signal voltage required (see

Sec. 4-8), a high-cutoff-limit tube operating at Ee2 = 250 volts would

require approximately a 33-volt signal, whereas the same tube operated

at Ee2 = 750 volts would require a 50-volt signal. These figures then

give rough values for the signal output voltage required of the video

amplifier that drives the cathode-ray tube. In all cases, a smooth
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attenuation control, having good frequency-response characteristics, is

required to permit reducing to zero volts the actual voltage supplied to

the cathode-ray tube.

A blanking voltage sufficient to cut off all beam current during the

time interval between sweeps must be provided. This voltage may be

applied either to the cathode, the control grid, or the second grid. The
most common method consists of the application of a blanking gate to

the second grid. The upper limit of the voltage of such a blanking gate

is limited to that of the B+ supply voltage. The curves of Fig. 2-30

will be helpful in determining the actual voltage to which this blanking

gate must drive the second grid in order to ensure complete blanking,

when the limiting voltage of the signal actually appearing on the cathode

or grid during this blanking interval is known.

When the second grid is to be operated at a potential higher than

that of the normally available power-supply voltage, it is usually oper-

ated from a bleeder across the high-voltage supply. In this case, it is

advisable to apply the blanking voltage either to the cathode or to the

control grid, mixing the blanking voltage with the signals, if necessary.



CHAPTER 3

FOCUS COILS AND FOCUS MAGNETS

By R. D. Rawcliffe

FOCUS COILS

3*1. Focus-coil Theory.—The theory of the focusing action of an
axially symmetrical magnetic field is discussed elsewhere 1 and only a
brief statement of the results needed for a discussion of the focus coils

and magnets used in practice will be given here. The focusing action is

much more complicated than that of an electrostatic field because the
electrons do not stay in one plane. The electron trajectories are ame-
nable to solution only in a few simple cases, one of which is that of the
"short " field. In the solution of the " short " field, the following assump-
tions are made:

1. The field is negligible except within an interval, A~B, which is small

compared with the object and image distances. If such is the case,

the radial distance of the electrons from the axis does not change
much within this interval, but the radial velocity does change.

2. Within the interval A~B the electrostatic field is zero, that is, the
electrons have reached their final speed before entering the focusing
field.

3. The diameter of the electron beam is small. Therefore, if is the
angle between an electron path and the axis, then sin « and
cos « 1, that is, only paraxial electrons are considered.

The short field, then, will behave as a "thin" optical lens (see also

Sec. 2-2) whose focal length is given by the following equation:

jssk !'*•*• <"

where/ is the focal length, e is the electronic charge, m is the electronic

mass, Bb is the accelerating voltage applied to the tube, and H, is the
z component of the magnetic field on the z-axis, which is chosen to be
the axis of symmetry.

1 V. K. Zworykin and G. A. Morton, Television, Wiley, New York, 1940, p. 117;
I. G. Maloff and D. W. Epstein, Electron Optics in Television, McGraw-Hill, New York,
1938, Chap. 8.

93
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The approximations that have been made in deriving Eq. (1) are

not, however, accurate for practical focus coils. The field-distribution

curves of Fig. 3-2 show that the field is considerable over a longer interval

than is justified under Assumption 1. Assumption 2 is usually fulfilled,

but, if the beam current is not small, Assumption 3 is not justified.

In light optics, if the diameter of the light beam striking an uncorrected

lens is large, aberrations result and the image "points" are distorted.

Similar defocusing occurs in electron optics if the electron beam is too

large. In this case, however, corrections to the lenses are extremely

difficult to apply. Enlarged or distorted images therefore occur if the

beam currents are too large.

In spite of the fact that the assumptions used in developing Eq. (1)

do not apply accurately to practical focus coils, the equation does indi-

cate several important facts that are borne out by experiment:

1. As the field is everywhere proportional to the current J through the

coil, provided that any iron in the magnetic circuit is not operated

near saturation, f
H\ dz is proportional to IK Consequently, 7 is

proportional to the square root of Eb if the focal length is constant

(as it would be for a fixed position of the focus coil).

2. The focal length is independent of the sign of H or of I.

3. If electrons are focused, heavy ions will not be focused. Hence

there will be no "ion spot" or small burned area near the center

of the screen, such as is formed with electrostatically focused

beams.

A second equation usually derived in connection with Eq. (1) gives

the rotation </> of the electron beam. It is

- >&/** (2)

The rotation arises because the force on the electron is perpendicular

both to its velocity and to the magnetic field, and the electrons tend to

follow a helical path. Although a study of this rotation is sometimes

useful in studying the action of focus coils, it is of no significance in

most cathode-ray tubes because the image is a "point" whose orientation

is of no interest. In other applications of magnetic focusing such as in

the electron microscope, the rotation is important.

A rotation of the pattern shown on a cathode-ray-tube screen exists,

however, and although it arises in a manner somewhat similar to that

of the spot rotation, these two rotations should be distinguished. Both

the focusing and deflecting fields spread out along the z-axis, over-
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lapping each other over a large interval. The deflection starts before the

focusing is complete, but, as far as the focus field is concerned, deflected

electrons are the same as nonaxial electrons in an electron beam. The
focus field causes them to spiral around and the pattern is rotated. 1

3-2. Types of Focus Coils.—A focus coil consists of a number of

turns of wire, wound into a cylindrical form. The winding is usually

mounted in an iron shield that concentrates the field. Cross-sectional

views of a few types of coils are shown in Fig. 3-1. These are repre-

(c)

Fig. 31. Cross-sectional views of several types of focus coils, showing magnetic-field
distributions (1) winding; (2) iron; (3) nonmagnetic material.

sentative of the varieties of winding and shield construction. The
general contours of the field distribution in a transverse plane are shown
on each drawing. Figures 3-la, b, and c consist of a simple coil with
different degrees of magnetic shielding. Figure 3- Id is a coil designed
for projection cathode-ray tubes used in television2 in an attempt to
reduce spherical aberration. In order to control the field distribution,
the winding is placed on a form shaped to follow a parabolic curve.

Graphs of Hz as a function of z, for the coils shown in Fig. 3-1, are

1 Discussed in Chap. 9.

*R. R. Law, "Some Observations on the Spherical Aberrations of Magnetic
Final Focusing Lenses for Use with Cathode-ray Tubes," RCA Report No. LR-34.
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shown in Fig. 3-2. The curves have been displaced along the 2-axis to

make their maxima coincide. It is evident that Coil c gives the sharpest

field, and that the curve for type d is asymmetrical with a long tail in

the direction of the gun.

— Coil (a)— Coil (6)— Coil (c)— Coil id)

Fig. 3-2.-

-10
-. Z in cm

-Intensity of arial component of focus field along axis for focus coils shown in

Fig. 31.

15 r l.lr

When used with magnetic cathode-ray tubes of the type considered

here, a type d coil wound according to the RCA specifications gives

slightly superior focus at high beam currents, but at medium or low

beam currents the focus is definitely poorer than that of the type c coil.

Probably this characteristic is due

to the longer field, which extends

back too far and interferes with

the electrostatic lenses in the

electron gun. In radar equip-

ment, type c coils have been used

with all magnetic cathode-ray

tubes except those in which per-

manent-magnet focus units have

been employed. 1

3-3. Focus-coil Performance

Curves.—The performance of the

type c focus coil is illustrated in

14

13

a 12

c
£ 11

u
10

E
.£0.9

.«>0.8

-^0.7

- 0.6l

0.2 0.4 0.6 0.8 1.0 1.2

Gap, in inches

Fk». 8-3.—Spot size and focus current for

various focus-coil gap widths; average for

seven 7BP7 tubes; Eb = 5kv; h = 250 fia.

Figs. 3-3 to 3-7. Except where otherwise stated, the dimensions are those

given hi Appendix A. Spot-size measurements have all been made with

the slmnkhig-polka-dot-raster method.2

» Details of the construction of a coil of this type are given in Appendix A.

* Described in Chap. 17.
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Fig. 3-4.—Focused spot on type 12DP7
tube for various coil positions. Numbers
indicate the distance from focus-coil gap to
the reference line.

Figure 3-3 shows the effect of varying the width of the gap on the

average spot size and on the required current. Measurements were
made on type 7BP7 tubes but the graph should apply to all tubes with
an appropriate change in the ordinate scales. (See Fig. 3-6.) The gap
width most commonly used is $ in. If the gap width is reduced, the

spot size can be improved a few

per cent at the expense of an
increase in the electric power re-

quired for focusing. As the gap is

narrowed, however, the alignment

becomes more critical and the best

compromise value of gap width is

probably between 0.2 and 0.25 in.

Spot size is affected also by the

position of the focus coil on the

tube neck. As the position is

changed, two factors act to change

the spot size. The spot is a mag-
nified image of the crossover (see Sees. 2-1 to 2-3) in the gun. The mag-
nification equals the ratio of the image to object distances; therefore, as

the coil is moved forward toward the screen the magnification decreases.

However, as the coil is moved forward, the diameter of the electron beam
entering the focus coil becomes larger. As the aberrations increase, distor-

tion of the spot occurs. The
optimum position of the focus coil

is the point at which the magni-

fication is as small as possible

without objectionable aberrations.

The spot-size variation is illus-

trated by the series of photo-

graphs in Fig. 3-4. The " tails"

on the spots, presented when the

focus coil is too far forward of the

optimum position, are a character-

istic spot deformation. The loss

in resolution caused by these tails

is difficult to evaluate accurately.

A direct examination of the spot

would indicate a gross enlarge-

ment. However, if spots are shrunk together in the polka-dothraster
method (see Chap. 17) the presence of tails does not seem to have much
effect. This fact is illustrated in Fig. 3-5 in which spot-size measurements
for a given tube for different coil positions are shown as circles, and spot

3.5

3.0

E
S2.0

|
21.5
2.m

1.0

0.5

12 3 4!
Distance from reference line to

center of focus-coil gap in inches

Fio. 3-5.—Variation of spot siae with foeue-
coi] position.
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12DP7

7BF7^

5FP7a 12 3 4 5

Distance from reference line to

focus-coil gap in inches

Fig. 3-6.—Variation of spot siae with focus-

coil position for commonly used tube types.

sizes calculated from the magnification and normalized at one point are

shown by the curve. The close agreement between these two sets of

values indicates that the aberra-

tions have little effect on the spot

size as measured by this method.

Evidently the tails usually contain

only a small fraction of the total

light in the spot. Average spot-

size curves for the three commonly

used tube types are given in Fig.

3-6, but these measurements do not

tell the whole story. For instance,

tails on strong signals may mask

weak signals; moreover, clean cut,

round spots have a certain aesthetic

appeal. In Fig. 3-7 are shown the focus currents required for the focus-

coil position of Fig. 3-6.

3*4. Focus-coil Current Control.—Figure 3-8 illustrates the effect on

the required voltage and current of

changing the wire size in a focus coil

but winding enough turns in each

case to fill the available volume.

The wire size for most efficient focus-

ing from a given power supply should

be so chosen that, after an adequate

safety factor has been allowed, the

voltage across the coil is as large a

fraction of the total supply voltage as

possible. The safety factor may
have to be much larger than one

would expect. The most important

variations to be allowed for are as

follows:

26

24

22

E 20

2 18

8 16

14

12

£6=4.5 kv

/6 =200/ta

5FP7--

^7BP7

12DP7

1. Tolerances in the Coil Itself.

Variations of ±10 per cent for the

focus current and voltage may
reasonably be expected. They are

due to such things as changes in wire

size, wire tension in winding, number

of turns in the coil, and gap width

and permeability of the case.

2. Tube Tolerance. The JAN-1 specified tolerances on the number

10 12 3 4 5

Distance from reference line to front

of focus coil in inches

Fig. 3-7.—Variation of focus current

with focus-coil position. Focus coil is

type shown in Fig. A-l.
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of ampere-turns required to focus a cathode-ray tube using a standard

focus coil under standard conditions are ±15 per cent for the 5FP7,
+ 21 per cent for the 7BP7, and +25 per cent for the 12DP7. In

general, for existing tube types, the tolerance tends to be larger for

larger diameter tubes.

3. Line-voltage Variations. The effect of line-voltage variations

depends on whether the focus and anode voltages are regulated. As

2O0r 400r

Wire size 40 38 36

Fig. 3-8.-

5 10 15
Diameter of wire in mils

-Focus current and voltage plotted against wire size.

was shown in connection with Eq. (1), the required focus current is

proportional to the square root of the anode voltage. Therefore, for
small voltage changes, the focus voltage (or current) should change half
as much as the anode voltage in order to maintain focus. If the anode
voltage is proportional to the line voltage, the usual ±10 per cent
change in line voltage should be accompanied by a ±5 per cent change
in focus voltage.

4. Power-supply Tolerances. With a given input voltage and load,
power-supply voltages will vary among different equipments, perhaps
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by + 10 per cent in ordinary production units. The variation is prob-

ably larger in the anode supply voltage than in the focus supply voltage.

5. Temperature Variations. The resistance of copper wire varies

approximately 0.4 per cent/°C, and hence the focus voltage (but not the

current) also varies in the same manner. The temperature change is

the change in the temperature of the wire itself and includes heating due

to the focus Current, to the remainder of the equipment, and to ambient

temperature changes.

If the preceding tolerances are all considered, the possible over-all

variation is alarmingly large: namely, a required variation in the voltage

across the focus coil by a factor of 3 or 4 is indicated. There is small

probability, however, that all the varia-

tions will be extreme and in the same

direction. Nevertheless, if a rheostat is

used in series with the focus coil to

control the current, it must be a power

rheostat with a rating of perhaps more

than 25 watts. Its resistance will also

have to be high if a high-resistance coil

is used.

Much better control of the focus-coil

current is obtained with a pentode

vacuum-tube regulator. The circuit

shown in Fig. 3-9 permits 20 per cent

change in plate voltage with negligible

The current is then unaffected by resistance

To
regulated

voltage

focus-coil

change in focus current.

changes in the coil due to temperature changes.

In order to simplify the operation of the equipment, it is usually

worth while to eliminate the focus-control knob from the front panel,

and to have a "screwdriver control" inside the chassis. Neither a rheo-

stat nor the circuit of Fig. 3-9 will allow this simplification because

anode-voltage variations due to line-voltage changes cause defocusing

and a readjustment of the focus control is necessary. The defocusing

occurs because the focal length of the coil depends upon the anode

voltage. In the discussion of Eq. (1) it was shown that the focus cur-

rent is proportional to the square root of the anode voltage, / « y/Eh ,

or for small changes in anode voltage,

M 1 AEb

I 2 Eb

'

The effects on spot size of variations in J and Eb such as might occur

with anode-voltage variations are shown in Fig. 3-10. Curve A would

normally be followed if unregulated voltage supplies were used and both
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the focus and anode voltages were proportional to the line voltage, or
if the focus coil were either run from a regulated voltage or used in a
circuit such as Fig. 3-9. The two curves obtained (1) with the focus
voltage unregulated and (2) with the focus voltage regulated actually

1.2 +

Fig. 310.—Observed values of spot size vs. anode voltage on a 7BP7 tube. Curve A:
average curve for constant focus current and for focus current proportional to anode volt-
age. Curve B: curve for focus current varying half as fast as the anode voltage.

do not coincide, but the difference between them is small and they have
been averaged to obtain Curve A. The much smaller variation shown
in Curve B results if the focus voltage is made to vary only half as fast
as the anode voltage by means of

Anode
voltage

To unreg.

B + 400v
A

the modified form (Fig. 3-11) of the

circuit of Fig. 3-9. In the circuit

of Fig. 3-11, the anode voltage Eb is

mixed with a regulated voltage Er

through the resistors Rb and Rr .

The voltage EQ at the junction of

these resistors is applied through a
potentiometer to the grid of the

pentode focus-control tube. The
necessary condition that AE /E
= (i)AEb/Eb is that Eb/Rb = Er/Rr .

This condition is independent of the

resistance of the potentiometer.

The condenser C is used to by-
pass ripple voltage from the high-

voltage supply. The resistor Rk in the cathode circuit provides degener-
ation to improve the linearity of the tube response.

A simple circuit, which corrects for line-voltage variations but which
is sensitive to variations in temperature, is shown in Fig. 3 12. In this

Fig. 311. -Compensated focus-coil-control
circuit.
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E 2 Unregulated 300 v_

Fig. 3-12.—Partially compen
sated focus-coil-control circuit.

circuit, regulated and unregulated voltages are mixed as before to obtain

a semiregulated voltage E . The assumption is made that the anode

voltage and the unregulated voltage Ei

vary proportionally. The mixing cir-

cuit must have a low impedance because

the focus current flows through it. The

regulation is independent of R3—that

is, the load has no effect on the regula-

tion of E as long as there is enough

current through the VR tube for it to

maintain regulation. In addition to

the focus compensation, the size of the

pattern can be made independent of the

line voltage by using the voltage E to

supply the sweep-generation circuits

because the deflection varies inversely

as the square root of the anode voltage. (See Sec. 8-1.)

3«5. Compensation for the Defocusing Due to Deflection.—In most

magnetic tubes, the center of curvature of the tube face is farther away

from the screen than is the center of deflection. Consequently, even in

the absence of defocusing caused by the deflection coil, the beam will

not be focused both at the center and

at the periphery of the tube. In order

to maintain focus, the focus current

should be reduced linearly by about 4

per cent as the beam is deflected from

the center to the edge of the screen.

Without such focus-current correction

the normal focusing procedure is to ad-

just for optimum focus not at the center

of the tube face, but half way along the

radius so that the over-all focus may be

best. A 15 to 20 per cent improvement

in spot size, both at the center and at

the edge, may result when focus-current

correction is used. This gain is small,

but it is large enough to justify a cor-

recting circuit in precision equipment,

especially if a centered radial sweep

(PPI) is used. The correction circuit for a PPI is simple ; if a rectangular

scan is used, the circuit may well be too complicated.

The field produced by the focus coil must be varied a small amount

in synchronism with the sweep. Because the ordinary focus coil has

Standard

focus coit

Compensating

coil

Fig. 3-13.—Focus coil for focus com-

pensation witn deflection.
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too large an inductance to produce this variation, an auxiliary coil such
as that shown in Fig. 3-13 must be used. This coil is inserted in the
gap of a standard focus coil. A 600-turn coil of No. 40 wire will fit into

the available space. 1 It has an inductance of 25 mh and requires about
15 ma for focus compensation.

The same waveform that controls the main sweep driver can con-
veniently be used to control the driver for this coil. One triode section

of a 6SN7 is adequate for driving this compensating coil at sweep speeds
up to about 50 /^sec/radius.

3-6. Mechanical Adjustment of Focus Coils.—In most cathode-ray-
tube mounts it is necessary to provide adjustments to correct for mis-
alignments both of the tube electrodes

and of the coils. The unfocused, un-
denected electronbeam does not normally
hit the center of the screen, but, as in the

12DP7 for instance, may hit anywhere
within a 1-in radius of the center. This
misalignment is usually corrected by
moving the focus coil. One of the sim-

plest methods of doing this is shown in

Fig. 3- 14. The outside surface of the

focus coil is a section of a sphere. This
surface mounts against a spherical sec-

tion in the tube mount, which has slots

for the three mounting screws, so that

the coil can be tilted through an angle of about 10° about any axis per-
pendicular to the tube axis. This action tilts the focus-coil "lens" and
displaces it laterally, and results in a displacement of the image.

Sometimes the method of tilting the focus coil is used to provide
off-centering of the electron beam. This method, however, results in a
rapid deterioration in both focus and pattern as the amount of off-center-

ing increases. Off-centering should, therefore, be done with the deflec-

tion system.

For optimum focus, the focus-coil axis should coincide with the axis
of the electron beam. Aberrations will then be reduced to a minimum.
If this alignment is to be achieved, it is necessary that means be pro-
vided for tilting the focus coil as before, and also for adjusting its position
along the horizontal (a*) and vertical (y) axes. One such arrangement is

shown in Fig. 315. A necessary and sufficient condition that the coil

be aligned with the beam is that the focused spot coincide Avith the
center of the unfocused spot when the current passes through the coil

Fig. 3-14.—Simple mount for focus-
coil adjustment.

1 Standard Coil, type c. See Appendix A for the dimensions of this coil.
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in either direction. Under these circumstances, the spot may not be

centered on the screen, but centering can be achieved by passing current

through the deflection coil, or, better, by the use of the precentering ring

described in Sec. 9-2.

If a low-voltage coil is used, it is convenient to connect the coil to

an adjustable 60-cps voltage so that the two focused spots and the

unfocused spot are all seen at once. If a high-voltage coil is used, the

inductance of the coil will be too large for focusing at 60 cps with a

Fio 315—Adjustable support for focus coil. A, focus coil in case; B, sliding plate

onto which focus coil is mounted; C, adjusting screw for horizontal motion of coil; D,

adjusting screw for vertical motion of coil; E, detail of adjusting mechanism of C and DF,
retaining clamps for B; G, clamping screws for B; H, main plate; /, adjusting screws for

tilting main plate to be threaded into fixed plate (not shown); K, spring clip support for

J; L, tension spring (antibacklash)

.

reasonable voltage and it is therefore necessary to have a d-c focus

voltage connected to the coil through a reversing switch that has an

off position. To avoid coil breakdown due to the large surge voltages

that occur when the switch is opened, a condenser 1 should be connected

across the coil.

The alignment procedure is somewhat tedious but, if carried out sys-

tematically, should not be difficult. When the reversing switch is flipped

back and forth, the undeflected spot on the screen of the tube changes

as the current in the focus coil changes, and one of the shapes shown in

Figs. 3-16 is created. Alignment may be achieved by using either the

1 QM-pt, 400-volt for a 200-volt coil.
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as- or the ^-positioning control to bring this pattern to a symmetrical
crescent shape, as illustrated in Fig. 3- 16<i The choice of x- or y-position-
ing control may be determined by trial. Only small changes at a time
should be made and the results checked by flipping the switch through
one complete cycle. After the crescent shape has been acquired, the
tilting controls should be used to reduce the size of the crescent, but its

symmetrical shape should be preserved by adjusting the x- and jf-controls.

If only small systematic adjustments are made, the three spots can
gradually and steadily be brought into coincidence as illustrated in

CO to)

Fig. 3-16.—Focua-coil-alignment steps.

(ft)

Figs. 3l6e, /, g, and h. This procedure will probably require con-
siderable time in the first attempt, but, after a little practice, it will be
possible to achieve correct alignment in a few minutes.

FOCUS MAGNETS
3*7. Theory and Operation of Focus Magnets.—The axially sym-

metrical field needed for focusing the beam of a cathode-ray tube can
also be produced by a hollow cylindrical permanent magnet. Figure
3- 17 is a cross section of the magnetic parts of a typical focus magnet
with the field distribution sketched in. * The distribution is considerably
different from that produced by a focus coil (Figs. 3-1, 3-2). Note the
large amount of flux outside the magnet, the long spread of the field
along the axis, and the two reversals of the field along the axis. A

1
A.. M. Skellett, "Permanent Magnet Focusing Yoke," BTL Report No. 469.



106 FOCUS COILS AND FOCUS MAGNETS [Sec. 3-7

graph of Hs plotted against z, in which the field reversals are clearly

evident, is shown in Fig. 3-18.

Adjustable

threaded
shunt

Fig. 317.-

Magnet

-Focus magnet showing the magnetic-field distribution.

In order to adjust the magnet for best focus of the cathode-ray beam,

it is necessary that the strength of the field be varied. This variation is

obtained by moving the threaded shunt shown in Fig. 3-17. As the

shunt is moved, the gap width

varies. Hence, both the field

strength and the field configura-

tion are changed. It is also pos-

sible to use a fixed gap of optimum

width inside the magnet, and to

control the field strength by ad-

justing an external shunt that

provides a variable-reluctance

shunt path for the flux. If the

external shunt is used, however,

the magnet must be considerably

stronger than is necessary when

the threaded shunt of Fig. 3-17 is

used. Figure 3-19 is a graph of

the gap width needed to obtain a

focus with differentanode voltages.

The voltage scale depends on the

degree of magnetization of the magnet. If the magnet were twice

as strong, for instance, the voltage scale would need to be multiplied by

four. To correct for tube and coil misalignments, the centering ring

10 cm

Fig. 3-18.—Intensity of the axial com-

ponent Ht of the focus field along the axis for

the focus magnet shown in Fig. 3-17.
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(Fig. 3-17) is provided instead of the tilt adjustments used with focus
coils. This ring is the front member of the magnetic gap, and its dis-

placement along a line perpendicular to the axis is more or less equivalent
to tilting the whole unit. Pattern displacements of the order of magni-

o

S

i*
t?

42
"o>
0)

<

1

0.1 0.6 0.7

Fig. 3-19.

0.2 0.3 0.4 0.5

Focus-magnet gap width in inches

-Anode voltage vs. gap width for optimum focus.

Adjustable

threaded

shunt

Fig. 3-20.—Field distribution around a shielded magnet.

tude of half a radius can be produced in this manner. Here again, how-
ever, it is very bad practice to use the focus unit for deflection of the
beam, except when correcting for tube misalignments. Otherwise, poor
focus and pattern distortion result.

The field distribution can be controlled somewhat by the proper
placement of magnetic materials in the field. Frequently a shield of
the form shown in Fig. 3-20 has been used. The new field distribution
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is shown in this figure and in Fig. 3-21. The field is weaker in the

region of the deflecting field and also in the surrounding space, but it is

somewhat stronger in the neighborhood of the electron gun. Since the

shield shunts a great deal of flux away from the internal gap, however,

the magnet must be considerably stronger than is otherwise necessary.

Reducing the flux in the neighborhood of the deflection coil is advanta-

geous. 1 In addition, if a cathode-ray-tube mount of the rotating-deflec-

tion-coil type is used, the focus field gets into the bearings supporting

the deflection coil. If these are made of magnetic material, they may

become magnetized and their field may deflect the electron beam. As

the bearing rotates, this deflecting field

also rotates, causing a distortion of the

pattern. Nonmagnetic bearings are

obtainable but they are expensive and

difficult to make; they do not run so

freely as steel bearings, and their resist-

ance to wear is considerably less. (See

Sec. 16-3.)

The stray field at the rear of the

magnet spreads into the neighborhood

of the electron gun and distorts the

electron trajectories in the electrostatic

lenses of the gun. " Tails " are produced

on the focused spots. Modified tetrode

guns have been used in some tubes par-

tially to overcome this. (Chapter 2, Fig.

2-33.) The electrostatic field between the second grid and the anode

cylinder is much more concentrated than it is when no such cylinder is

used. The electrons reach their final velocity more quickly. Hence the

magnetic field has a shorter distance in which to interfere with the action

of the electrostatic lens. The distortion of the focused spot is thereby

considerably reduced.

The large external field surrounding the magnet may interfere with

other apparatus and thus necessitate the use of a shield. The shield of

Fig. 3-20, however, is insufficient to do more than to alter the field dis-

tribution by a small amount. The external field is then strong enough,

for instance, to spoil completely the operation of a magnetic compass

located within about two feet of the magnet. As it is sometimes neces-

sary to mount a cathode-ray tube and a compass on the same instrument

panel in an airplane, a method of reducing the stray field to a minimum

is desirable.

i The troubles arising because of interactions of the deflecting and focus fields will

be discussed in Chap. 9.

15 cm

Front plate

of magnet

Fig. 3-21.—Intensity of the axial

component of the focus field as a

function of the distance along the

axis for shielded (Curve A) and un-

shielded (Curve B) focus magnets.
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In Curve A of Fig. 3-22, the field strength, in units of the earth's

field, is plotted against the distance from the center of the magnet along

a line perpendicular to the axis. The positions on this curve roughly

correspond to possible locations of a compass. Curve B was measured
with a 1-in. long permalloy shield similar to that shown in Fig. 3-20.

A isVm - thick cylindrical Armco iron shield, 4-in. diameter by 4-in. long,

was used for Curve C. The shield used in obtaining Curve D is similar

to that used for Curve C except that it is 6 in. long. The maximum at

4£ in. in Curve C shows that much of the flux leaks out of the open ends
of the shield, not through it. Hence little is to be gained by improving
the permeability of the shield material unless longer shields can be used.

A 4-in. ID shield is far enough from the magnet so that the flux in the

interior is not seriously weakened. 1

3-8. Comparison of Focus Coils 30 ~r

and Magnets.—The most obvious

advantage of a focus magnet is the

saving in current. The second big

advantage is the increased stability,

as a result of which the cathode-ray

tube will stay focused indefinitely if

a regulated anode voltage is used.

This feature is important in aircraft

applications where large, rapid,

temperature fluctuations are

encountered.

The performance of focus mag-
nets is somewhat inferior to that of

focus coils, probably because of the spread-out field. Roughly, the focus

with a magnet under the best conditions is about as good as the focus

with a coil under average conditions. It is fundamentally impossible to

align a magnet so that its axis coincides with the electron-beam axis as

was described for focus coils in Sec. 36. In aligning a focus coil, it is

necessary to turn off the current through the coil, and to reverse it.

This procedure cannot be followed with a permanent magnet. In addi-

tion, the troubles caused by the large stray field of the magnet have
already been described. In weight, the magnet has a small advantage
over the coil; that is, 1£ lb against 2£ lb. When produced in quantity a
focus magnet should cost about $50.00, whereas a focus coil costs about
a tenth as much. To the cost of the coil itself must be added the cost

of the electrical parts used in controlling the focus current, and the added
expense in constructing a larger power supply.

In general, the focus magnet should never replace the focus coil

1 See Appendix A for construction details of focus magnets.

5 10 15 20 25 30
Distance from center of

magnet in inches

Fig. 3-22.—External field around a focus
magnet with and without shielding.
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except in a few special cases where the saving in weight and power, and

the stability of the magnet are important enough to overcome the dis-

advantages of poorer performance and increased cost.

3«9. Composite Focus Units.—The cathode-ray beam can be focused

by a composite focus unit (see Fig. 3-23) consisting of a coil similar to

the ordinary focus coil except that the periphery of the case is a perma-

Magnet

Coil axis

.

Fig. 3*23.—Focus coil with auxiliary magnet in the case.

nent magnet instead of soft iron. The magnet is adjusted so that half

the focus? field is due to the magnet and half is due to the current in the

coil. Then, if both the anode and focus voltages are unregulated, the

pattern remains in focus as the line voltage varies. The saving in focus

power is not very great because the magnet introduces a large gap in

the magnetic path for the field from the coil. As this unit has the dis-

advantages of both focus coils and focus magnets, it is not likely to find

wide application.



CHAPTER 4

CIRCUIT TECHNIQUES

By F. N. Gillette and C. A. Washburn

To perform a linear analysis of a circuit it is necessary to replace

all vacuum tubes by equivalent networks consisting of generators and
impedances. This method involves the assumption that all signals are

of small enough amplitude to permit the use of constants for the tube
parameters. It is not always convenient to deal with display circuits in

this way, since in many cases a tube is driven rapidly from a condition

of zero current to one of saturation. Usually a sufficiently accurate

f

Rr

C^r

Fig. 41.—Triode amplifier. Fig. 4-2.—Equivalent circuit of an over-
driven triode.

picture of the performance of such a circuit is obtained by treating the
tube as a switch in series with certain elements that have approximately
the same characteristics as the tube.

A triode (Fig. 4-1) is reasonably well represented by making the series

element a resistance, as in Fig. 4-2. The value of the resistance depends
upon the tube type and upon the bias condition that prevails when the
tube is conducting. In the example shown, grid current will prevent
the potential of the grid from rising much above that of the cathode,
but the equivalent resistance of the tube may be reduced by drawing
more grid current. As the switch opens, the time constant of the plate
circuit is determined entirely by the external components. As it closes,

the equivalent impedance of the tube is in parallel with these components
and the time constant is therefore much smaller.

Ill
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A pentode is more conveniently represented 1 by assuming the series

element to be a constant-current generator as in Fig. 4-3. The magni-

tude of the current is a function of the tube type, the grid bias, and the

screen voltage. It may range in value from a few to several hundred

milliamperes. When the switch opens, the plate time constant again is

Constant-
current

generator
C3 7*Z

Ci

Fig. 4-3.—Equivalent circuit of an overdriven pentode.

determined by the external components. When it closes, the plate volt-

age wave is not exponential since the current into the plate circuit is

constant. In many cases the shape of the plate voltage wave is deter-

mined largely by the capacitive portion of the plate load with the resistive

portion serving to determine the final equilibrium level. The equilibrium

condition may leave the current unchanged, or it may prove necessary to

assume a discontinuity of the current as the plate reaches the potential

level of the cathode.

4*1. Condenser Coupling and D-c Restora-

tion.—A coupling condenser between stages is

conventionally regarded as an impedance that

forms part of an attenuator, the attenuation ratio

varying with the frequency of the sine wave
fig. 4-4.-i2C-couPling. involve(j. it is more convenient in dealing with

nonsinusoidal waves to think in terms of the time constant. As a general

illustration a rectangular wave as in Fig. 4-6& is applied to the input

terminal A in each of the following examples.

For the first case (Fig. 4-4) the wave is assumed to be symmetrical;

that is, h equals h. Because of the exponential discharge of the con-

denser the rectangular wave is distorted at B to an extent determined

by the time constant RiCi. A very short time constant "differentiates"

the rectangular wave, producing the pulses shown in Fig. 4-5a. Increas-

1 The dynamic resistance of the tube, which should be included in parallel with

the load, has been omitted since it will generally be large with respect to the load

resistance.
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ing the time constant reduces the "droop" as shown in Figs. 4-56, c,

and d.

In this example the wave at B has been symmetrical with respect to

ground potential. In the more general case of h not equal to h the con-

Gnd.

Gnd

RC=02tt

i

Gnd

't
i

2 HI
5<j =

V (a)
t

t2

n

+ , 4
,1una h l2

H

Gnd

2

r

tx <2

Gnd. ..J
| j.

BC = 25«i

t— *i —J— «i—

i

Fig. 4-5.—Rectangular wave after passing

through i?C-coupling.

^=5*2

(C)

Fig. 4-6.—Shift in d-c level produced by
long-time-constant #C-coupling.

dition for equiUbrium is that the charge lost by the condenser during h
must be equal to the charge regained during t2 . In other words, the area

under the voltage wave above ground potential must equal the area below

ground. Figure 4-6 shows the equilibrium condition for various ratios

of t\ and U, if the time constant is assumed to be very long.

This shift in level with duty ratio, 1 which also occurs with any other

form of nonsymmetrical wave, must frequently be avoided. The simplest

Gnd Kf f
Gnd d
Gnd r tx M

Fig. 4-7.—Simple d-c restorer. Fig. 4-8.—Level stabilization

restoration.

by d-c

method of maintaining a chosen d-c level is shown in Fig. 4-7. 2 A diode

is connected in parallel with the resistor Ri. During ^ the cathode of

the diode is at higher potential than the plate and no current flows

through it. The condenser then discharges only through Ri. During U
1 The duty ratio is defined as <i/(<i + h) or as tj/(ii + h). The choice between the

two depends upon events that take place in the two intervals.
2 See Sec. 4-5 for other methods.
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the cathode becomes negative with respect to the plate, and the diode

conducts. The condenser is recharged through the diode, which has an

impedance of perhaps a thousand ohms. Thus the condition of equal

charge and discharge is maintained, but the condition of equal area is

not. The waves of Fig. 4-6 then appear as in Fig. 4-8. Reversal of the

diode would shift the level so that B would be at ground potential during

ti and below ground during h.

If the voltage to which the wave is

restored is not ground, the resistance of the

bias-voltage supply will be in series with the

diode during the recharge time. The quality

of the restoration will depend upon the rela-

tive values of h and t% and also upon the ratio

Fig. 4-9.—Diode d-c restorer. f # x to R 2 , where R2 is the total resistance

through which the recharge current must flow. The condition to be

satisfied is

— «— •

Rx R2

When the diode closes at t" (Fig. 4-6) the potential at B must fall below

the bias level in order to cause recharge current to flow through R2 ,

The amplitude of this overshoot may be reduced by means of a large

bypass condenser C2, as shown in Fig. 4-9. The conditions for good

restoration then become

d « C,

VW«R±}
JX\ it/2

R2C2 « k + h,

CD

where V is the amplitude of the rectangular wave.

If the grid of any vacuum tube is positive with respect to its cathode,

current flows to the grid. Thus the grid

and cathode form a diode of sorts which,

in many cases, automatically provides d-c

restoration to the cathode level.

4-2. Cathode Followers.—The cathode

follower (Fig. 4-10) is an amplifier stage

with the load in the cathode circuit. It

is widely used in display circuits to provide

(1) an impedance changer to match the

impedance of a transmission line, (2) a low-

impedance path for rapid charging of a condenser, (3) an inexpensive

voltage regulator of fair quality for low voltages and moderate currents,

Fig. 4-10.—Cathode follower.
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and (4) a voltage takeoff that causes little loading of the driving circuit,

and yet can deliver considerable power at its output terminal.

These and other possible uses depend on the following properties of

the circuit:

1. The voltage gain of the circuit is given by

o = El = M ^k
b

Ei n + 1
(2)

where m, gm, and rp are the amplification factor, the transconduct-
ance, and the plate resistance

of the tube respectively. The
term m/(m + 1) multiplied by
the input voltage is the gen-

erator voltage, and the quan-

tity in parenthesis is the

generator impedance for the

equivalent circuit of Fig. 4-11.

For large values of y. and Rk the

gain will be very nearly equal

to, but less than one.

If the tube is a pentode,

Fig. 4-11.—Equivalent circuit of cathode
follower.

l/rp is small with respect to gm , and n is large. Therefore, the ex-

pression for 9 reduces to

S - -^T (3)

#*+ —
Qm

In this case the equivalent generator voltage is approximately 2?,-

and the internal impedance is l/gm .

Internal impedance Internal impedance
too high. too low.

Fio. 4-12.—Matching cathode-follower output impedance to transmission-line impedance

2. The output impedance has a value between 100 and 500 ohms for

most tube types It can be matched exactly to a cable impedance
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3.

by adding a small resistance either across the cable or in series

with it as in Fig. 4-12.

The low output impedance affords good high-frequency response

even with considerable capacitive

loading. For example, with 300-juMf

loading and 100 ohms output im-

pedance, the circuit has a band-

width 1 of about 5 Mc/sec.

4. A cathode follower may be used to

provide a regulated voltage as in Fig.

4-13 where Vi provides for V 2 a

cathode bias voltage that is rela-

tively independent of the current

through Vz. If the current through

Vi increases, the bias on Vi increases

and the current through Vi is re-

duced to keep approximately the same voltage drop across ft*.

The input resistance may be very high. If the maximum grid

resistance permitted for a given tube type is not high enough for

some application, the effective input resistance of the circuit may

be made larger than the actual value of the grid resistor by return-

ing the grid resistor as shown in Fig.

4-14. Here R x provides self-bias for

the tube and might in some cases be

zero. The effective input resistance

of this circuit is

Rg

Fig. 4-13.—Cathode-follower volt

age regulator.

Rm =

9 \Ri + Rt)

(4)

6. The input capacity is very low. In

a carefully designed circuit most of

the input capacity will be due to the

interelectrode capacities of the tube.

The effective capacity between any

electrode and the grid depends upon

the signal voltage between that elec-

trode and the grid. Thus, if the load is in the plate circuit the plate-

to-grid capacity is multiplied in its effect by (1 + g) since the two

signals are out of phase. For the cathode follower all electrodes are

either fixed or move in phase with the grid. Thus no interelectrode

capacity is amplified and some are reduced by a factor of (1 — 9).

i Defined in Sec. 4-8.

Fig. 4-14.—Method of increasing

effective input resistance.
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The input capacity of a 6AC7 with screen bypassed to cathode

may be as low as 2 mxi

.

The preceding conclusions are all based on the assumption of small-

amplitude grid signals. The derivation of equations that are not subject

to this restriction is difficult, but much useful information can be obtained

by a less rigorous analysis.

First, the cathode load may be assumed to be a pure resistance; then

the output signal corresponding to any input signal may be determined

without great difficulty from the characteristic curves of the tube. The
addition of capacitive loading does not alter this picture so long as the

grid signal contains no components of frequency high enough to make
the cathode susceptance significant.

Now a second case may be considered for which the capacitive load-

ing is large, and a positive signal such as the solid line of Fig. 4-15 is

applied. As a further simplification the cathode _ .

.

. ii,i -i Grid wave-
resistance and the voltage drop across it may be

made such that the static current is almost the y/''\- Cathode wave

same at both initial and final levels. This

condition is fulfilled if the cathode resistor is cathode follower with capaci-

returned to a large negative supply voltage, or tlve load -

if the cathode follower is operated with a large cathode voltage during

the initial state.

The flow of current into the condenser must pass through the tube

output impedance; hence, a voltage difference will exist between the

input and output voltages, as shown by the dashed line in Fig. 4-15,

during the time the condenser is being charged. The cathode wave is

normalized to the grid wave at the two constant levels.

If the rate of rise and the capacity are such that the tube cannot

deliver the current required to charge the condenser without entering

the region of positive bias, the result will depend upon the nature of the

grid driving circuit. If this circuit can supply the necessary grid cur-

rent the action will be as already stated. If it cannot, the grid wave
will be distorted as zero bias is reached, and the subsequent rise of both

grid and cathode will take place at a rate determined by the zero-bias

current of the tube. In this situation two cathode followers are some-

times used in series. The second drives the output capacity and the

first supplies the grid current required by the second.

For a third case the signal shown by Curve 1 of Fig. 4- 16 is applied

to the grid. Here the condenser is assumed to be large and the resistor

fairly small. In the initial condition the voltage drop across the resistor

is determined solely by the current through the tube. As the grid volt-

age drops, the tube current is reduced and an increasing portion of the
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current through the resistor is furnished by discharge of the condenser;

the cathode voltage will lag until the tube current has reduced enough to

increase the condenser discharge current to the value required by the

instantaneous condenser voltage and the cathode resistor.

In an extreme case the tube will be completely cut off and the dis-

charge of the condenser will follow an exponential curve with a time

constant RC. The exponential discharge continues until either the con-

denser is discharged or the tube again begins to conduct. If the tube

turns on, the condenser current diminishes and the rate of descent

decreases until once again the entire current through the cathode resist-

ance is flowing through the tube.

For Curve 2 the initial current is

made so high that the tube does not

cut off at any time. For Curve 3 the

initial current is lower and the tube

does reach cutoff. It is further as-

sumed that the initial drop across the

^^ cathode resistor is just equal to the
'**'*— amplitude of the cathode signal, and

Fig. 4-16—Response of cathode follower the tube does not turn on again. For

Curve 4 the initial current is the same

as that for Curve 3, but the initial drop across the cathode resistor is

much larger than the signal amplitude. The cathode wave then follows

the dotted exponential curve for a time and leaves it as the tube starts

to conduct. Again the curves have been normalized to the same initial

and final levels.

From this discussion it follows that the response of a cathode follower

to negative signals can be improved by (1) using a sharp-cutoff tube,

(2) increasing the initial current, and (3) increasing the voltage drop

across the cathode resistor so that only the steep portion of the expo-

nential wave is followed. The operating conditions of a cathode follower

must always be arranged with great care if it is to exhibit the highly

useful properties claimed for it.

4*3. Trigger Generators.—This book is concerned primarily with dis-

plays utilizing information that is repeated at definite intervals. The

repetition rate is determined by some oscillatory circuit or by a mechani-

cal timer such as a rotary spark gap. The various events in the display

cycle are then initiated in proper synchronism by voltage waves appear-

ing in or derived from the primary timing device.

Figure 4-17 shows various trigger waveforms commonly encountered,

of which o is the most useful. With 6 the disturbances following the

main trigger pulse may prevent normal operation of the triggered circuit,

either by feeding through and distorting the output signal, or by actually
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causing it to shut off because of the positive overshoot. The sharp

trailing edge of c is a disadvantage. A wide pulse of the form of c may-

be differentiated by a coupling condenser and give a second pulse of

opposite sign at the point of termination; whereas a narrow one demands
very rapid response in the triggered circuit lest the trigger disappear

before the circuit has responded.

Transmission of a trigger pulse over a long

cable requires a very low output impedance for

the trigger generator in order either to main-

tain the sharp leading edge in spite of the

capacity of the cable, or to match the im-

pedance of a terminated cable. If the same

trigger generator is used for parallel triggering

of several circuits, a low output impedance

helps to reduce interaction between the various

circuits. For the rare circumstance when a

trigger pulse is applied to just one near-by

circuit, a much higher impedance may be used.

However, a trigger generator that has other

desirable characteristics need not be discarded

because of high outputimpedance. It is always

possible to add buffer stages to provide any required isolation or output

impedance. The cathode follower is particularly suited to the trans-

mission of positive trigger pulses. In this case it can have a very low

quiescent current because only a fast leading edge is required and a slow

fall is desirable. The negative trigger pulse is more economically

obtained from the plate signal of an amplifier stage. The amplifier is

(6) Oscillatory trigger pulse

(c) Rectangular trigger pulse

Fig. 4-17.—Typical trigger

waveforms.

Sin wave
input

Output

Fig. 4-18.—Deriving a trigger pulse from a sine wave.

biased to a very low current and turned on abruptly by a positive pulse

from the trigger generator. If the tube is of the high-current type the

plate will descend rapidly even though working into a low impedance.

The trailing edge may be much less steep, but usually this is an advantage.

The well-known art of designing very stable sine-wave oscillators
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suggests the use of such a circuit as the frequency source. Figure 4-18

shows one method of deriving a trigger pulse from a sine wave. The
sine wave is amplified in overdriven amplifiers until it becomes essentially

rectangular, and is then differentiated to give a positive and a negative

trigger pulse. If the circuit to be activated will respond to both pulses,

the undesired pulse may be eliminated by means of a diode or a suitably

biased amplifier stage.

Complete phasing of the output trigger pulse may be accomplished

by any of the familiar methods of shifting the phase of a sine wave. A
more limited control is obtained by adjusting the bias on one of the

early amplifier stages.

The term "blocking oscillator" has

been applied to many different circuits,

but here its use will be restricted to varia-

tions of the basic circuit shown in Fig. 4-19.

This circuit provides a sharp trigger pulse

and also determines the repetition rate.

It is a high-frequency sine-wave oscillator

in which the grid is driven positive during

half of the cycle. Sufficient grid current

flows into C\ during this half cycle to block

further oscillation until the charge on the

grid leaks off through Ri and the tube

again conducts. Thus the output is a

series of narrow pulses separated by the

grid recovery time.

The pulse appearing on the plate or

across the third winding of the transformer1 is shown in Fig. 4-176. Its

width is largely determined by the characteristics of the pulse transformer

although certain variations in the circuit permit a limited control of pulse

width. Transformers are available to give pulses varying in width from

perhaps 10 Msec to a fraction of a microsecond.

The pulse appearing at the transformer is seldom used directly,

partly because of its bad overshoot and partly because of the fact that

any load on the transformer affects the pulse shape and the repetition

frequency. A trigger pulse like that of Fig. 4- 17c may be obtained by

inserting a small resistance, perhaps 100 ohms, at either X or Y of

Fig. 4*19. Since the signals obtained in this way are proportional to

the current in the tube, they are free from overshoot. Better trigger

pulses are also obtained by applying the signal from the third winding

to the grid of a cathode follower or an amplifier. By means of a large

1 Transformers appropriate for this application are of a special group called "pulse

transformers," which have excellent response at high fr«ouencie«-

Fig. 419.- -Simple blocking oscil-

lator.
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load resistor and some capacitive loading the output signal can be made
to resemble Fig. 4- 17a.

Since the peak currents drawn may be several hundred milliamperes,

it is essential that additional filtering be provided to decouple the block-

ing oscillator from the power supply. Although the peak current is very
high, the duty ratio is so low that the blocking oscillator is the most
economical form of trigger generator.

Unfortunately the repetition rate depends not only upon the grid

time constant RiCh but upon the cutoff level of the tube and the charge
accumulated by the condenser during the pulse. Because cutoff is widely
variable for many tube types, replacing the tube may cause a large change

Fig. 4-20.—Blocking oscillator controlled by Hartley oscillator.

in frequency. Also the charging of the condenser may vary from one
cycle to the next, resulting in unequally spaced pulses.

The lack of frequency stability in the blocking oscillator leads directly

to a different usage of the circuit. If the grid resistor of Fig. 4-19 were
returned to a voltage below cutoff for the tube, the circuit would be
stable and would fire only if some outside agency caused the tube to
conduct momentarily. Thus a sine-wave oscillator might be used to
control the firing of the blocking oscillator. Figure 4-20 shows this

method of operation. Tube Vi is a Hartley oscillator in which a cur-

rent pulse appears across i?2 during a portion of the cycle. This pulse is

coupled to the grid of the blocking-oscillator tube F2 , which is normally
biased below cutoff. The result is a trigger pulse that has the sharpness
and low impedance of a blocking oscillator and the stability of a sine-

wave oscillator. The addition of C3 provides a bypass across R2 for the
high frequencies contained in the blocking-oscillator pulse.

If the output of a given circuit is not sharp enough for direct use as

a trigger pulse it may still be sharp enough to activate a blocking oscil-
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lator. The biased-off blocking oscillator can then be employed as an

inexpensive trigger pulse sharpener.

By making the recovery time of the blocking oscillator longer than

the period between successive input pulses the circuit can be made to

operate as a frequency divider. After the blocking oscillator has fired,

its grid will not return to the firing potential until some chosen number

of succeeding triggering pulses have passed. Thus the output frequency

is a submultiple of the input frequency.

The multivibrator circuit (see Sec. 4-4) is also useful as a trigger

source. The circuit shown in Fig. 4-21 provides the optimum frequency

Fig. 4-21.—Multivibrator designed for maximum stability; 1600 cps.

stability attainable with a multivibrator. In designing this circuit, the

following restrictions on its operation have been taken into account:

1. The signals applied to the grids must be large and of constant

amplitude. The size of the plate resistors and the fact that the

tubes are pentodes insure that the plate signal will be virtually

equal to the supply voltage and that variations in tube emission

will have little effect on its size.

2. The slope of the grid wave must be as great as possible as the grid

potential enters the conducting region. For this reason the grid

resistors are returned to the plate supply voltage. The point of

conduction is thereby effectively shifted to a steeper portion of the

exponential curve, and some compensation is provided for variation

in that supply level.

3. Variations in tube cutoff level must be small with respect to the

signal applied to the grid. The operation of sharp-cutoff pentodes

at low screen potential meets this requirement.

4. The recovery of each plate during the nonconducting period of

that tube must be as nearly complete as possible. For this reason
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the period is approximately equally divided between the two
states of the circuit.

5. The cross-coupling condensers and the grid resistors must be of

the best quality so that temperature and aging variations will be
minimized. These are the only critical components involved.

6. The output coupling must place little load on the circuit. In the

diagram the output coupling is a very small condenser (Ci) that

produces negligible load compared to that due to the cross-

coupling condensers. The output wave is differentiated by this

condenser and 12 1. The cathode follower is biased to saturation

and the resulting positive trigger pulse is therefore suppressed and
only the negative one is transmitted.

Other frequencies may be obtained by adding a ganged switch and
different cross-coupling condensers. The potentiometer in series with

the two grid resistors permits fine adjustment of any one of the fre-

quencies; the other frequencies will then be accurate within the tolerances

of the condensers employed.

Certain applications require a trigger pulse that is accurately phased
with respect to a sine wave of frequency much higher than the repetition

frequency of the trigger pulse. Where the frequency-stability require-

ments on the sine wave are such as to require crystal control of the oscil-

lator it is difficult to pulse the oscillator at the repetition frequency. In

such cases it is customary to permit the sine-wave oscillator to run con-

tinuously and to derive the trigger pulse from the sine wave by means of

successive counting stages.

4«4. Rectangular-wave Generators.—The ideal rectangular wave is

characterized by an instantaneous change in voltage, followed after a
time by an equally abrupt change back to the original value. Between
these points of discontinuity the voltage is constant.

Fortunately, considerable departure from the ideal is acceptable in

most applications. If the rectangular wave is to be used as a time
index, only the rapid transition must be stressed, in order that trigger

and marker pulses may be derived from the change- in voltage. If it is

used as a gating signal, that is, for turning a circuit on or off for a given

time, the emphasis may fall on the flatness of the wave during one of the

intervals.

Rectangular waves may be produced by all forms of switches or con-

tacts if the time intervals are fairly long. For short time intervals some
form of electronic switch is required.

It is possible to form a rectangular wave from a sine wave, or almost
any waveform, by successive amplification and limiting stages. If such
an input wave is available this may be the practical solution to the
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problem, but in general it is necessary to generate the wave before

amplifying it, and the net cost is therefore rather high.

There are various one-tube circuits that involve a transfer of the

cathode current from the screen grid to the plate and back again, which

give out approximately rectangular waves. Since these circuits are use-

ful only under fairly special conditions they will not be described here.

One that has been widely used as a delay circuit is described, however,

in Sec. 63.

The most common rectangular-wave generator consists of two ampli-

fier stages with the output terminal of each coupled to the input terminal

of the other so as to cause regeneration. It differs from similar sine-

wave generators by the absence of resonant elements in the circuit.

The loop gain 1
is high if both tubes are conducting; therefore, a signal

applied at almost any point in the circuit is amplified and reamplified

until some limiting condition of zero gain for one of the stages is reached.

The circuit cannot long remain in the region between limits because the

random fluctuations in cathode emission provide a sufficient signal to

start the regenerative process. The operation then consists of successive

rapid transitions from one limit to the other.

Many of the characteristics of the circuit depend upon the nature of

the limiting conditions. If the limiting condition is saturation of one

of the stages while the other stage remains in the conducting region, the

circuit is completely unstable and any small disturbance sends it to the

other limit. Consequently circuits are not so designed. If the limiting

condition is cutoff of one tube, with the cutoff voltage supplied by a con-

denser that will gradually discharge, the plate currents are constant for

the length of time required for the cutoff tube to return to the conducting

region. Temporary stability is therefore attained. If the cutoff bias is

supplied by a resistive network or by a fixed-bias source, the circuit is

completely stable and stays put until some outside influence disturbs it.

Several factors limit the sharpness of the changes in plate voltage.

Clearly the speed of fall is improved by reducing either the capacitive

loading or the effective resistance of the tube. A faster rise time results

from a reduction of the plate load resistor or the capacitive loading.

Loading due to any actual condensers can be removed by insertion of a

cathode follower. Only the stray capacity remains and this can be

reduced somewhat by careful design and construction.

Various circuits differ widely in their speed of recovery. At each

transition the charges in various condensers must change to new values.

Until this change has taken place the circuit will not respond in a normal

1 Loop gain is determined by breaking the circuit at some point and calculating

the gain from the break through the loop and back to the break.
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fashion to an incoming signal. If fast recovery is important all con-

densers must be small, or their charging impedances must be low.

The multivibrator, shown in Fig. 4-22, is a well-known rectangular-

wave generator. It has condenser coupling from each plate to the grid

of the other tube, and the grid resistor is returned to cathode potential

or to a positive bias. Thus both

limits represent conditions of tem-

porary stability and the circuit gen-

erates a train of waves without being

triggered. The off time of Vi is pro-

portional to Rid and that of V~2 to

R<lCi. Both times are affected by the

amplitude of a negative signal acting

on the grid, the level of bias at which

the tube begins to conduct, and the

voltage to which the grid resistors are FliJ- 4-22.—Multivibrator circuit,

returned. Thus many forms of frequency control are possible.

The plate time constant during most of the rise is given by R3C1

(or R4C2). Since the coupling condensers may be very large the rise

time will be long unless cathode followers are used to drive the condensers.

Synchronizing pulses may be introduced to lock in the multivibrator

at the trigger frequency or at a

lower frequency.

In the circuit of Fig. 4-23 a re-

sistance network returned to a

negative bias replaces one of the

coupling condensers of the multi-

vibrator. (Ci is very small and

serves only to improve the high-

frequency gain of the loop.) Thus
one of the limits is stable and the

circuit requires an external trigger

to flip it out of this condition.

Then, at a time determined by
R1C2, it flops back to the stable

condition. This circuit will be

called a "flip-flop."

Since Ci is small the rise of the plate of V\ may be rapid. If R4C2 is

not large, or if C2 is driven through a cathode follower, the recovery time

will be short.

Other small changes in the multivibrator may also make it a flip-flop

circuit. For example, the introduction of a fixed bias for one of the tubes

Fig. 4-23.—Flip-flop circuit.
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Fig. 4-24.- -Scale-of-two circuit.

makes one of the limits stable so that the circuit will not operate unless

triggered.

Resistance networks are used for both couplings in Fig. 4-24, and
both limits are therefore stable. Thus the circuit will remain in either

condition until triggered. This circuit

will be called a "scale-of-two" since

one cycle corresponds to two input-

trigger pulses. Strictly speaking this

name would be reserved for the case in

which the same trigger pulse, coupled

to both grids, shuts off the tube that is

conducting at the moment and causes

a transition to occur. Although this

is the only case in which the input

frequency is truly scaled down, the

name will be used here for any circuit

of this type which requires two input

signals per cycle.

Both Ci and d are small, and thus

either plate may rise rapidly. Also the recovery time is very short, so

that the operation of the circuit is virtually independent of the interval

between triggers. The circuit is therefore extremely useful where this

interval may vary over wide limits

or in a random fashion.

The circuit of Fig. 4-25 has a

resistance coupling from the plate of

Vi to the grid of Vz and a second

coupling from cathode to cathode,

which completes the loop. Since all

connections are direct, both limiting

conditions are stable, and the circuit

remains in one state or the other

depending upon the value of EB .

Thus the circuit is able to form a

rectangular wave from a very slowly

changing input voltage. When so

used it is called a "flopover" circuit.

Because no large condensers are

used, both rise time and recovery

time may be made short. Since the voltage wave across R does not

enter into the action of the circuit, it is possible to replace R by a trans-

former winding, the coil of a relay, or any other impedance that is not so

large as to limit the current in Vi.

By returning the grid of Vi to a fixed voltage through a grid resistor

Fig. 4-25.- •Cathode-coupled flopover cir-

cuit.
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4-26.—Cathode-coupled
flip-flop circuit.

o Neg. trig, in

and by introducing triggers to both grids, the circuit is changed into a

scale-of-two circuit.

Figure 4-26 shows the same basic circuit in which the plate-to-grid

coupling has been changed to a condenser. The circuit is now a flip-flop

for which the off time of V2 is very accurately

proportional to the grid voltage of V\. It is

very useful as a delay circuit because the

delay time can be determined by a high-

impedance circuit.

The first three elements of a pentode, the

cathode, grid, and screen, constitute a triode

and may be so used. If one of the triodes of

a rectangular-wave generator is replaced by a

pentode in this way, the operation of the

circuit will be unchanged. The plate of the

pentode, which is coupled to the circuit only

by the electrons flowing through the tube, provides another element from

which a very sharp rectangular wave may be taken. Since the plate is not

involved in the coupling of the circuit it may be used for the generation

of other waveforms as well. An example may be seen in Fig. 7-1.

Trigger pulses may be introduced

to the circuits (multivibrator, flip-

flop, or scale-of-two) across any

element used in coupling one stage to

the other provided, first, that the

trigger-source impedance is low

enough to drive the impedance pre-

sented by the chosen element, and

second, that the polarity and ampli-

tude of the trigger pulse are such as

to produce a transition under the

conditions existing in the circuit at

that instant. The second require-

ment does not apply if the circuit is

being used to scale down the trigger

frequency.

Often the trigger pulse is applied to a plate or grid through a small

condenser. However, the coupling condenser, although small, does

load down the triggered element to some extent. Also, if the trigger

pulse is inferior in shape, any disturbances that follow the sharp leading

edge are coupled into the circuit and may either prevent normal triggering

or cause a reverse transition to occur before it is wanted. Thus trigger

isolation is sometimes necessary.

Diodes are frequently used to provide isolation. Figure 4-27 shows

-V
Fig. 4-27.—Scale-of-two circuit triggered

through diodes.
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-v -v
Fig. 4-28.—Flip-flop triggered through triode

inverter.

a scale-of-two circuit with a negative trigger pulse introduced to the two
plates through diodes. The drop in the plate load resistor of the con-

ducting tube provides a bias for one diode which prevents transmission

of the trigger pulse. Thus the trigger pulse is applied only to that grid

upon which it will have an effect, and a great improvement in the depend-

ability of the triggering results.

Figure 4-28 shows a flip-flop circuit with the trigger introduced

through a triode. Here, Vi is

biased beyond cutoff and conducts

only when a positive trigger pulse

is applied to its grid.

4-5. Clamping Circuits.—
Clamping circuits are essentially

electronic switches. An ideal

clamp presents zero impedance

when closed and infinite imped-

ance when open.

The need for clamps arises in

various situations. For example,

some of the waveforms used in display circuits are simple functions of time

which can be generated by networks if the voltages and currents of the

network have specified initial values. Clamps may be used to hold

the network at the initial values. Opening the clamps then permits the

waveform to develop according to the characteristics of the circuit.

Clamps are also used to create a momentary connection between some

terminal of a circuit and a reference voltage in order to establish the

voltage level of that terminal. Examples of this use are found in ordinary

d-c restoration and in certain forms of carrier-demodulation systems.

Clamps may be classified as either two-way or one-way clamps.

These descriptive terms are defined by the following statements: A
one-way clamp will conduct in only one direction, and hence can bring

Terminal A to the potential of Terminal B only if A is always more

positive than B or if A is always more negative than B, depending on the

polarity with which the clamp is put between A and B. A two-way

clamp will conduct in either direction, and will restore the potential at

A to that at B whether A is positive or negative Math respect to B.

One-way Clamps.—The following examples will be simplified by using

ground potential as the reference voltage. The diode d-c restorer dis-

cussed in Sec. 4*1 may be regarded as a special form of clamp which is

opened or closed by the action of the voltage at the terminal to be

clamped. Its use is limited to cases in which clamping is to occur at the

maximum or minimum of the voltage wave.

The general characteristics of clamping circuits will be discussed in
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For a given tube the effec-

—vvv-<>Hf

connection with the simple triode clamp of Fig. 4-29, ' which acts as a

switch between the point A and ground. In this circuit the clamp is

normally closed and a steady current flows through it to ground. The
voltage drop across the clamp is determined by this current and the

effective resistance of the clamp.

Often the current is fixed by other considerations so that improvement
in the clamping can be achieved only by a reduction of the clamp resist-

ance. Therefore the use of a tube type having a low effective resistance

is helpful. Usually a tube with a low plate resistance also has a low
effective resistance when used as a clamp. The use of several tubes in

parallel also improves the clamping action

tive resistance will be reduced if more
current is drawn through the grid circuit;

that is, if the grid is driven more positive.

The clamp may be opened by
applying a negative signal, usually a

rectangular wave, to the grid. Any
high-frequency components in the grid

wave will be coupled to the plate circuit

by the interelectrode capacity and may
be very objectionable. This effect is

minimized by using a grid wave that has

a slow leading edge and that is just large

enough to keep the clamp open. The amplitude required depends upon
the maximum voltage on the plate. If the gating signal provided is very

sharp, its high-frequency components can be kept from reaching the

grid by inserting the simple RC-network shown by the dotted components
of Fig. 4-29.

The triode of this circuit may be replaced by a pentode in order to

effect a further reduction in grid-to-plate coupling, although, in general,

triodes provide a lower clamp resistance. Not only is the interelectrode

capacity of the pentode smaller, but the sharper cutoff characteristic

permits the use of a much smaller grid signal.

When the clamp closes, the circuit returns to the normal condition.

The speed with which it recovers is determined by the ability of the clamp
to discharge d rapidly. Thus, a low-resistance clamp permits quicker

recovery. If Ci is permitted to discharge appreciably while the clamp
is open, the grid will be overdriven when it closes, and a very low clamp
resistance will be produced during the time d is being discharged.

However, too much overdrive may be worse than too little because it can

Fig. 4-29.—One-way triode clamp
for positive signal.

1 The circuit used for illustrative purposes in this and the following figures is a
simple sawtooth generator, which will be described in Sec. 4-6.
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cause the plate voltage to fall below the equilibrium value for a short

time.

Figure 4-30 shows the way the triode clamp may be used if Terminal

A is negative with respect to the reference voltage. The grid signal must

now be much larger in order that the cathode excursion may not cause

current to flow through the tube. The recovery may be slightly more

°—If

Fig. 4-30.- -One-way triode clamp for nega-

tive signal.

Fig. 4-31.—One-way cathode-follower diode
clamp.

rapid in this case since the tube acts as a cathode follower, although the

plate voltage on the tube is too low for very good cathode-follower

operation. The grid current also helps to discharge C2 .

The cathode follower and diode clamp of Fig. 4-31 closes when Vi

cuts off, and may be opened by a positive signal applied to the grid of Vi.

Both the recovery and the action of clamping of this circuit are adversely

affected by the presence of R i in series with the diode. Resistor Ri

Fig. 4-32.—One-way double-diode clamp. Fig. 4-33.—One-way diode-cathode-follower
clamp.

can seldom be made as small as might be desired because the signal at A

can be no larger than the voltage developed across Ri when the clamp

is opened. Unless Vi is to draw a very high current, R x must thus be

fairly large. Nevertheless, this clamp is preferable for some applications

where the output signal is small since it will not cause an overshoot in

the wave at A.
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Fig. 4-34.—Two-way double-triode
clamp.

Figure 4-32 shows a two-diode clamp. The clamp may be considered

to consist of V%, with V\ acting as a d-c restorer that holds the cathode

of Vi at the reference level. The effective resistance of the clamp is

that of the two diodes in series. For the d-c restoration to be effective,

the current through JRi must be greater

than that through R2 . Thus, R\ may be

fairly small. Since the positive signal that

opens the clamp is applied across Ri, the

source impedance of the signal must be low

with respect to R\. If Terminal A in Fig.

4-32 is negative with respect to the

reference voltage, the circuit is simply

inverted as in Fig. 4-35 and no new com-
plications arise.

The diode and cathode-follower clamp
of Fig. 4-33 is useful only if A is negative with respect to the reference

voltage. The diode is a d-c restorer on the grid of the cathode follower.

The clamp is opened by a sufficiently large negative signal on the grid of

V2 to allow for the negative excursion of the cathode. An advantage of

+ this clamp is its extremely rapid

recovery since C% is discharged

through the very low impedance
of the cathode follower. How-
ever, the quiescent level of the

cathode of V2 will be higher than
the reference voltage unless suita-

ble allowance is made in selecting

the return voltage of Fi, and this

property is often a disadvantage.

Two-way Clamps.—The two-

triode clamp of Fig. 4-34 consists

of the two circuits of Fig. 4-29 and
Fig. 4-30 in combination. The
voltage applied to J?2 may be
either positive or negative. When
the clamp closes, Vi will conduct
if A is below ground and V2 will

conduct if it is above ground.
The clamp is opened by a negative signal applied to the grids. This
signal must be fairly large since the cathode of Vi may go negative. Also
the interelectrode coupling may be very bad with this circuit since the

©spt

Fio. 4-35.—Two-way four-diode clamp.

capacities in the two tubes add.

The four-diode circuit of Fig. 4*35 contains the two-diode clamp of
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Fig. 4-32 plus the inverted version of the same circuit. In the absence of

signals at Ci and C2 , the diodes conduct so that A is brought to the

voltage at the reference point B, which may be at ground or any other

potential. Again the voltage V applied to Rs may be either positive or

negative with respect to B. The currents through Ri and R 2 must each

be greater than that through R 3 in order to close the restoring tubes Vi

and V2 . The clamp is opened by simultaneous application of a negative

signal to C\ and a positive signal to C2 . Each signal must be at least as

large as the maximum excursion of A in the direction of that signal.

However, the large signal will not necessarily be coupled through the

clamp. If the two gating signals are alike in shape, the signals coupled

through Vz and 74 , being equal and op-

posite, will cancel out.

The use of ground as the reference

voltage produces an oversimplification in

this discussion. In general, this voltage

level will not be at ground, and the volt-

age source will present an impedance that

must be included in the circuit in series

with the clamp. Since this series imped-

ance will impair the speed of recovery and,

as part of a resistance divider, will affect

the voltage at which clamping is effected,

every effort should be made to provide a source of reference voltage which

has a low output impedance.

If it is impossible to reduce the output impedance of the source of

reference voltage, it becomes necessary to reduce the current drains on

the source to a minimum. Reduction to zero of the current into the

clamped terminal may still leave a considerable drain on the reference

source in each of the circuits described above, by way of some channel,

such as Ri in Fig. 4-34, involved only in activating the clamps. Figure

4-36 shows a variation of the double-triode clamp in which this extraneous

current has been eliminated. The activating signals are transformer-

coupled to the grids, and each grid circuit is then a closed loop that takes

no current from the reference point or from Terminal A. A common use

of this circuit in the demodulation of a sine-wave carrier is discussed in

Sec. 5-5.

A circuit with similar properties may also be derived from the four-

diode clamp.

4*6. Sawtooth-wave Generators.—Any voltage waveform that resem-

bles Fig. 4-37 will be called a "sawtooth wave." That portion of the

wave in which the change of amplitude is roughly proportional to time

will be called the "rise" whether the change in voltage is positive or

Fig. 4-36.—Two-way trans-

former-coupled double-triode
clamp.



Sec. 4-6] SAWTOOTH-WAVE GENERATORS 133
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negative. The flat portion is the "quiescent" voltage and the portion

that follows the rise is the "return" or "flyback." A waveform may-

differ considerably from Fig. 4-37 and still be called a sawtooth wave.

For example, the quiescent period may be of any length down to zero

and the return may occupy more
time than the rise.

Each of the sawtooth-wave gen-

erators to be considered here con-

tains the basic components shown in

Fig. 4-38. There is a switch of

internal resistance Rs (this switch

might be any of the clamping circuits

discussed in Sec. 4-5), a current-

controlling element, X, and a con-

denser C.

When the switch is closed the condenser is short-circuited if the

switch resistance can be assumed to be negligibly small. At a time t

the switch opens and current flows into the condenser. The instantan-

eous voltage e at the output terminal is given by

Fig. 4-37.—Sawtooth waveform.

-/> (5)

Switch

Thus, the slope and linearity of the sawtooth wave depend entirely on the

size of the condenser and the current flowing into

it. If the current is constant the output voltage

will be exactly proportional to time. Thus, the

problem of producing a linear sawtooth wave is

simply that of obtaining a constant charging

current.

When the switch closes it not only diverts

the charging current from the condenser, but

discharges the condenser. During this inter-

val the current will be large and the switch

resistance must be considered because it deter-

mines to a very great extent the return time of

the circuit.

The slope of the sawtooth wave can be changed
in several obvious ways. Changing the size of the

condenser in discrete steps provides a coarse control. Fine control

is usually obtained by adjustment of the charging current. The charg-

ing current is determined by the characteristics of the control element
and, in some cases, by the voltage applied to it. The possibility of

Fig. 4-38.—Equiva-
lent circuit of current-
integration type of saw-
tooth wave generator.
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voltage control is particularly useful for display circuits since many of

the data-transmission systems provide position information in the

form of slowly varying voltages from which sawtooth waves of amplitude

proportional to the position voltage are to be formed.

In many applications of the sawtooth wave a waveform like that

shown in Fig. 4-39 is required. This wave may be regarded as the sum of

a sawtooth wave and a rectangular wave.

The rectangular component may be added to

the output signal of any of the circuits de-

scribed below by inserting a small resistor,

known as the "step " resistor, in series with the

charging condenser. While the switch is open

the current flowing into the condenser causes an IR-drop across the step

resistor. This drop appears at the output terminal and adds to the signal

produced by the charging of the condenser.

The simplest current-controlling element (X in Fig. 4-38) is a resistor

returned to a relatively high potential. Since the charging current is

proportional to the voltage across the resistor, the sawtooth wave will

be exponential rather than linear. Any desired degree of linearity may

Fig. 4-39.—Trapezoid
waveform consisting of saw-
tooth and step waves.

Gating TT
signal

Fig. 4-40.—Pentode-charging sawtooth-
waveform generator.

Fig. 4-41.—"Miller run-down" sawtooth-
waveform generator.

be obtained by limiting the ratio of maximum sawtooth amplitude to

initial voltage across the resistor. A ratio of 1 to 10 will be small enough

for any sweep application, and larger ratios may sometimes be accepted.

If the available supply voltage is high enough to meet the linearity

requirement, this form of sawtooth generator should be used because of

its simplicity and because its recovery time may be very short.

As long as the plate voltage of a pentode is above the knee of the
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characteristic curves, the plate current varies only slightly with changes

in plate voltage. The variation is still less if the tube is biased by means
of an unbypassed cathode resistor. Thus, a pentode may be used as the

current-controlling element of a sawtooth-wave generator. In this way
a sawtooth amplitude of perhaps 75 per cent of the supply voltage may be
obtained with acceptable linearity.

Figure 4-40 shows the pentode used to produce a negative sawtooth

wave. Unfortunately the clamping tube is in the plate circuit so that a
floating heater supply may be required and the gating signal must be
large. If the pentode is used to generate a positive sawtooth wave a
floating screen supply returned to the cathode is required to keep the

current constant.

The "Miller run-down" circuit

of Fig. 4-41 may be resolved into

two familiar circuits. A simple

resistance-charging circuit (Vh R2 ,

and C2) develops a small-amplitude

sawtooth wave at the grid of an
amplifier. The amplifier is a high-

gain pentode with enough negative

voltage feedback to insure linear

amplification of the grid signal.

The element of strangeness in the

circuit arises from the dual function

of C2 , which not only provides the

1 Power

<R amplifier

with

? m *».
§=1

=c

>*«

Fig. 4-42.—Generalized circuit of bootstrap
sawtooth-wave generator.

feedback but also acts as the charging condenser.

This circuit requires very precise clamping because any error in

clamping is greatly amplified by the pentode. The amplification of the

error is reduced if a triode is used but this change also reduces the linearity

of the output wave.

The linearity of the sawtooth wave produced by the resistance-charg-

ing method may be greatly improved by another scheme involving

positive feedback. If, as in Fig. 4-42, the sawtooth wave is the input
signal for a noninverting power amplifier with a voltage gain of one, and
the output signal is applied to the supply end of the charging resistor, the

voltage across the resistor remains constant and the sawtooth wave is

linear. Circuits of this type are called "bootstrap" sawtooth-wave
generators.

If the gain 9 of the amplifier is less than unity, the rise will be expo-
nential rather than linear. The shape of the sawtooth wave may still be
determined by assuming an effective supply voltage equal to (l/l-g)#
and a correspondingly increased charging resistor. A gain of 0.95

thus gives an effective supply voltage of 20j& and the sawtooth wave
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will remain linear enough for use as a sweep voltage of amplitude of at

least 2E. This statement is not valid, however, if the amplifier saturates

in the process.

By making the gain greater than one, a sawtooth wave of increasing

slope may be obtained. This waveform is used in certain data-trans-

mission systems to compensate for low-frequency losses.

A cathode follower has all the characteristics required of the amplifier,

and, in addition, is economical. Although its gain is always less than

one, it can be made to approach one very closely. For example, a

medium-/* triode may have a gain of 0.95, and a pentode such as a 6AC7

g with screen bypassed to cathode may
have a gain of 0.995.

The principal disadvantage of the

cathode follower in this application

is the small potential difference

between input and output levels. It

is thus impossible to use direct con-

nection throughout unless a battery

or a floating power supply is included

in the circuit to provide the proper

d-c relations. Although this is some-

times justified for a laboratory circuit,

it is too inconvenient for field equip-

ment. More often a condenser is

used for the feedback channel with

the d-c component of the charging

current supplied through another

channel. Since the coupling condenser must be large enough to transmit

the sawtooth wave without appreciable distortion, it is difficult to insure

complete recovery of the circuit.

Figure 4-43 shows a common version of the bootstrap circuit, in which

the d-c component of charging current is supplied through the decoupling

resistor Ri and the feedback signal through C x . The charging condenser

is C2 , and R z is the charging resistor. The slope of the rise is proportional

to the potential difference across i22 - While the switch is open Ci loses

through Ri some charge that must be regained before the circuit returns

to a stable condition. Since the time allowed for recovery is almost

always insufficient, the voltage across Rz will change until an equilibrium

condition is reached in which the charge lost equals the charge regained

in each cycle. This equilibrium is affected both by the amplitude of the

sawtooth wave and its duty ratio, and therefore the slope is sensitive to

variations in either quantity. This form of the circuit cannot be used

R.

^C,

Fio. 4-43.—Simple bootstrap circuit with

cathode follower as power amplifier.
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where the response must be exact, unless the operating conditions are all

constant or the duty ratio is very small.

Figure 4-44 shows another form of the circuit in which the d-c com-
ponent of the charging current is supplied through a diode. When the
switch is open, Ci loses charge only through Ri since the diode is open
during this part of the cycle. During the recovery period Vi is conduct-
ing, holding one end of the condenser at the supply level while charge
flows back into Cx through R2 . By either reducing the value of R% or

returning it to a negative potential, the recovery time can be shortened

Fig. 4-44.- -Bootstrap circuit with diode re-

charge path.

Fig. 4-45.—Variation of bootstrap circuit.

so that the slope is independent of amplitude and repetition rate for duty
ratios up to perhaps 75 per cent.

In the circuit of Fig. 4-45 the charging resistor R x is supplied directly

by the cathode follower Vi. The signal is coupled to the grid of the

cathode follower through C\. During the quiescent period F2 holds the
grid of Vi at the potential Et , and since this voltage appears across Ru
it determines the slope of the sawtooth wave. Condenser C x discharges
only through the resistor # 2 , which may be made quite large. Thus, Ci
can be much smaller in this circuit than in the preceding examples, and
the recharge problem is therefore less difficult. If E, is supplied from a
low-impedance source the recovery can be made very rapid. A major
defect of this circuit is the initial high level of the cathode of V\. For a
given supply voltage, saturation of Vi will occur at a smaller amplitude
of the sawtooth wave than in the preceding circuits.
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If any of these three circuits is used to generate a sawtooth wave

proportional to a variable control voltage, trouble will be encountered if

the variation of the control voltage is at all rapid. The recharge mech-

anism may be unable to establish the proper charge in the coupling

condenser in the time allowed. Although nothing much can be done to

improve the performance of the circuit of Fig. 4-43, substitution of two-

way clamping circuits for the diodes and switches of the circuits of Figs.

4-44 and 4-45 will greatly increase their ability to follow rapid changes.

Some applications of sawtooth waves for the determination of a time

interval demand very high linearity of the sawtooth signal. This

linearity can be obtained with a boot-

strap circuit by means of a more

expensive amplifier than the cathode

follower, or by adding to the saw-

tooth wave a correction term that

compensates for the imperfections of

the circuit. Adding a correction

term that is proportional to the

integral of the sawtooth voltage will

compensate not only for an amplifier

gain of less than unity, but also for

loss of charge by the bootstrap cou-

pling condenser. Figure 7-17 shows

a method of introducing this correc-

tion term, which is generated by R*

and C6 . The diode across R* is

required to insure proper initial

conditions.

Although the presence of a cath-

ode follower in each of thesebootstrap

circuits seems to provide an excellent

output terminal for the sawtooth

wave, it must be remembered that

the cathode wave may lag slightly behind the grid wave if the rise of the

sawtooth wave is sufficiently rapid. The result appears as a delay at the

start of the cathode wave. If a fast start is required, the output wave-

form must be taken directly from the charging condenser.

In many applications a push-pull sawtooth wave is required. When

conditions permit the use of a simple generator and duplication is not too

expensive, the push-pull signal may be obtained by independent genera-

tion of positive and negative waves. Some simplification of the switching

problem may be achieved by using a single charging condenser for gener-

ating both signals, as is illustrated in Fig. 4-46.

Fig. 4-46.—Common charging con-

denser for positive and negative sawtooth

waves.
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Alternatively, a single-ended signal of small amplitude might be
produced and applied to the input terminal of a phase-splitting amplifier.

The "floating-paraphase" circuit of Fig. 4-47 is widely used for this

purpose and is satisfactory for all but the most steeply rising waves.
Another common phase splitter, which has the load resistor divided

between the plate and cathode circuits, is particularly applicable to the
bootstrap circuit. If the supply levels and signal amplitudes are appro-
priate, a resistor equal to the cathode resistor may be inserted as a plate

load of the cathode follower (in Fig. 4-43 or Fig. 4-44) without material

Fig. 4-47.- -Floating-paraphase
splitter.

phase Flo. 4-48.—Sawtooth inverter with
feedback.

effect on the cathode signal. The push-pull output signal is then taken
from the plate and cathode of this tube.

A third method first generates a single-ended signal of large enough
amplitude to serve as one of the output signals. The other signal is

derived from the first, which is attenuated and applied to the input termi-
nal of an inverting amplifier. The amplifier used here must have a very
linear response which is most easily obtained by means of negative voltage
feedback. Figure 4-48 shows an example in which the feedback channel
is part of the attenuating network.

4*7. Automatic-shutoff Circuits.—Some displays require a sawtooth
wave of constant amplitude which has a number of different slopes to be
selected by means of a switch. This waveform may be obtained by
combining a rectangular-wave generator and a sawtooth generator as
shown in Fig. 4-49. The switch that selects the constants for the saw-
tooth circuit must also select appropriate time-constant components for
the rectangular-wave generator so that its output wave will terminate
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4-49.—Combination of rectangular-

wave and sawtooth generators.

just as the sawtooth wave reaches the required amplitude. Several

close-tolerance components and probably a few trimming resistors are

therefore required. Crosstalk difficulties are also increased by the

sharp-edged waves carried by the switch leads.

If the display requires that the slope of the sawtooth wave vary

continuously between certain limits, new complications arise. Although

it is very easy to vary both the slope of the sawtooth wave and the time

constant of the rectangular-wave

generator by means of potentiom-

eters, it is far from simple to

design a single control coupling

these two potentiometers so as to

maintain the required relationship

between slope and time constant.

A better method of terminating

the sawtooth wave is to employ an

"automatic shutoff" circuit in which the sawtooth wave, or some portion

of it, is applied to the input terminal of the shutoff circuit (see Fig. 4-50).

When the sawtooth signal reaches the required amplitude, the shutoff

circuit causes a transition of the rectangular-wave generator. The

rectangular wave then closes the switch tube and causes the sawtooth

wave to return to the quiescent level.

For the sake of brevity in the following discussion the two conditions

of the rectangular-wave generator will be called "A" and "B". The

circuit is in Condition B while the

sawtooth wave develops, and it is

in Condition A during the return

time and the quiescent period.

Its use in an automatic-shutoff

circuit places the following special

requirements on the rectangular-

wave generator:

~u~
_^L

Rectang-

ular wave
generator

Sawtooth
generator

, i

Shutoff Shutoff

circuit
s ignal

Fig. 4-50.—Alternative combination provid-

ing automatic shutoff.
1. In Condition A it should be

stable so that its operation

is not too dependent on repetition frequency.

2. The transition to Condition B should be followed by a rapid

recovery to a state that permits the circuit to respond to the

shutoff signal. Once this state is attained no major change should

take place for a time longer than the duration of the longest

sawtooth wave required.

3. The circuit must eventually return to Condition A even though the

shutoff signal should fail to arrive. This requirement is partic-
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ularly important if a condenser coupling exists anywhere in the

loop. In the transient conditions associated with turning on the

power, the rectangular-wave generator may be forced into Condi-

tion B with the coupling condenser so charged that no shutoff signal

will be generated. The return provision gives assurance that the

circuit will not stall.

Grid of \{ of fig. 4-23

Fig. 4-51.

The "scale-of-two" circuit (Fig. 4-24) meets these requirements very

well except for the one requiring eventual return to Condition A. How-
ever, it is only necessary to apply the initiating trigger to both tubes of

the circuit to remedy this defect. Then, if the circuit should stall in

Condition B, the first input trigger

to arrive sends it back to Condi-

tion A where it remains until the

next trigger starts it off correctly.

Thus only one cycle of operation

is lost.

The flip-flop circuit is imper-

fect for use inanautomatic-shutoff

circuit in that conditions do not

remain constant during the time it

is in Condition B. Figure 4-51a

shows the waveform on the grid of

Vi of Fig. 4-23. Initially the grid

is driven far negative, and then it

moves slowly positive. At t' only

a very large signal on this grid will cause a transition, but at t" a
small signal is sufficient. Some improvement results from applying
only a portion of the plate signal to this grid and making the
grid time constant very long. The result is the wave shown in Fig.

4-51&. Here the signals required at t' and i" are nearly equal, but the

loop gain has been reduced by the reduction ratio of the plate signal.

A superior circuit, which produces the grid waveform of Fig. 4-51c, may
be obtained by connecting a diode to the grid as shown in Fig. 4-52.

Although the entire plate signal is applied to the grid, its negative

excursion is stopped by the diode at a level slightly below the cutoff level

for Vi. The grid time constant is made very long so that the grid of Vi
will remain essentially at the diode level until the shutoff signal arrives.

The response of the circuit to the shutoff signal is both excellent and
uniform. Since the grid voltage is limited in one direction by grid

current in Vi and in the other direction by diode current in F2, Ri is

not necessary to the operation of the circuit. It is included simply to

insure eventual return to Condition A.

Plate signal of V2 reduced,

time constant very long

Grid of V
x
of fig. 4-52

-Grid waves of various flip-flop

circuits.



142 CIRCUIT TECHNIQUES [Sec. 4-7

The multivibrator circuit needs the same refinement as the flip-flop

circuit. In addition, its ability to operate without an input trigger rules

it out for some applications.

The numerous devices that have been used to generate the shutoff

signal fall into two classes. The first class involves the formation of a

shutoff trigger that is applied to the rectangular-wave generator in the

normal fashion. The second requires the introduction of a disturbance

into the rectangular-wave generator. This disturbance increases stead-

ily until a point of instability is

reached and a transition occurs.

Some of the many circuits

capable of forming a trigger pulse

from a sawtooth wave have been

discussed in earlier sections. For

example, a blocking oscillator

normally biased beyond cutoff

may be used, provided that the

sawtooth wave has a slope greater

than the minimum value required

to activate the blocking oscillator.

Also a flopover circuit (Fig. 4-25)

might be used with the sawtooth

wave applied to the controlling

grid. The output will be a rec-

tangular wave from which a

trigger pulse may be obtained by
differentiation.

The second method requires

more detailed treatment since no

satisfactory circuits have yet been

tt
Fig. 4-52.—Improved flip-flop circuit lor use

with automatic shutoff.

discussed. The specific problem is assumed to be the attainment of a

transition of the flip-flop circuit of Fig. 4-52 without generating a trigger

to do this.

It must be remembered that 7i is biased beyond cutoff, and that 7a

is at zero bias while the sawtooth voltage is developing. Thus the transi-

tion condition may be reached by causing positive movement of the grid of

Vi or negative movement of the grid of Vs. Because of the cross coupling

both ways, equivalent effects are produced by driving the plate of Vi

negative, or the plate of V2 positive. A transition can be produced by

applying an appropriate signal to any one of these four points. The

means of application must not inhibit the transition; that is, if the grid

of Vi is forced positive by a slow signal, it must be free to move upward
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much more rapidly once the transition starts. The coupling must also

not interfere with the initial transition from Condition A to Condition B.

Figure 4-53 shows a number of one-tube circuits, any one of which

might be added to Fig. 4-52 as indicated with satisfactory results. In

each case the added tube is biased so that it does not conduct until the

sawtooth wave reaches a certain critical amplitude.

The diode circuits place some load on the source of the signal and so

cannot always be used. The pentode is very useful if the amplitude of

the signal is small since the pentode

can be operated with high gain and

sharp cutoff.

Any of these circuits causes some
disturbance at the electrode to

which it is coupled (and perhaps

elsewhere), prior to the transition.

If this electrode provides an output

signal, the preliminary disturbance

may cause undesirable effects in the

associated circuit. Thus it is pref-

erable to take output signals, par-

ticularly the one that operates the

clamping circuit, from points in the

circuit which are not affected until

the transition takes place. If the

clamping tube starts to conduct

before the transition takes place,

increase of the sawtooth voltage will stop and the transition may not

occur.

If the sawtooth signal must be directly coupled to the shutoff circuit,

some adjustment of the supply levels of the various circuits will be
required. The use of a resistance divider, such as that from the plate

of Vi to the grid of 73 in Fig. 4-52, may be helpful, but care must be
taken that the frequency response of the divider be uniform to avoid

variation in the amplitude of the sawtooth wave. In most cases the

voltage levels can be dealt with by coupling the sawtooth wave in through
a condenser and d-c restoring it to an appropriate level.

Occasionally, in a particular set of circumstances, a very simple

feedback connection will provide automatic shutoff. Figure 4-54 shows
an example of this sort. The operation becomes obvious once the con-

ditions on the voltage at the point X are stated. During the quiescent

period of the sawtooth wave, this potential must be low enough to allow

the scale-of-two circuit to operate in a normal fashion. When the

Fig. 4-53.—Various circuits for intro-

ducing shutoff signal to flip-flop circuit of

Fig. 4-52.
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initiating trigger pulse 1 arrives, Vi is cut off and its grid settles down to

its stable level. The sawtooth voltage then develops and causes an

increase in the voltage at X. The signal at X must be great enough
eventually to push the grid of V\ into the conducting region, and thus

cause the circuit to return to the initial condition. The high-frequency

coupling from the cathode of V\ to the grid of V\ is very poor so that the

amplitude of the sawtooth wave will not be independent of slope.

There are various special circuits that perform the same function

as the automatic-shutoff circuit, but which have the sawtooth generator

and the rectangular-wave generator so interlocked that it is very difficult

Trigger

Scale -of

-

two circuit

Fig. 4-64.—Automatic shutoff circuit using scale-of-two and bootstrap circuits.

to make any general statements about them. One group of these

circuits makes use of the fact that the derivative of a sawtooth wave is a

rectangular wave. An input trigger pulse opens a switch tube momen-
tarily and permits the sawtooth wave to start. The derivative of the

sawtooth wave is then coupled back to the switch tube in such a way as

to hold it open as long as the sawtooth voltage continues to increase.

When the rise of the sawtooth wave is stopped, either by saturation of

some tube or by conduction in a diode added for the purpose, the deriva-

tive becomes zero and the switch tube closes.

A type used more often, which is particularly suited to the generation

of a high-duty-ratio sawtooth wave, uses a gas-filled tube as a self-

activated switch. Such a tube does not conduct until the potential

across it reaches a critical level called the "striking potential." At this

point, a gaseous discharge starts in the tube and continues until either

1 Note that the input trigger is also coupled to the grid of V t to insure proper start-

ing of the circuit.
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the plate-to-cathode potential becomes negative, or the current through

the tube is reduced below a critical level that quenches the discharge.

During the discharge the internal impedance of the tube is very low, 1

and any capacity that may be across the tube can therefore be very

rapidly discharged. A small series resistor must always be used with

the tube to prevent damage due to excessive discharge current.

Although a simple neon tube can be used as a switch tube, it is more

common to use a tetrode type which has a control grid that determines

the striking potential. The presence of ions of both signs in the discharge

means that the grid will draw a large current regardless of the potential

to which it is returned unless a
Plate

reaches striking

potential

+ V

-V /vwt
r

Current drops
to quench level

Fia. 4-55.- -Gas-filled tube sawtooth gener-

ator.

large series resistance is used to

limit this current.

If the high duty ratios of which

the gas tube is capable are to be

realized, the associated sawtooth

generator must be one that has a

short recovery time. Thus, some

of the bootstrap circuits are not

appropriate. Figure 4-55 shows

the gas-filled tube as used with a

resistance charging circuit. The
output waveform is shown in the

accompanying sketch. The maxi-

mum slope of the sawtooth wave
in this and similar circuits is

determined by the deionization time of the tube. If the plate rises too

rapidly, the discharge will be reestablished before the striking level is

reached because of the presence of residual ions from the preceding

discharge.

The output wave may be synchronized at frequencies higher than

the free-running frequency by introducing pulses on either the grid or

cathode. If the plate voltage is near the striking potential, a small

change in bias will initiate the discharge.

4*8 Video Amplifiers.—The term "video amplifier," which originated

in television work, has been extended to cover any device that is designed

to amplify signals of transient character and to preserve their waveforms

with reasonable fidelity. In addition to the usual amplifier requirements

a relatively large pass band with a fairly constant time delay for all

frequencies within the band is desired.

1 If the gas-filled tube is represented by a switch, the additional circuit elements

required are a battery of about 10 volts output and a series resistance of less than

100 ohms.
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Nature of the Video Signal.—The individual signals obtained at the

detector stage in a radar receiver have a width dependent on the radar-

modulator pulse length (a typical value is 1 jusec) and amplitudes depend-

ent on the strengths of the individual target echoes. A nearby target

gives such a strong echo that some stage in the video amplifier following

the detector is likely to reach saturation, whereas many distant and small

targets give echoes so small that their signal amplitudes are less than that

of the "noise" generated in the receiver.

When such signals are displayed on an A-scope, 1 they appear as in

Fig. 1-36, where the strong signals have reached a limiting value and a

number of weak signals barely are visible in the noise. For detection on

the A-scope of the weakest possible signal, the receiver gain may be
increased until the noise peaks are about 0.5 mm high. Greater ampli-

tude than this possibly may make observation less tiring, but will reveal

no additional signals. It is more or less immaterial whether strong

signals are limited, provided that the limiting does not paralyze the

video amplifier after reception of a strong signal.

In an intensity-modulated display2 such as the PPI or the B-scope,

the signal intensity controls the cathode-ray-tube beam current. If the

receiver gain is adjusted so that weak signals and noise "specks" are just

visible on the tube face, then strong signals will be so large that the

grid-cathode voltage in the CRT will be driven above zero bias. It is

impossible to maintain beam-focusing over such a wide range of signal

level. In addition to this difficulty, excessively bright areas in the dis-

play interfere greatly with the perception of weak signals. Hence
signal-limiting can be used to advantage in these displays. Extensive

measurements show that the greatest amount of information can be

obtained from the intensity-modulated display if the limiting value is

set at about two or three times the average noise peak amplitude and if

the cathode-grid bias is set so that, without video signals, the sweep is

just visible on the tube face. The video gain is adjusted to give a

reasonable brightness at which limited signals do not cause defocusing

of the beam. Under these conditions, noise shows as a general speckled

background, but because of the nonlinear grid-bias-beam-current

characteristic of the cathode ray tube (Fig. 2-27), signals slightly greater

1 Time, or range, is plotted horizontally and signal amplitude vertically, with a

cathode-ray-tube beam of constant intensity.

* The position of the cathode-ray-tube beam is synchronized so as to represent the

position in space of the transmitted radar pulse (actually half the distance to the pulse,

to allow for echo return time) and the presence of a target at any given point is indi-

cated by using the signal from the target to increase the cathode-ray-beam current

from a nominal zero value.
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than noise are preferentially amplified, and because of the superpropor-

tional response of the phosphor 1 to repeated signals, real signals give

brighter response than random noise fluctuations.

Linearity of the video amplifier is required in very few display sys-

tems, and then only if it is desired to measure signal strength on a deflec-

tion-modulated display. Hence for most of the circuits shown in this

section and in Appendix E, no attempt has been made to produce an

output voltage proportional to the input voltage.

Frequency-response Characteristics.—In order that the output signal

may rise to full amplitude in the duration of the input signal, it is required

that the minimum bandwidth be 1/T Mc/sec, where T /tsec is the width

of the input pulse. Another consideration in the determination of

bandwidth is that the spread of the pulse along the time base imposes a

limitation on the resolution of adjacent pulses, which would seem to call

for very wide bandwidth in the amplifier since the pulses may occur very

close together. However, two spots on the cathode-ray tube whose
center-to-center distance is less than the spot diameter will overlap and

at some point will become indistinguishable. This factor also limits the

resolution and determines a value of amplifier bandwidth beyond which

no gain in resolution is realized. This upper limit for a display using a

time-base sweep is given by

Bandwidth in Mc/sec = ^->

where S is the spot size in cm and L is the spot displacement in cm
taking place in t /xsec. For any display system, two or three times the

larger of these two values of bandwidth should be used as a basis for

design of the video amplifier.

Unfortunately the mathematical and computing tools now available

require that many of the problems of the multistage amplifier be handled

from a steady-state viewpoint to determine the characteristics of the

complete amplifier. The result may then be used to predict in a qualita-

tive way the transient behavior of the device.

For a brief summary of the methods and results of steady-state

analysis, consider the resistance-coupled pentode amplifier stage shown
in Fig. 4-56. Over a limited range of frequencies it is permissible to

assume the impedance of all bypass and coupling condensers to be zero

and that of all shunt capacities to ground to be infinite. In this region

the gain of the amplifier, called the midfrequency gain, is Qm = gmRL .

At higher frequencies the impedance of the shunt capacities in parallel

with RL causes the gain to drop off as frequency increases. The high-

1 The CRT screen is usually long persistent, P-7 or P-14. See Chap. 18.
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frequency limit of the amplifier is arbitrarily denned as the frequency,

fh, for which the voltage gain drops to 0.707gm . This value corre-

sponds to a reduction in power gain of 50 per cent or 3 db from the mid-

frequency value. Very often /* is called the "bandwidth" of the

amplifier.

At lower frequencies the cathode and screen bypass condensers have

appreciable impedance, which has a degenerative effect on the amplifier

gain. Also, because of the impedance of the coupling condenser, the

signal applied to the next stage is less than that appearing at the plate of

the amplifier. These various effects together cause a reduction in gain

i
i

Rg$

t—*

Fio. 4-56.—Resistance-coupled pentode • amplifier stage. Rl <3C Rg', Rl <&. plate

impedance of tube.

with decreasing frequency. The low-frequency limit of the amplifier

is similarly denned as the frequency, fi, for which the voltage gain

reduces to 0.707

g

m .

The frequency range between fi and fh is called the "pass band" of

the amplifier and is one of the important quantities that determine the

transient response of the amplifier. Good transient response often

requires a pass band that extends from about a hundred cycles per second

to several megacycles per second.

The phase-shift characteristic of the amplifier is the second important

factor in transient response. Over a region of constant gain the angular

phase shift in a resistance-coupled amplifier is proportional to fre-

quency. There is, therefore, equal time delay for all input frequencies

within the band. For frequencies in the end regions where the gain

is changing rapidly, the phase shift is not proportional to frequency

and the time delay is not constant. The output signal may therefore

be distorted.

The subsequent discussion of the method of improving the transient

response of a circuit will be simplified by stating the definition of some
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terms that measure the quality of the transient response. Figure 4-57

shows first a step function that is applied to the input terminal of a video

amplifier. The following figures show output waves that might result.

For each the time scale has been selected to emphasize the characteristic

illustrated by the figure.

Input wave

Rise Time. To avoid the ambiguity of deciding just when a wave
starts to rise and when it stops rising, the rise time is taken to be

the time in which the signal

rises from 10 per cent to 90 per

cent of its final amplitude.

Over this range the slope is

usually steep enough to permit

reasonably accurate measure-

ments. For the amplifier of

Fig. 4-56 the rise time is related

to fh by the equation

100%
J

90%—p

—

Output wave
|

1
i

Rise time = 0.35
(6)

Fig.

Time for 10% droop

4-57.—Terms defining transient
response of a video amplifier.

Equation (6) holds approxi-

mately for any resistance-

coupled amplifier.

Delay. This term needs no
definition. Delay does little

harm, except that it must be

taken into account if time rela-

tionships are important. Its

magnitude is determined by the

slope of the phase-shift-frequency curve of the amplifier.

Overshoot. This quantity is a measure of the maximum amount
by which the output signal momentarily exceeds its nominal

amplitude. It is usually stated as a percentage of the nominal

amplitude. Overshoot is related to nonlinearity of the phase-

shift-frequency characteristic. The simple amplifier of Fig.

4-56 will not produce overshoot.

Droop. The droop is a measure of the failure of a circuit to

maintain the flatness of the top of an input signal. It corresponds

to inadequate low-frequency gain. A common specification

restricts the droop to a maximum value of 10 per cent of the

nominal signal amplitude. In this case the quality of the ampli-

fier may be indicated by the time required for the droop to reach

this value.
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>R T

>Rt

The steady-state response of an amplifier can be improved by certain

modifications of the basic circuit of Fig. 4-56. The success of any alter-

ation should be judged in the light of its effect on rise time, overshoot,

or droop.

Low-frequency Response.—There are several ways of extending the

pass band to lower frequencies. Each one amounts to an increase,

either actual or effective, in the time constant of a bypass or coupling

circuit, that serves to reduce the droop caused by that circuit. The
obvious approach would be that of simply increasing C*, C„ and Cg until

the droop is as small as need be. However, more practical means are

p available in each case.
Jpp

The effect of Ck might be elimi-

nated by removing it completely.

This step results in a reduced

value of 9»» but is sometimes

worth while. Also it is possible to

ground the cathode and to supply

grid bias from a negative supply.

This change introduces a greater

dependence of gain on tube

characteristics than was present,

because self-bias tends to minimize

the dependence of gain on tube

characteristics.

The simple approach may be

very successful when applied to C,

because the effective resistance

across it is usually large enough

to give a sufficiently long time constant with practical values of Ct . For

extreme cases the screen might be returned directly to a regulated-supply-

voltage source, or its voltage might be stabilized by a voltage-regulator

tube.

The time constant CgRg could be eliminated by means of direct

coupling using a resistance divider between the plate and some negative

voltage, but the amplifier then becomes extremely sensitive to bias volt-

age. Direct coupling is to be avoided unless flat response down to zero

frequency must be provided. If Rg has been made as large as the tube

specifications will permit, a larger value of Cg is required to increase the

grid time constant. The maximum value of Cg is determined by the shunt

capacity associated with large condensers, which will limit the high-

frequency response of the amplifier. Up to perhaps 0.01 ni the increase

in shunt capacity is not serious because this and smaller values are

available in the form of "postage-stamp" mica condensers.

^CE

Fig. 4-58.—Plate decoupling used to

compensate for droop produced by CgRg.

Rd«. Rb ; Rl«. Rd; CdRd = C„Rg.
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A larger effective grid time constant is obtained by adding the decou-

pling elements shown in Fig. 4-58 to the plate circuit of the amplifier. If

cv RlRd
Rl "f" Rd

— \J nl&Q (7)

the steady-state response is equivalent to that provided by a grid time

constant of CdRd. A slightly better transient response is obtained by
making

CdRl — CgRg. (8)

If Rd » Rl the two conditions are equivalent. This form of compensa-

tion functions by providing a plate signal that increases in amplitude for

some time after the initial step at a

rate that precisely cancels the droop

due to the grid time constant.

Should the grid of the next stage be

d-c restored, the cancellation pro-

vided depends upon duty ratio and

this dependence leads to uncertain

operation.

The plate-decoupling elements

are sometimes used to compensate

for droop due to cathode or screen

effects although this use is perhaps

less satisfactory. Since the condi-

tions for compensation depend upon
certain tube parameters, the effec-

tiveness of the compensation may
change when tubes are replaced. No
such effect arises when plate decoupling is used to compensate for grid

time constant.

High-frequency Response.—Improvement of the high-frequency

response involves very different considerations. Figure 4-59 is a diagram

of the same pentode amplifier with all the low-frequency elements

deleted since they have little effect in this discussion. The high-fre-

quency response is limited by the various shunt capacities in the plate

circuit. These capacities are represented by Ct, which consists of the

output capacity of the amplifier, the input capacity of the next stage,

socket capacities, and wiring capacities. By careful construction the

wiring capacities can be reduced to a very small value that may be

considered constant for any simple amplifier. If the next stage uses the

same type of tube, then Ct can be considered as a parameter of the tube

Effective amplifier circuit at
high frequencies.
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type equal to input capacity plus output capacity plus about 10 npii
1

to allow for sockets and wiring.

For an amplifier with resistance load fa is the frequency for which

the impedance of the shunt capacity equals the load resistance. That is,

Since 9m = gwRz, this equation can be written

$mfh = %?tt

' K
> (10)

with K, in this case, equal to one.

Equation (10) shows that the product of bandwidth and midfrequency

gain is a constant for any given type of tube and may be considered to be

a figure of merit for tubes used in this way. It has the dimensions of

frequency and is equal to the value of fh obtained by making the midfre-

quency gain of the stage unity. Table 4-1 lists the figure of merit for

Table 4-1.

—

Figure of Merit of Pentodes Commonly Used in Video Amplifiers

Tube type ^~ (Mc/see)

6AC7 57.3

6AG7 58.3

6AK5 66.2

6AG5 56.9

several commonly used tube types. These values represent excellent

amplifier construction and will be very difficult to realize in practice.

Higher gain-bandwidth products may be obtained with other methods

of coupling. The constant K in Eq. (10) is a factor of relative quality

for various coupling networks and, as stated, its value is unity for simple

resistance coupling. Increasing the value of K requires the plate imped-

ance of the amplifier to diminish less rapidly as frequency increases.

This requirement can be met by means of shunt peaking, which consists

of inserting a small inductance in series with RL , as in Fig. 4-60. Then
for higher frequencies as the reactance of the shunt capacity decreases,

the total impedance of the R-L branch increases, tending to reduce the

variation of total plate impedance.

If

L = mCtRl, (11)

then m is a parameter that determines the performance of the circuit.

Critical damping of the plate circuit corresponds to m = 0.25. This is

the largest value of m for which the transient response will have no

1 For miniature tube types this figure is about 6 prf

.
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overshoot. For this case K = 1.41. For m = 0.4 the value of K is

1.70 and the overshoot is only 2.£ per cent. This value is not objection-

able in a single stage, but the cumulative effect of several stages with

this value of peaking may be troublesome.

Many types of two- and four-terminal network have been used to

provide high-frequency compensation. 1 However, the improved per-

formance with a more complex network must be balanced against the fact

that components must be held to somewhat closer tolerances and mal-

function is more difficult to correct.

If Qro is not changed as the value of K is increased, the rise time is

reduced in inverse proportion to the factor by which K is increased.

Another, and very simple, form of high- ^
frequency compensation is available if the

cathode bias resistor is not bypassed. The
addition of a very small condenser Ck across

Rk tends to increase the gain of the stage

at higher frequencies and partially to

counteract the effects of lower plate imped-

ance. No overshoot will be produced if

»«

CkRk = CtRL- (12) e
=T=Ct

Fig. 4-60.—Shunt peaking.

When a video amplifier contains several

stages of the type described above, the over-

all performance is inferior to that obtained

with a single stage since the total gain is the

product of the gains for each stage. The
over-all characteristics of the amplifier may be computed by combining

the individual stage-gain-frequency curves, but in special cases the

over-all characteristics may be determined more easily. For example,

if the droop in each stage is small (approximately 1 per cent for the

longest pulse transmitted), then the over-all droop is very nearly equal

to the sum of the individual values, provided that the total does not

exceed 10 per cent. At high frequencies the over-all gain-bandwidth

product for n identical shunt-peaked stages (up to n = 10) may be

determined from Table 4-2 which lists an effective K for stages having

m = (that is, no peaking), m = 0.25, and m = 0.4. The over-all

gain-bandwidth product is then equal to the nth power of the product

of the figure of merit and the appropriate effective K.

Thus far only one type of video amplifier stage, which is intended to

provide a certain voltage gain and pass band when working into the

relatively high impedance of another grid circuit, has been considered.

See Fig. 1«26 of Vol. 18 of the Radiation Laboratory Series.
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A complete video amplifier ordinarily consists of one or more stages of

this sort followed by an output stage. In most cases the output stage

drives a much lower impedance and so is designed differently.

Table 4-2.

—

Equivalent K for n Shtjnt-peaked Stages

Value of m (peaking parameter)

Number of stages

0.25 0.4

1 1 1.41 1.70

2 0.64 0.94 1.30

3 0.51 0.76 1.13

4 0.44 0.64 1.03

5 0.39 0.57 0.95

6 0.35 0.52 0.89

7 0.32 0.48 0.84

8 0.30 0.45 0.80

9 0.28 0.42 0.76

10 0.27 0.40 0.74

Video Output Amplifiers.—Often the video signal must be transmitted

over a considerable distance. To eliminate reflections a concentric line

terminated in its characteristic impedance is used. The output stage

must be capable of generating a signal of the required amplitude across

this impedance, which may be approximately 50 or 100 ohms. The prime

requisite of the tube in this case is its ability to deliver high peak currents.

Capacity is of less importance here because the load resistance is small.

Although a power amplifier to drive a cable can be designed with the

load in the plate circuit, it is generally better to use a cathode follower

because (1) its output impedance is low and therefore can be matched

with the load impedance; and (2) a high d-c potential is not applied to

the cable. Most video signals are unidirectional (that is, the signal

consists of a temporary departure in a given direction from a fixed base

voltage) and have a duty ratio somewhat less than 50 per cent. For

transmitting a positive-going signal average power may be reduced by

use of a cathode follower.

If the signal is transmitted at large amplitude the peak current

required may necessitate the use of several driver tubes in parallel.

Therefore it is economical to transmit video signals at low level 1 and

to provide additional amplification at the receiving end of the line.

A second form of output stage is needed to apply video signals to a

cathode-ray tube. An output signal of 30 to 100 volts in amplitude may

1 Designers of radar equipment have recently attempted to standardize on 2-volt

positive video voltage for transmission over lines.
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be required, but the voltage gain is not very important since preceding

stages can compensate for any lack of gain in the output stage. One

type of output stage, which should be used whenever possible, has the

load in the plate circuit very close to the cathode-ray tube so that the

total capacity on the output terminal is little greater than that on

the plate of an intermediate stage in the amplifier. The general design

considerations are then the same as those stated for the intermediate

stage except for the greater signal amplitude. Actually the transition

from one type to the other is very gradual in this case and it may well be

that the last two or even three stages of a particular amplifier should

be considered as large-amplitude stages.

The maximum plate signal Em that can be produced in the midfre-

quency region with a given amplifier is Em = Al-Rz,, where AI is the

maximum change in plate current that can be produced under the existing

operating conditions. Substituting this relation into Eq. (9), which

defines /* for this case also, gives

Emfh = 2^q' (13)

The product Emfh , denoted by Kh can be used as the figure of merit for

large-amplitude stages. The value of K\ depends not only on the tube

type, but also on the conditions of operation since AI may have many
values according to the bias of the stage. However, there are three

values of AI that cover most situations.

1

.

If the video signal is unidirectional and the output signal is negative,

the initial bias may be nearly at cutoff. Then AI is the maximum
peak current allowed by the duty ratio of the video signal.

2. If the video signal is unidirectional and the output signal is positive,

the tube will be conducting in the absence of signal. Then AI

equals the maximum continuous current the tube can conduct.

3. If the output signal has equal amplitudes in both directions, AI
lies between one-half and one times the maximum continuous

current.

Table 4-3 shows the values of K\ for common tube types operating

under Condition 2, which involves the fewest assumptions on the nature

of the video signal. For these calculations the total capacity was
assumed to be 30 wif larger than the output capacity of the tube.

Clearly Condition 1 provides the maximum value of Al and hence of

Ki. On this basis it is highly profitable to apply unidirectional video

signals to the cathode-ray tube as negative signals. To obtain optimum
results an accurate bias in the region of cutoff must be provided for the

output stage and the bias level must not shift with change in duty ratio
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or signal amplitude. Thus it is often necessary to provide d-c restoration

for the grid of the output stage.

Similarly the d-c level of the signal applied to the cathode-ray tube is

likely to be critical. If it is not possible to couple the cathode-ray tube

directly to the plate of the output stage, d-c restoration at the cathode-

ray tube is advisable and the additional stray capacity of the restorer

must be included in the design calculations.

For this particular situation the addition of a cathode follower

between output stage and cathode-ray tube would have little, if any,

Fig. 4-61.—Gain controlled by screen voltage.

advantage since the output stage would still drive about the same total

capacity and would be required to supply a somewhat larger signal.

However, there are other situations in which the output stage is not

adjacent to the cathode-ray tube and the stray capacity is large with

respect to the output capacity of the amplifier. Insertion of a cathode

follower to drive the stray capacity may then be advantageous. For

this case it seems preferable to operate the output stage in Condition 2

if the video signal is unidirectional, and thus permit the cathode follower

to operate under more favorable conditions.

Table 4-3.

—

Figure of Merit For Large-amplitude Stages

Tube type 2JLi(Mc/sec)

6AK5 48

6AC7 68

6AG7 170

6V6GT/G 212

6L6G 318
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Amplifier Gain Control.—For controlling the gain of the amplifier

the following general methods are in common use.

1. The characteristics of the vacuum tubes can be controlled over a
certain range by changing the operating voltages. Figure 4-61

shows an amplifier stage V2 with the

screen voltage supplied by a cathode

follower Vi whose output is deter-

mined by Ri. It is practical to vary

the gain by a factor of 2 by this

method. For greater variation

several stages may be similarly

treated.

2. If negative feedback is used, varia-

tion of the feedback signal controls

the gain. Figure 4-62 shows a varia-

ble cathode resistor that changes the

gain without altering the bias on the

stage. The maximum value of R 2 is

limited by the stray capacitance on
the cathode which will eventually

cause overcompensation at high frequencies,

can usually be varied by a factor of 5.

3. The signal produced at any point in the circuit can be attenuated.
Figure 4-63 shows a step attenuator for which attenuation is

Fig. 4-62.—Gain controlled by
cathode degeneration.

The gain of the stage

Fig. 4-63.—Compensated step attenuator, C, is total stray capacity on arm of switch.

independent of frequency if RgC, = R XCX = R2C2, etc. Unlimited
control of gain is provided by this method. Figure 4-64 shows a
low-resistance potentiometer used as the load resistor of an
amplifier stage. This method also provides a wide variation
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Fig. 4-64.

in gain. A potentiometer of higher resistance can sometimes be

used if it is compensated as shown in Fig. 4-65. If the condenser

Ci is equal to the stray capacity on the arm of the potentiometer,

a marked improvement in frequency response is provided over a

certain range of adjustment. The compensation is not good

as the arm approaches ground

potential.

The gain control may be

intended to vary the output am-

plitude, to permit variation of the

input signal, or to provide a

precise gain despite a considerable

variation of tube characteristics

from the nominal values. The

point at which the gain control is

inserted dependsupon its function,

but it should usually be so placed

that it is able to prevent overload-

e
-Low-resistance potentiometer as

plate load.

-I c^c,

X

ing of any stage in the presence of the largest input signal expected.

This statement does not apply if the overdrive is intentional as it

might be if a "limited" output signal is required. A limited output

signal is one that increases in amplitude with increasing input signal

amplitude up to a certain critical level and after that remains constant.

Limiting is usually accomplished by setting the bias on a stage that

receives a negative signal so that the tube is cut off by an input signal of

the critical amplitude. A larger input

signal then produces no additional effect at

the output terminal.

General Remarks.—For some applica-

tions it is important that the gain of the

amplifier be independent of signal ampli-

tude. In general this independence will

not be obtained because of nonlinear

vacuum-tube characteristics. By means of

negative feedback it is possible virtually

to eliminate these vacuum-tube effects. The use of an unbypassed

cathode resistor constitutes the simplest form of negative feedback.

Other practical methods create a feedback loop that includes one, two,

or three stages of the amplifier. Inclusion of more than three stages in

the feedback loop may make it difficult to prevent the amplifier from

oscillating.

The voltage supply line provides a possible coupling between various

Fig. 4-65. Compensated potenti-

ometer.
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stages of the amplifier. If the impedance of this line to ground is not

extremely low at all frequencies in the pass band of the amplifier a
regenerative feedback coupling through the power supply may exist.

A good electronic regulator or a very large output condenser in the
power supply will prevent oscillation at low and medium frequencies.

At very high frequencies the inductance of the supply lines may cause
trouble unless additional bypass condensers, which need not be large,

are added at the video amplifier.

Switches are sometimes required in a video amplifier circuit, either

to alter the characteristics of the circuit or to shift the input or output
terminals to a different circuit. The switching mechanism must be so
designed that the generation of large switching transients is avoided
(since several seconds may be required for some amplifiers to return to
normal) and that the switch and its leads shall not provide a regenerative
feedback loop.

4-9. Blanking.—There are various circumstances that make it

necessary to prevent the display of information during a portion of the
cycle. A signal known as the "blanking gate," or with equal justice as
the "intensifying gate," may be used to do this by increasing the bias
of the cathode-ray tube during the "off" portion of the cycle so that a
maximum-amplitude signal does not cause current to flow. In general
it is necessary that the regions of transition be made as narrow as possible,

and that the blanking wave be absolutely flat during the "on" portion
of the cycle. The first requirement is satisfied by using a rectangular
wave from some form of multivibrator, either directly or through a
buffer stage. The second is met by taking the wave from some circuit

element in which the current goes to zero during the "on" time of the
display since this value is easy to maintain at a constant level. To
preserve the flatness of the wave thus obtained, the coupling to the
cathode-ray tube should be direct, or else a d-c restorer that functions
during the " on " time should be used. Occasionally a long-time-constant
a-c coupling will be sufficient. The amplitude of the blanking wave, for

grid or cathode blanking must be slightly greater than the amplitude of

the maximum applied signal.

In the case of the magnetic tube it is common practice to apply the
blanking signal to the second grid. The amplitude required is much
greater since the second grid must be at a potential of several hundred
volts during the "on" time, and must be at or slightly below the level

of the cathode during the "off" time. Because of the difficulty of

generating a 500-volt rectangular wave, a compromise with good focus is

usually made by accepting an amplitude of perhaps 250 volts. Although
this method is widely used in the examples cited later, it is probably not
the best method.



160 CIRCUIT TECHNIQUES [Sec. 440

In special cases blanking may be done by gating the information

generator or some intervening amplifier stage, but this method will not

be discussed here.

4*10. Signal Mixing.—The signals that are to be applied as intensity

modulation may include the primary information of the display (such as

radar video signals), a blanking signal, and various of the indices and

markers whose generation is discussed in Chap. 6. In all cases the

method of mixing the signals must be such as to meet the individual

bandwidth requirements.

This superposition of signals may be either additive or nonadditive.

In the first case the coincidence of two signals produces a net signal equal

to the sum of the two. This method is required for mixing the blanking

wave and the primary information. In the second case the net signal is

equal to the larger one, or nearly so.

A ready-made facility for additive mixing exists in the various

intensity-controlling electrodes of the cathode-ray tube. If the number

of signals does not exceed the number of such electrodes, one signal may

be applied to each electrode and each signal may therefore be treated

completely independently. The first and second grids present very high

input impedances and can be driven by almost any signal generator.

However* the input impedance of the cathode is about 50,000 to 100,000

ohms, and the driving circuit must have an output impedance low enough

to handle this load in parallel with any external loads that may be present.

Additional mixing provision is required if (1) the number of signals

exceeds the number of electrodes, (2) nonadditive mixing of any com-

bination of signals is required, (3) polarities of the signals cannot be

fitted to the available electrodes, or (4) several signals are generated at

the same location remote from the display and transmission would be

simplified by mixing them at the source.

Network-mixing is highly economical only if the signals to be mixed

are widely different in frequency characteristics so that a circuit like that

of Fig. 4-66a may be used. If the two signals should be a series of l-/*sec

pulses and a low-frequency sine wave, the values of R and C can be so

chosen that each signal is almost unaffected by the existence of the other.

If the signals have about the same frequency characteristics, and

therefore require the circuits of Fig. 4-666 and c, then the mixing elements

will constitute attenuators that increase the amplitude required of the

signal generator. Also the generators must have output impedances

low enough to prevent the first signal from affecting the operation of the

second generator and vice versa.

More versatile mixing is obtained by the use of vacuum tubes.

Figure 4-67 shows various vacuum-tube mixers. The first circuit is

appropriate when an amplifier stage is already present. In addition to



Sec. 411] POWER-SUPPLY CONSIDERATIONS 161

the normal signal to the grid, another from a low-impedance source is

applied to the cathode. Occasionally a signal may be mixed in on the
screen as well. The output signal in this case is the amplified grid or
cathode signal modulated by the screen signal.

The second circuit may be extended by adding parallel tubes to accept
any number of high- or low-impedance signals. The output signal is

Fast signal °—\{—
\

Slow signal©—-WAr-*
(o)

Fasto—
\{

Fasto—Jf

(6)

(—

1

Slowo-^VAAri

(—

J

Slow©—VW-J
(c)

Fig. 4-66.—Network-mixing.

almost perfectly additive if pentodes are used but is only partially so
with triodes. If the input signals are negative, the various biases may
be adjusted to give independent amplitude limiting for each signal.

The third circuit is also able to mix many signals and can be arranged
to be very nearly nonadditive.

In any particular display it will probably be possible to introduce all

necessary signals in more than one way. The choice of the method to be
used will be determined by the answers to such questions as the following:
Is any circuit already present from which a suitable blanking signal may

n®

Epp

6 -±6 -i- o
Fig. 4-67.—Circuits for signal-mixing.

*99
W
E„

be taken? Is the polarity of one of the input signals irrevocably fixed?
Is the amplitude provided on the borderline so that no attenuation is

tolerable? Does one of the alternatives provide a simpler transmission
problem? All this simply indicates that no decision can be reached
until the entire display problem has been outlined.

4*11. Power-supply Considerations.—In the design of a display
system and its attendant rectifier and regulator circuits, considerable
effort should be expended on the reduction of total power consumed to
the minimum value that will permit the circuit to perform as required.
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In some cases the expense of providing the input power is important, as

is also the size, weight, and cost of high-power components. Even when

these considerations are not significant there remains the problem of

dissipating the heat produced. Some components fail at high tempera-

tures whereas others exhibit marked variation in characteristics. Higher

input power increases the difficulty of holding the temperature at accept-

able levels.

It should not be necessary to present design information for low-

voltage rectifier and regulator circuits since this subject is a familiar one,

but it might be profitable to consider some of the possible steps that will

reduce input power.

First, and most obvious, is the reduction of the power consumed in

each circuit. The reduction of input current is naturally considered by

any designer, but often little thought is given to the supply voltage.

From force of habit the supply level is set at 250 or 300 volts and no

attention is paid to the fact that many of the circuits involved will

operate as well at 100 or 150 volts.

Second is the choice of voltage levels to be provided. If the total

current required is small a single supply is most economical, but at

higher currents several levels, each providing the correct voltage for a

group of circuits, should be considered. A calculation of the total input

power involved in each method may clearly decide the issue. If the two

powers are about equal the decision can be based on relative convenience.

Third is the avoidance of regulated voltage supplies, or the reduction

of current taken from them. The mere fact that some portion of the

current at a particular voltage level must be regulated does not always

justify the regulation of the total current supplied at that level. Here

again a calculation of input power will decide whether the addition of an

extra rectifier is less expensive than the larger regulator tubes required

to supply the entire current. This decision is complicated by the fact

that less filtering is needed if the output voltage is to be regulated. The

possible saving in weight must also be considered.

Fourth is the combination of a regulated and an unregulated level

with the same rectifier.

Fifth is the use of an independent negative supply level to provide

bias voltages. Often the power used to provide cathode bias from an

existing positive supply is greater than the total power input to a low-

voltage negative supply. In any event the greater flexibility provided

by a negative supply justifies its inclusion in all but the smallest of

display systems.

A sixth point is sometimes applicable. It may be that some circuits

use very little current during one portion of the cycle, but during the

remainder they use a current that is a very large portion of the total
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taken from a particular supply level. The average current may then
vary by some large factor as the duty ratio changes, and this variation
will alter the voltage level of the supply. An electronic regulator capable
of supplying the very large peak-current requirements of these circuits

may be so costly that a cheaper solution is the addition of another tube
that equalizes the current drain throughout the cycle by conducting
when the original circuits shut off and vice versa. Often this tube can
also be utilized to perform some other useful function in the system,
such as to provide a blanking signal.

4-12. High-voltage Power Supplies for Cathode-ray Tubes.—A
relatively high d-c voltage is needed to accelerate the electron beam of

a cathode-ray tube. Because the power supply from which this voltage
is obtained is required to supply only a low current, its design presents
problems different from those of other vacuum-tube power supplies,

particularly when close control of the output voltage is required.

The required voltages vary from less than 1 kv for the smallest

tubes up to 50 kv for tubes of the projection type and those employing
extremely fast writing speeds. Of more common interest are the electro-

static cathode-ray tubes requiring from 1.5 to 3 kv, electrostatic tubes
with post-deflection acceleration requiring 4 to 5 kv, and magnetic
deflection tubes requiring from 4 to about 10 kv.

The beam current required for a cathode-ray tube is low and does not
vary so much between tube types as does the accelerating voltage. The
design of a high-voltage supply must allow for maximum load currents,
for leakage currents (particularly where extensive cabling is required
between the supply and the cathode-ray tube), and for bleeder or voltage-
divider current.

A bleeder is generally required to discharge the filter condensers of

magnetic-tube supplies. In electrostatic-tube supplies a voltage divider
also provides bias, anode, and focus-electrode potentials. For this pur-
pose its impedance must be low enough to prevent excessive shift of these
potentials with beam-current modulation because part of the beam is

attracted to these electrodes. From 1 to 2 ma of current is required for
the electrostatic-tube supply, but 500 jua plus bleeder current generally
is ample for the magnetic tube.

Because accelerating-potential supplies are used in conjunction with
and generally placed close to low-voltage circuits, particular attention
must be paid to safety. Five milliamperes is generally recognized as the
maximum allowable continuous current for safety against human fatality.

For a condenser from which the initial short-circuit current may be high
but the discharge time limited, an energy storage above one joule is con-
sidered dangerous. Careful shielding of high-voltage components helps
but is never a complete safeguard. A more desirable solution lies in
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control of the output characteristic of the supply so that the short-circuit

current is limited to a low value.

Unregulated A-c Power-line Supplies.—Unregulated rectifier circuits

include half-wave, full-wave, bridge, half- and full-wave voltage doublers,

T0.25 t0.25
3kv

T

lM,lw
200 k:

0.05 1180 k.

2w

-1950 vd-c

*- &

Blanking signal

Fig. 4-68.—Typical negative 2-kv supply for electrostatic cathode-ray tube. The divider

constants given are only approximate as they depend upon the tube type employed.

voltage triplers, quadruples, etc. Considerable recent literature has

appeared on the characteristics of voltage-multiplier circuits. 1 Of these

circuits, the half-wave rectifier and the full-wave voltage doubler have

had the widest application. Voltage multipliers occasionally find use

where elimination of the high-

voltage transformer can be

effected. Figures 4-68, 4-69, and

4-70 show some of the unregulated

supplies most commonly used in

display systems.

The popularity of the half-

wave circuit is due to its

simplicity, especially when a

vacuum-tube rectifier is used.

The complication introduced by

additional rectifier tubes and parti-

cularly that due to insulation of

their heater transformer windings, discourages the use of multipliers.

Metallic (selenium) contact rectifiers, which have recently become avail-

able for this type of application, eliminate this difficulty, and future use

of such circuits will undoubtedly increase.

i See O. H. Schade, "Analysis of Rectifier Operation," Proc. I.R.E. (July, 1943),

also Proc. I.R.E. (July, 1945).

Fig. 4-69.—Typical positive-voltage sup-

ply for magnetic tubes, using half-wave

rectifier and two-section BC-filter.
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For the same conditions of output voltage, current, regulation, and
ripple, the full-wave doubler is the most efficient of the rectifier circuits.

It requires half the transformer-secondary voltage and half the filter

capacity needed with a half-wave rectifier. Although two rectifier

elements are required, their peak inverse voltages are halved. The use
of miniature rectifier tubes also makes the application of the voltage
doubler more favorable.

Table 4-4 fists the character- rectifiers 0.25 M +6kv
istics of the more common rectifier

tubes suitable for high-voltage

applications.

Selenium rectifiers suitable for

high-voltage, high-temperature

applications are available with

peak inverse-voltage ratings of 1,

2, 3, and 4 kv (see Fig. 4-71) and
with a current rating of 5 ma at

55°C or 1 ma at 90°C. Theyhave
an extremely nonlinear conduc-

tion characteristic and also exhibit

leakage in the inverse direction.

Figure 4-72 shows these charac-

teristics for a 4-kv rectifier. The curves represent maximum values of

inverse-current leakage and forward-voltage drop and are similar to those
obtained for lower-voltage units, provided that the voltage scale factor is

changed to correspond to the required inverse-voltage ratings.

Table 4-4.

—

Chabactebistics of High-voltage Rectifies Tubes

Fig. 4-70.—Cathode-ray-tube supply of
+6 kv using selenium rectifiers in full-wave
doubters and with +700-volt tap for A\ or
Gi supply.

Type
Filament Inverse

peak volt-

age, kv

Peak anode
current,

ma

Average d-c

output cur-

rent, ma

Resistance,

10 ma
current

Base
Volts Amp

2X2
2V3
8016

1Z2

3B24

2.5

2.5

1.25

1.5

2.5-5

1.75

5.0

0.2

0.3

2.5

12.5

16.5

10.0

20.0

20.0

45

12.0

7.5

10.0

150-300

7.5

2.0

2.0

2.0

30-60

7.5k

20

7.5

4-2

4 pin

4 pin

Octal

Miniature

7 pin

4 pin

The selenium rectifiers illustrated in Fig. 4-71 are hermetically sealed

in £-in. glass tubes and may be operated in oil. They have long life,

particularly at low temperatures. These factors make it feasible to seal

the entire high-voltage unit in an oil-filled container.

Since ripple voltage is of higher frequency than variations due to bad
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voltage regulation, it is in general much more noticeable. It must there-

fore be held to closer limits than is necessary for regulation variations.

y

c
Fig. 4-71.—Selenium rectifiers for cathode-ray-tube applications.

For most magnetic- and electrostatic-tube applications, 0.5 per cent

peak-to-peak ripple is a reasonable design figure, and 0.1 per cent repre-

sents the point of diminishing returns.

Although ripple voltages are

ordinarily thought of as originat-

ing from the a-c input voltage,

they may also be caused by varia-

tions in output current. In

general, if beam-current variations

are of much higher frequency than

those of the a-c input voltage, their

effect will be negligible. If they

are lower in frequency, they may
be the predominating factor in the

filter design.

Most filter-circuit require-

ments are met either by a single

condenser or by a two-section

tfC-filter. The single condenser is

applicable at relatively high frequencies (several thousand cycles per

second) and the two-section filter is preferable at power-line and aircraft

(400 cps) supply frequencies. Inductances are seldom used because the

-1,000

-4,000 -2400 -800
D-c volte

Fiq. 4-72.—Selenium-rectifier characteristic,

nO-disk-assembly high-temperature type.
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high impedance required (250,000 ohms at 60 cps is 500 henrys) makes
them expensive and bulky. Figures 4-73a, b, c, and d show these niters
with half-wave and with full-wave-doubler rectifier circuits.

A simple formula that expresses peak-to-peak ripple voltage for the
single-condenser filter and is applicable to either half-wave or voltage-
doubler circuits may be developed as follows:

If p is defined as the ratio of discharge time per cycle to the period
(1//), then the discharge time is t = p/f. The percentage ripple voltage
is Zr = AF(100)/#o , where AV is the discharge of condenser d in time t.

But AV = It/Cx and / = E /RL . Then, AV = Eop/R^xf, and

AV/E = p/fTt

where Tx is the filter time constant. Therefore,

P 100p

fT (14)

For most purposes, the factor p may be either assumed equal to unity or
estimated.

Stray-capacity coupling due to Cs as shown in Fig. 4-73a and 6 intro-
duces a ripple component. In Fig. 4-736 Cs is the effective stray capacity
of the transformer secondary to ground, and the ripple component is

given by 8C = lOOCs/id + Cs). [It is 8C = 200Cs/(C 1 + Ca) for Fig.
4-73a.] It may be balanced out by applying a condenser Cs as shown in
Fig. 4-736 for the voltage-doubler circuit.

An equation for the ripple of a two-section filter may be developed
in a manner similar to the derivation of Eq. (14). It is

8 - Tl i

-y + ln/^Cl -e ^) - l

7V(1 - e ft)

(15)

where Ti = R d and T2 = C2RL . This development neglects the
rectifier conduction time and, in calculating input voltage, assumes the
output voltage to be constant.

Variations of output voltage of the high-voltage supply may be due
either to input-voltage or to load-current variations. The amount of
regulation required for this voltage depends on the amount of pattern
distortion, variation in intensity, and defocusing that can be tolerated.

For an electrostatic tube, proportional variations of the high-voltage,
focus, and deflection potentials result in no defocusing 1 but do change
the beam intensity and deflection factor of the tube. The latter effect
is undesirable when the tube is used as a direct measuring device. The

1 See Sec. 2-8 for focus-voltage characteristics.
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variations will be proportional if all potentials are derived from the same

primary source and if the time constants of high-voltage and low-voltage

supplies are identical.

For a magnetic tube the voltages across the focus and deflection coils

must vary as the square root of the accelerating potential in order to

maintain focus and pattern size. The deflection is, then, less sensitive

to changes in accelerating potential but, at the same time, it is more

a
i

—

f Cs

=pCl

-vMil/ '

=c,

(6)

Rr

i—w\—

r

4=C, Tc
*
E
°
R

'

_L

n
-AA/V

^C,

c
x

^FC2

o R,

(e) (<*)

Fiq. 4-73.— (o) Half-wave rectifier; (6) voltage doubler; (c) two-section filter on half-wave

rectifier; (d) two-section filter on voltage doubler.

difficult to correct for variations in voltage than in the case of the elec-

trostatic tube. For normal power-line variations of ±10 per cent,

correction of the focus voltage as outlined in Sec. 3-4 or complete regula-

tion of all voltages is desirable. The latter method is to be preferred.

The voltage-regulation factor kv of a circuit is here defined as the ratio

of the per cent change in output voltage to the corresponding per cent

change in input voltage. Denoting percentage changes by 8 and 8<

respectively,

So - kv&i -
AEo
AEi El

S- (16)
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The load regulation factor kL of a supply is defined as the percentage
change in output voltage per unit change in load current. Thus

kL —
100 AE = lOORs

E ML E (17)

where Rs is the internal resistance and E the open-circuit output voltage
of the supply. The percentage change in output voltage &L for a given
change in load current AIL is then given by

&L = kLML =
lOORs Mi

E (18)

It is convenient to express kL in per cent per 100 /m for high-voltage
supplies.

Load-regulation requirements range from perhaps as high as 7 to 8
per cent per 100 n& for applications requiring constant beam current, to
as low as 0.1 per cent per 100 jua. From the focus standpoint 3 per cent
per 100 /*a is tolerable for a magnetic-tube application requiring as much
as 200 n& change in beam current at frequencies too low to be absorbed by
the power-supply filter. The relation between focus (spot size) and
accelerating potential is illustrated in Fig.

3-10. Inspection of this curve indicates that,

for a 5FP7 or 7BP7 magnetic tube, a ±3
per cent change in accelerating potential

results in a change in spot size of 12 per cent.

Regulated Supplies.—Methods of regulat-

ing the input voltage of a-c power-line

supplies include the use of a variety of com-
mercially available line regulators that use

nonhnear-impedance networks. Voltage-
regulation factors of from about 0.2 to 0.05

are generally achieved by these devices, but
load regulation is not provided. In fact, their use can increase the effec-

tive output impedance of the supply, and the output wave shape is so
distorted from a sine wave that the output of a peak voltage rectifier is not
necessarily held constant by such a device.

Use of a nonlinear element in an output voltage regulator is illustrated

in Fig. 4-74 in which RT is a Thyrite block. For Thyrite / = bEn where b
is primarily determined by the shape of the material and n is a constant
whose value is between 2.5 and 6. The small improvement in regulation
obtained with this circuit seldom justifies its use.

The ^-bridge circuit has been used as a high-voltage regulator but
poor load regulation, circuit complexity, and the requirement of a floating

Fig. 4-74.—Nonlinear resistance
regulator.
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grid-bias power supply make it inferior to the series and shunt regulators

for this type of application.

The series and shunt regulators are degenerative circuits in which

the change in output voltage is amplified and applied to the circuit in

such a manner as to decrease its value. The value of AE is obtained by

comparing a portion of E to a constant source of potential, referred to as

the standard, or Et . In most applications requiring regulation of the

high voltage, a regulated low-voltage supply is available and is used for

Et . Any degree of regulation may be obtained by varying the amplifica-

tion of AE . Because of the requirement that the bulk of the regulator

(a) (*>)

Fia. 4-75.—Series regulator circuit, (a) Actual circuit. (6) Equivalent circuit.

circuit be at or near ground potential, the shunt regulator is applicable

only to positive output supplies and the series regulator only to negative

supplies.

Figure 4-75a shows the circuit for a series-regulator supply, the equiva-

lent circuit for which is shown in Fig. 4-756. Choice of the rectifier cir-

cuit is arbitrary.

In practice theapparent resistance of the tube (JRi + R^/Rigm is small

compared to the other terms comprising the internal impedance of the

regulator and is therefore the primary term in determining the out-

put impedance. The factor Ri/(Ri + R*) is very nearly equal to

E,/(E + Es) ; hence regulation is improved by choosing E, as large as

possible as well as by employing a tube with a high amplification factor.

In a typical design using a 6SJ7 for the regulator tube, E = 1800

volts, Ex = 2250 volts, Et = +300 volts, RL = 1 megohm, Ri = 1

megohm, Ri + R% = 7 megohm, rp = 0.5 megohms, and gm = 0.35

ma/volt at E.c
= 100 volts. The apparent resistance of the tube is

20,000 ohms, and hence Ra , the internal resistance of the regulator circuit,
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is very little less than this. The load regulation kL as defined in Eq. (17)
is then 0.11 per cent/100 /m. The voltage regulation factor kv is 0.05.

Stray-capacity coupling of the transformer secondary to ground
(as shown by C in Fig. 4-75a) may sometimes cause excessive ripple.
In such cases it may be desirable to connect R2 to A (as shown dotted)
rather than to the output terminal, thus effectively introducing an addi-
tional filter stage but increasing the output impedance.

Safety is achieved by adjusting the screen voltage so that the tube
draws grid current when the cathode current is about three milliamperes.
An excessive load may then cause the tube to stop regulating, and the
output voltage may therefore go rapidly to zero without an appreciable
increase in output current. For this application a tube designed for full

*o (Supply impedence)
t »| •-vw

R*

(°) (b)

Fig. 4-76.—Shunt-regulator circuit, (a) Actual circuit. (6) Equivalent circuit.

output voltage across its plate would be desirable. Plate voltage restric-
tions on receiver-type tubes limit their application to supplies of not more
than about 1700 volts negative.

The shunt regulator (Fig. 4-76a and b) comprises a tube essentially in
parallel with the load. The input voltage is coupled to this tube through
a series resistor R and the internal resistance of the rectifier circuit.
The sum of these two resistances is indicated by Rx in Fig. 4-766. An
increase in output voltage causes an amplified increase in regulator tube
current. This current flowing through Rx produces a voltage drop that
tends to compensate for the change in input voltage, thus stabilizing the
output voltage.

The plate of the shunt regulator tube must operate at full output
voltage and the amplification factor must be rather high (m = 500-650).
A high-voltage, low-power triode 1

still in the developmental stage at this
writing has satisfactory electrical characteristics. They are tabulated
in Table 4-5, and a plate-voltage, plate-current characteristic is shown in

1 National Union No. M-1060.
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Fig. 4-77. Life-test performance of this tube is as yet unsatisfactory for

commercial production and some tubes exhibit instability due to exces-

sive grid current.

Table 4-5.

—

Electrical Characteristics of National Union No. M-1060 Triode

Max. plate voltage 10 kv

Max. plate power 10 w
Amplification factor 500-650 (approx.)

Transconductance 500-650 ^mho

Plate resistance 1 megohm

Filament voltage 6.3 v

Filament current 0.3 amp

In practice Rx and Rx + R% shown in the equivalent circuit (Fig.

4-766) are very large compared to the reflected resistance of the regulator

tube. Hence, the internal impedance and regulation of the circuit are

determined primarily by gm and

by Es/E . It is desirable there-

fore to choose gm and Es as large

as possible. A minimum current

of about 200 n& isrequired through

the tube in order to keep gm at a

reasonably high value. This cur-

rent and the power rating of the

tube limit the range of regulation.

However, for output voltages of 5

to 6 kv the range is ample to

control variations of + 10 per cent

in the line voltage for normal

loads. Measurements with a

number of experimental tubes in the circuit shown, with a load current of

500 n&, gave values of load regulation of from 0.052 to 0.064 per cent/100

Ma and values of voltage regulation of from 0.026 to 0.032.

Because it is often desirable to have freedom of choice of the operating

frequency or of the type of operation, tube oscillators or pulse generators

are particularly useful for supplying power to high-voltage rectifiers.

Thus the use of operating frequencies high compared to power-line

frequencies results in smaller, more compact, and lighter filter and trans-

former components. This is an advantage when space and weight are

at a premium as in aircraft. Actually an increase in operating frequency

does not result in a linear decrease in component size because of the

requirement for output-current as well as input-voltage filtering. It is

also true of components in general, since high-voltage-insulation require-

ments soon become the major factor in determining the size of the com-

ponent. Thus, although considerable saving over low-frequency (60 to
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400 cps) operation may be obtained, an increase in frequency above
several thousand cycles per second does not result in appreciable further

saving in weight or space.

Tube-oscillator high-voltage generators are divided into four classi-

fications, depending on the type of operation: (1) r-f oscillators operating

at several hundred kc/sec and using an air-core transformer; (2) a-f

oscillators using an iron-core transformer and operating at several kc/sec

;

(3) pulse or blocking-oscillator generators; and (4) inductance-charging

high-voltage generators. The first two types are essentially sine-wave

oscillators although most efficient operation is obtained at relatively low

Q and large harmonic distortion. The difference between (2) and (3) is

primarily one of method of operation since the same circuit may be made
to operate either way. With a blocking oscillator, rather sharp voltage

pulses of short duration are produced. The generator has very low
impedance during the period of operation and does not draw current

between pulses. In (4) the high voltage is generated by allowing current

to build up in an inductance at low voltage. The current flow is then
interrupted and the resultant high inverse voltage is used to charge a

filter condenser.

These generators all have rather high load-regulation factors ranging
from about 1 to 6 per cent/100 n& depending on output voltage, etc.

They depend for voltage regulation on regulation of their d-c input volt-

age. When improved load regulation is required, control of the input
regulator may be obtained from the high-voltage d-c output.

Radio-frequency oscillators have been used to produce voltages as

high as 35 kv. The circuit diagram for a typical 5-kv supply is shown
in Fig. 4-78. * The transformer comprises two tuned coupled circuits.

Optimum load regulation requires that the coupling coefficient K be much
greater than Kc for critical coupling, where Kc = l/\/QiQ 2 . Because
K is limited to approximately 0.25 by insulation requirements, this con-
dition must be met by achieving values of Qi and Q2 of from 10 to 20 under
full load conditions. Open-circuit Q values must be much greater than
this in order to reduce transformer losses. The output voltage is depend-
ent on the tuning of the input circuit; hence it may be adjusted by means
of the primary tank condenser. The grid feedback winding is placed on
the opposite side of the secondary or output winding from the primary.
Its coupling is therefore principally to the secondary, and the mode of

oscillation is determined by the polarity connection of this winding.
With the connection as in a conventional single-tuned circuit, best regu-
lation is obtained with operation at the lower-frequency peak. Coupling

1 For detailed discussion of the theory, method of operation, and design considera-
tions involved in this type of supply see O. H. Schade, "R-f Operated High-voltage
Supplies for Cathode-ray Tubes," Proc. I.R.E. (April, 1943).
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of the grid feedback winding to the primary winding results in an unstable

frequency characteristic and cannot be used.

A well-designed r-f supply may have an over-all efficiency (ratio of

d-c output to d-c input power) of as high as 50 per cent for an output-

voltage drop of 12 per cent at full load. The design involves a compro-

mise between efficiency and load regulation.

An iron-core stepup transformer may be used in a Hartley-oscillator

circuit to provide an a-f oscillator high-voltage supply. The transformer

0.004

+370 v

Fig. 4-78.—Cathode-ray-tube supply of the r-f oscillator type.

supplies the necessary tank-circuit inductance of the oscillator circuit.

A 6V6 tetrode is satisfactory as a driver tube for producing voltages up

to 7 or 8 kv. Typical circuits are shown in Figs. 4-79 and 4-80.

Figure 4-79 is a supply designed for use with a post-acceleration

electrostatic tube. It supplies 2 kv and uses 4-kv peak-inverse-voltage

selenium-rectifier elements in half-wave rectifier circuits. Polarity of the

transformer is such that the oscillator tube and the negative rectifier

element conduct at the same portion of the cycle. This arrangement

results in best regulation from the negative supply. Since the tube is

nonconducting during the positive half cycle, the positive-supply regula-

tion is determined primarily by the tank-circuit impedance and is several

times worse than the negative-supply regulation. The negative supply

is thus capable of delivering 1 to 1.5 ma to a divider for bias and focus

control purposes without undue voltage drop. The only load on the
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positive supply is the beam current of the cathode-ray tube and the

rectifier leakage current. The leakage current is satisfactory as a means
of discharging the filter condenser in applications where the energy storage

is considerably below the danger limit. Hence, a bleeder resistor is not

provided on the positive supply.

Measured characteristics of the supply shown in Fig. 4-79 are as

follows: for an input voltage of 250 volts, the input current varies from
16.1 ma at no load to 25.5 ma for a negative-load current of 1.3 ma and
100-jua positive load; under full-load conditions, output voltages are
— 1970 volts and +2120 volts; negative regulation is 1.25 per cent per

100 pa, and positive regulation is 4 per cent per 100 /za; ripple voltages are

+ 250v-26ma
i

Magnetic winding

* 352-7264

110 disk

selenium retificer

Fig. 4-79.—Audio-frequency voltage supply at ±2 kv.

0.12 per cent for the negative supply (full load) and 0.2 per cent for the

positive supply (mostly due to capacitive coupling); the operating fre-

quency is about 2600 cps, and over-all efficiency is 44 per cent. The
transformer has a primary (open-circuit) inductance of 0.42 henry and a
turns ratio (total primary to secondary) of 7.85. The ratio of grid

drive to plate voltage is 1 to 5.

The circuit shown in Fig. 4-80 uses, in a full-wave-doubler circuit, a
transformer similar to that used in the circuit of Fig. 4-79. An open-

circuit output voltage of 5 kv is obtained for an input voltage of 300 volts.

The current requirements are 18.5 ma at zero load to 28 ma at 500-Ata

load. Regulation over this range is about 3 per cent per 100 na,. Regula-
tion, input current, and efficiency characteristics of this circuit are shown
in Fig. 4-81. The regulation for a 60-cps unregulated supply (Fig. 4-69)

is shown in comparison.

The single-section filter has a full-load ripple of less than 0.5 per cent.

Similar supplies have been built for operation from 4 to 7 kv and from
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500 cps to 10 kc/sec with varying degrees of efficiency and regulation.

Most typical figures include input current variations from 15 ma at zero

+300 v
n Magnetic winding

.352-72
140-8

100.

2.2 k

2-s-
W

4= 0.0043

43 k
1 ...

20 k

2w
-K-

600 i

0.01

° 4600
o turns 5

section
secondary

110 disk selenium rectifiers

_*| 4

+ 0.25

0.01 s:
3kv

0.01

1

3kv

+ 4800v

Fig. 4-80.—Audio-frequency voltage supply at 5 kv.

load for the lower voltage units to 35 ma at full load for the higher volt-

Regulation figures from 2

100
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800 1000 1200 1400

Ml
^60 cps

M"

—

(1)

4^ 2600 cps

(2)

(1)—

JSt

iay
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Fig. 4-81.—Characteristics of an audio-

frequency oscillator: (a) efficiency; (6) input

current; (c) short-circuit characteristic; (d)

regulation; (e) for comparison, the regulation

of 60-cps unregulated supply is shown.

per cent per 100 Ma to 3.5 per cent

per 100 jwa are typical. The
optimum-frequency design figure

for most applications is 3000 cps.

The design involves a compromise

between good regulation, high

efficiency, and small transformer

size.

Since the full-wave voltage

doubler conducts on both halves

of the cycle, regulation is some-

what more dependent on the im-

pedance of the tank circuit than

it is in a half-wave circuit. Use

of selenium rectifier elements also

results in somewhat poorer regula-

tion than is obtained when diodes

are used. This difference may
amount to from 0.1 per cent per

100 fi& to 1 per cent per 100 n&
depending on whether the units

are operated near their peak

maximum-inverse-voltage rating, and on the amount of current drawn.
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The voltage-doubler circuit and selenium rectifiers are useful because of

the saving in weight and space achieved although the saving is achieved
at the expense of regulation. Use of the voltage doubler is also effective

in increasing the oscillator stability.

Figure 4-82 shows an equivalent circuit diagram of the oscillator

supply; Lp and L, are the primary and secondary leakage inductances,

Lm is the mutual inductance, C» the secondary stray capacitance, N the
turns ratio and Cp the tank-circuit plus primary stray capacitance.

From this diagram it is evident that the circuit has two possible modes of

operation. In the first, Lp , LM , and Cp form the resonant circuit. In the
second the resonant circuit is composed of Cp , Cs , and the primary and
secondary leakage inductance, essentially a capacitive-divider arrange-

E< =£C,

Up Up

*

cs 4= c,4=

Fig. 4-82.—Equivalent circuit diagram of the a-f oscillator, showing two possible resonant
frequencies.

ment in which EM = EiCp/NCg . Although the circuit is not normally
operative in the second or high-frequency mode, it may be so excited by
application of a shock such as results when the high-voltage output
rectifier conducts under heavy load conditions. The shift in frequency
is accompanied by an abrupt change in output voltage, and oscillation

may continue at this frequency when the load is removed.

High-frequency oscillations may be prevented by reducing C„, Lp , and
L„ and by increasing Cp ; or by obtaining the grid voltage in such a fashion

that the circuit is degenerative at the higher frequency. The first method
results in a wider separation of the two frequencies, higher output voltage
and lower Q at the high frequency. For the purpose of lowering the

leakage reactance and effective Cs , and for high efficiency and small size

at relatively high operating frequencies, use of high-permeability low-

loss transformer materials is indicated. The value of Cs may also be
decreased by sectionalizing the secondary winding, as illustrated by the
power-supply design of Fig. 4-86.

Degeneration at the higher frequency may be achieved by placing the
grid-excitation winding on the outside of the secondary winding and by
using capacitive coupling from the secondary to the grid winding. A
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circuit that used a combination of the latter methods and conventional

transformer construction had good efficiency and regulation; it required

21 to 31 ma of input current at 300 volts for a to 500-Ma load at 7 kv

open-circuit output voltage and had a regulation factor of 2.3 per cent

per 100 /xa. Excellent stability has been achieved in circuits using both

methods, for it is then possible to short-circuit the output terminal to

ground without exciting the circuit to high-frequency oscillation.

Operation of the blocking-oscillator circuit is discussed in Sec. 4-3.

A generator using such an oscillator gave a regulation factor of kL = 3

per cent per 100 /xa, and required an input current of 34 ma at 350 volts

for an output voltage of 5 kv at 100 ita. A typical circuit diagram is

shown in Fig. 4-83. Efficiency and regulation factors are a function of

transformer design and choice of driver tube. Application of recent

developments in the art of pulse-transformer design would undoubtedly

B+

450t!

450t<

450t<

65mh
600t'

Pie wound transformer

2X2C—

}

f-14kc

;400t

1.1 4= J 10k

Center tapped

4=0.01

>50M

Fig. 4-83.—Pulse-generator or blocking-oscillator high-voltage supply. (Courtesy of

Hazeltine Corporation.)

improve the performance figures cited. Although past usage has been

limited, application of the circuit as a combination trigger and high-

voltage generator appears to offer possibilities.

A generator of the inductance-charging type is illustrated in Figs.

4-84a and b. A rectangular voltage is applied to the grid of a driver tube,

preferably a pentode to reduce the loading due to rp . When the tube

is turned on, current increases through Lata rate determined by

Ml _ (Eb — Ep )

~dt
~ L

where Ep is the voltage at the plate of the pentode while it is conducting.

Shunt and series resistance and stray capacitance are for the moment

neglected. When the tube is turned off, the voltage at the plate goes

instantaneously positive until the high-voltage diode begins conducting

at the voltage E - The rate of decrease of iL is given by

Ml = (Ep - Eb )

dt L
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Since the total change in ih ,
given by AiL = diL/dt • t, must be the same

for the charge and discharge periods, there results,

(Eb -Ep)h _ (Eo- Eb)h
L L

'
__ et _ Eb(h + U) Epk
or Cjq —

•

h h

Efficient operation requires that L/R» 1//, and that \/LC', <£ti or that
stray capacitance be kept to a minimum. Idealized waveforms are shown
in Fig. 4-84c.

The process involved is essentially that required to generate a linear

current waveform for magnetic deflection as required in a television-type

line scan. Advantage is taken of this fact in combining the two processes

Fig. 4-84.—Inductance-charging generator, (a) Complete circuit, (b) Equivalent circuit.

(c) Idealized waveforms.

in a single sweep-circuit and high-voltage generator with resultant saving

in power and components. The combination is limited to applications

where the ratio ti/h is constant, and is most efficient where the power dis-

sipation required for the backswing of the deflection yoke and for the

high-voltage supply are about equal. The rapid drop in output voltage

of the a-f oscillator for load currents above 1 ma is characteristic of all

the vacuum-tube oscillators discussed and is an important safety feature.

Load Regulation of Oscillator-type Power Supplies.—Although vacuum-
tube high-voltage generators are characterized by high internal imped-
ance, good load regulation may be obtained by controlling the oscillator

voltage. The control voltage is obtained by comparing a portion of the

output voltage to a standard voltage Es , and may be applied to the input

terminal or to one of the electrodes such as the screen, suppressor, or

grid of the oscillator tube. Screen control has been used in connection

with the a-f and r-f oscillators. A satisfactory range of control for load

regulation may be obtained by simple means. The additional compli-
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cations involved in extending this range to cover both input voltage and

load variations indicate that direct control of the input voltage is more

desirable. A typical circuit of the latter type is shown in Fig. 4-85.

Regulation constants for this circuit in conjunction with the a-f oscillator

of Fig. 4-82 are well within the limits required for cathode-ray-tube

applications. In the typical application, inclusion of load regulation

only requires addition of the amplifier tube 7 2 and the high-voltage

divider Ri + R 2 . The high-voltage generator is shown as a block

indicating that the method applies to any of the circuits discussed.

lOh

4=4 (a
2M
-WV ihWV-

1M

6Y6G

+300v

T
6SL71 1=1

YtYi

16k
5w

5k

2w

VR-105
i0.1

i?2

;50M

'5kv

=r4

+ 5kv

a-f oscillator

high voltage

supply

1.1 M

Fig. 4-85.—Voltage regulation with load feedback.

Mechanical Construction.—Many applications require the high-voltage

supply to operate under adverse conditions such as dirt, humidity,

extremes of temperature, fungus, and high altitude. These conditions

are particularly troublesome in high-voltage applications because they

tend to break down high-voltage insulation or increase the flashover

distances required. The further requirement of shielding the high-

voltage components against accidental contact and electrostatic pickup

suggests the desirability of hermetic sealing of the complete high-voltage

supply. Common practice for high-altitude applications is to put the

supply in a pressurized container. Figures 4-86 and 4-87 indicate the

advantage to be gained by the use of selenium-rectifier elements, which

allow hermetic sealing of the complete high-voltage unit in a metal,

oil-filled container. Advantage is taken of the high insulating qualities

of oil in compact assembly of the components. The resultant saving in

weight and space is appreciable.
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Figure 4 86 is the a-f supply shown in Fig. 4-80. The assembly con-

tains the a-f transformer, rectifiers, and output filter. A high-voltage

output terminal and three transformer input terminals are provided.

The container measures 2f by 3 by 5-g- in. outside dimensions exclusive

of the bushings and expansions bellows mounted on one end. The unit

Fig. 4-86. Fig. 4-87.

Fig. 4-86.—Internal construction of a +5-kv audio-frequency oil-filled hermetically sealed

power supply for eathode-ray-tube applications.

Fig. 4-87.—Unregulated -|-lS-kv 6f)-cps cathode-ray-tube supply—oil-filled hermetically

sealed unit using selenium rectifiers.

is normally mounted on a 3-in.-depth chassis with the bushings below

the chassis.

Figure 4-87 shows the same type of construction applied to a 15-kv,

60-cps, a-c unregulated supply. As before, the only exposed point is the

single high-voltage d-c output bushing. The method is applicable to

any a-c unregulated supply, to such a supply in conjunction with the

series and shunt regulator circuits, and to the lower-frequency oscillator

circuits discussed previously.
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Testing of High-voltage Power Supplies.—High-voltage power-supply

testing presents special problems. They include methods of measure-

ment without loading the supply, control of the output voltage or load

from a vantage point near ground, and accurate measurement of small

changes in output voltage (regulation) without subjecting the measuring

equipment and the operator to the voltage involved.

The test unit diagram in Fig. 4-88 should serve as a suggestion as to

methods that may be used in solving these problems. The unit is

designed for measuring the four characteristics of interest—voltage,

current, regulation, and ripple—for positive supplies from to 10 kv and
to +4 ma load. Full-scale regulation of 2 per cent, 10 per cent, and

50 per cent is provided.

Ripple measurements are obtained by coupling the output voltage

through a high-voltage condenser to Via, to supply high-impedance input

and low-impedance output for observing ripple on a "scope" or measur-
ing on a suitable meter. A high-voltage triode (15E) is used as a con-

trollable load. A suitable potentiometer and resistor in the cathode

circuit serve as a means of varying the load current for the current and
voltage ranges supplied. The load-current meter in this cathode circuit

has ranges of 0.2, 1.0, and 4 ma. The highest range is useful for obtain-

ing overload characteristics such as the a-f regulation curve, Fig. 4-81d.

The voltage and regulation meter employs a form of electronic vacuum-
tube voltmeter circuit. For the voltmeter it consists of an approximately

50-volt meter in the cathode circuit of Vy,. Switch S3 is turned to Posi-

tion 2 so that the meter is placed between the cathode and a bias or

zero-adjustment point. Grid voltage is obtained from a high-voltage

divider whose resistance is 100 megohms. Switching of ranges is accom-
plished on the low side of the divider. The divider current is small,

although not negligible. Because the total divider resistance remains

almost constant, correction may be applied where necessary.

The regulation meter circuit is put into operation by turning switch

S3 to Position 1. The meter with suitable scale multipliers and selector

switch is connected with the polarity indicated between a standard

source of potential and a cathode follower. If it is assumed for simplic-

ity that the voltage Es is 100 volts and the multiplier is of such value that

a 10-volt change in Eg produces full-scale meter deflection, the meter
then reads 10 per cent regulation. In practice Ri and R* are adjusted

so that the meter reads zero for a no-load voltage of EQ . Then as load is

applied, the percentage change in output voltage is indicated on the

regulation meter.

Additional circuits in the test unit include a regulated power supply
for the test instrument and a variable-voltage regulated supply for

furnishing power to oscillator-type supplies.



CHAPTER 5

POSITION-DATA TRANSMISSION 1

By F. B. Berger and Warren F. Goodell.

The fundamental problem of data transmission is to obtain at a remote

point a signal that is a given function of a primary signal at another point.

In the applications of particular interest in this book the primary signal

is generally mechanical and the remote signal may be either mechanical

or electrical. The means of transmitting the signal have been classified

arbitrarily into three groups: mechanical methods, which are used when
the remote signal is a shaft rotation; electro-mechanical methods, for

which the remote signal is a voltage or a set of voltages; and synchronized

methods, which offer a cheaper solution for some applications of each

sort, but which are not easily made very accurate.

MECHANICAL TRANSMISSION OF ANGULAR DATA

Examples of mechanical transmission of angular data are rotating-

coil-PPI radar indicators where the deflection coil rotates in synchronism

with the antenna, and azimuth-stabilization schemes in which the

stabilizing element is controlled remotely by a fluxgate compass. The
principles and circuits to be discussed here may be applied to almost any

situation requiring transmission of mechanical rotation.

5-1. Direct Mechanical Drive.—If the shaft to be driven is located

near the antenna or driving source, it is possible to couple the two by a

flexible shaft, but this method is bulky and comparatively inaccurate.

Although much of the error may be eliminated by gearing the shaft up

to a multiple speed, the maximum speed of shaft rotation is limited

because of the friction between the shaft and its protective conduit,

especially if the shaft is not straight. Since the shaft is not rigid, only

low accelerations may be followed with any degree of accuracy. It is

also difficult to control more than one shaft when using this method.

Flexible-shaft coupling has been rarely used in the devices described in

this book.

In almost all data-transmission systems there is some gearing in-

volved. Special mathematical functions may be introduced by the use

of suitable cams.

1 Sees. 5-1 through 54 by Warren F. Goodell, remainder of the chapter by F. B.

Berger,

184
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5-2. Synchro Drive.—The simplest system using synchros 1 (Fig. 5*1)

for angular-data transmission consists of a synchro generator and a

synchro motor connected as shown in Fig. 5-2. The generator and motor
are both rotary transformers and are electrically and mechanically

identical except for the addition to the motor of a damper flywheel.

Fig. 5-1.—Typical synchros: (a) Diehl FPE-43-1
;
(b) GE size 5, 60 eps; (e) GE, 2J, 400 cps;

(d) Pioneer Bendix AY-30; (e) Pioneer Bendix AY-100, 400 cps.

In each unit, a-c excitation power is applied to a single-phase primary
winding (usually the rotor) that induces voltages in three secondary

windings (usually the stator) that are y~connected and are mechanically

spaced 120° apart. Another type of synchro often used as a resolving

1 "Synchro" is a generic term applied to a multitude of similar devices manufac-
tured by several companies under different trade names; for example, the General
Electric "Selsyn," the Kollsman Instrument "Teletorque," and the Pioneer-Bendix

"Autosyn," In addition, many companies manufacture "Synchros" to Army and
Navy specifications. A report (Radiation Laboratory Report No, 740) compiled in

June, 1945 lists 225 available standard synchro-type instruments. There are approxi-

mately as many more that are not listed there. Chapter 10 in Vol. 17 of this series

discusses the available types in much more detail than can be gone into here. Syn-
chros considered as modulating devices are discussed also in Vol, 19, Sec. 12-6.

Normal life expectancy of most synchros in an aircraft installation is between
1000 and 20,000 hr. Most of the available types will pass the standard Navy shock
and vibration tests; they will operate satisfactorily from — 65°C to -j-95°C; and when
the windings are properly impregnated, they will withstand moisture.

Synchros vary considerably in size and weight. The Bendix "autosyn" AY-100.
for example, weighs 5 oz and is 1.4 in. in diameter and 2 in. long over all; whereas Navy
synchro 7DG weighs 18 lb, is 5.75 in. in diameter, and 9.2 in, long.
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Generator ___Motor__

device has but two separate secondary windings mechanically spaced at

90°.

Any lack of correspondence between the positions of the generator

and motor causes the voltages in

the stator windings to be unequal.

This inequality causes circulating

currents to flow through the wind-

ings and produces torques tending

to restore the rotors to corre-

sponding positions. Because the

generator rotor is usually geared

to the driving source, the motor is

the only element that can respond

to these torques. When both

rotors are in correspondence, the

stator voltages are equal and no

currents flow.

The voltages induced in the

stator windings are all in time

phase because only single-phase power is applied to the rotor and the

synchro revolves but slowly. However, the peak amplitude of a given

stator-winding voltage varies sinusoidally with time if the rotor turns with

Exciter condensers

Fig. 5*2.—Simple synchro system.

a-c line

Fig. 5-3.—Synchro system with differential.

uniform angular velocity. Thus, since the three stator windings are

mechanically spaced by 120°, the envelopes of the stator voltages will

be 120° out of phase.
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Differential-generator synchros may be used to add or subtract other

angular displacements from that of the generator. As is indicated in

Fig. 5-3, a differential generator consists of a three-phase primary winding

(usually the stator) and a three-phase secondary winding (usually the

rotor). When voltages from the stator of a generator are applied to

the primary of the differential generator, new voltages are induced in the

secondary of the differential. These voltages correspond to those that

would appear in the generator secondary if the generator rotor shaft were

turned by an additional amount equal to the shaft rotation of the differ-

ential. Because of losses inherent in the construction of differential

generators, there is usually a small stepup ratio between its primary and
secondary. A differential should, therefore, be connected as shown with

the stator connected to the generator stator. Capacitors for power-

factor correction are used in parallel with the primary of the differential

generator in order to reduce heating.

The angular error by which the synchro motor will lag the generator

is roughly proportional to the required output torque at the motor shaft.

Because this torque depends upon the magnitude of the restoring currents

flowing in the motor-stator windings, its value is limited by the current-

carrying capacity of the motor. Therefore, to obtain the required

accuracy in following, it is often necessary to gear the synchros to a

multiple speed. 1

In a geared system using ordinary synchros, the maximum speed of

rotation of the synchros is limited to from 200 to 400 rpm. Another
disadvantage of such a system is the fact that any differential generators

used must also be geared to the same multiple speed as the generator.

5*3. Servo System Drive.—If greater accuracy and torque than can

be obtained from a simple synchro are required, a servo system such as

is shown in Fig. 5-4 may be used. 2

In a servo system the rotor voltage from a control-transformer synchro

is amplified and used to control a motor so as to bring both the load and
the synchro to a null position. A control transformer consists of a high-

impedance three-phase stator and a single-phase rotor. The rotor must
be specially wound so that its position with respect to the stator windings

will not change the input impedance to those windings. When the stator

windings of one of these instruments are connected to the stator windings

of a synchro generator, a magnetic field corresponding to that in the

generator can be set up in the control transformer. An a-c voltage

proportional to the sine of the angle between the positions of the two
rotor shafts is induced by this field in the winding of the control-trans-

1 See Sec. 16-3 for an example of multiple-speed-synchro data transmission.
2 See Vol. 21 of the Radiation Laboratory Series for design factors in servo-

mechanisms; also Chap. 4, Vol. 25, of the Series.
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former rotor. Thus, when the control-transformer shaft is rotated 90°

with respect to the generator shaft, the induced voltage is zero. The

voltage in the control-transformer rotor is known as the error voltage

because it is a measure of the difference between the two rotor positions.

The servoamplifier and drive motor serve to keep the error voltage as low

as possible, and therefore to keep the two shafts in synchronism.

A differential generator may be introduced into the generator-

control-transformer circuit. Multiple speed may be used to reduce

errors as was mentioned in the preceding section. In all cases capacitors

should be used with the control transformers to reduce out-of-phase

currents. If an "n "-speed system is used, microswitch phasing, or an

Generator Control
transformer

Amplifier

Load ->f Motor

Fig. 5-4.—Servo system block diagram.

additional pair of synchros revolving at "one"-speed may be used to

prevent phase ambiguity. The voltage from the rotor of the one-speed

transformer may either be added to that of the n-speed rotor, or be put

through auxiliary circuits that switch the input terminals of the servo-

amplifier from the w-speed rotor to the one-speed rotor whenever the

error voltage becomes too large.

The amplifier used depends upon the type of motor (which determines

whether a-c or d-c output voltage is required), and upon the accuracy

and speed requirements of the system. If a-c output voltage is required,

the amplifier may consist of one or two stages with suitable phase com-

pensation, or of a phase detector and inverter. If d-c output voltage is

required, the output stage may be a vacuum tube with the drive-motor

armature or field winding in the plate circuit, or it may be a pair of vibrat-

ing relays. Servomechanisms that employ vacuum-tube-controlled a-c

motors seem to provide the smoothest and most accurate control for

rotating-coil PPI displays.

The effect of the inertia of the gear train and load on the following

of high accelerations may be partially compensated for by the use of

anticipation networks. These networks effectively allow the amplifier
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to work at higher gain during periods of high acceleration and reduce the
gain for continuous operation to a value sufficiently low to prevent
unwanted oscillations.

The gear train used must be carefully designed to give the proper
output speed and torque with the minimum inertial load on the motor.
The first few gears are the most important in this respect and should be
light. Backlash should be eliminated as much as possible to prevent
hunting and oscillation. If more than one synchro is driven from the
same gear train, precision gearing should be used between the synchros.

If more power than can easily be furnished by a completely electronic

amplifier is desired, the output signal of such an amplifier may be used

i i

To constant-

speed motor

Fig. 5-5.—Amplidyne servo system.

to control an Amplidyne as shown in Fig. 5-5. An Amplidyne is a con-

trolled d-c generator that acts as a power amplifier with a gain of about
500. l

Figure 5-6 shows a 1- and 36-speed 60-cps servo system. When the

difference in position of the input and output shafts (the "following

error") is small, the 36-speed synchro signal is amplified, passed through
a phase-advance network, amplified again, phase-inverted, and used to

drive two 6V6 beam-power tetrode output tubes. The plates of these

tubes are connected differentially to the split field of an a-c motor that

drives the load and the synchros coupled to it.

Whenever the following error becomes larger than about 2°, the

system may lock in one of 35 extraneous stable positions. To prevent

this, the one-speed signal is amplified enough at 2° error to cause the

small neon bulb to strike. This one-speed signal then takes over control

of the amplifier until the error is reduced sufficiently to permit operation

in the correct 10° sector, at which time the 36-speed signal again takes

over for fine control. This system follows both continuous rotations of

1 See Vols. 21 and 25 of the Radiation Laboratory Series.
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the antenna at 6 rpm and slow sector-scanning with a maximum error

of 0.5°.

Figure 5-7 shows a typical remote-indicator servomechanism, which

is also designed for 60-cps use and which employs a one-speed synchro

system. The error voltage is put through a phase-advance network,

amplified, and applied to the grid of the type 807 driver tube. The
output transformer is connected to one phase of a 2-phase induction

motor that turns the control transformer and the load. A sample of the

output voltage of the transformer is fed back to the amplifier stage to

serve as negative feedback. Speeds up to 20 rpm can be followed with

an error of less than +1°.

*+310v

115v<
60cps

Fig. 5-7.—1-speed servo system. The 2-phase induction motor is geared to the receiver
rotor and to the load.

Figure 5-8 shows a typical 400-cps servo system. The synchro

system consists of a generator, differential generator, and control trans-

former, all at one-speed. The error signal is applied to a phase inverter

and a phase detector. The resultant push-pull d-c voltages proportional

to the error signal are then used to control the biases of the two output

6L6 drivers. The plates and screens of these tubes are run on alternating

currents and the plates are differentially connected through an output

transformer to one phase of a two-phase induction motor. A differ-

entiating network is inserted just after the phase detector to give the

required anticipation.

The system is designed to follow rotations of 6 rpm with an error of

less than 0.5° and to follow angular accelerations due to sector-scanning

of not greater than 90°/sec 2 with an error not exceeding 0.7°.

Figure 5-9 shows a 400-cps servo system that uses a pair of vibrating
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mercury relays as the output stage. A feedback loop from the output
terminals of the relays to the phase-detector tubes keeps the relays oscil-

lating at about 100 cps. If the relays open and close in synchronism,
both sides of the armature of the small d-c permanent-magnet-field drive

motor are either at ground or at +27.5 volts and so no power is delivered

to the motor.

Power output

BTL

+27.5 v

Fiq. 5-9.—Airborne 400-cps relay servo.

If an error signal is present, it is amplified and applied to the grids of

the phase-detector tubes. The plates of these tubes are returned to a
source of a-c voltage with a d-c component. Any a-c error signal will

therefore cause more average current to flow through one section than
through the other, and will result in a difference of average bias on the
grids of the output 6C4's. The voltage fed back around the loop to
sustain the relay oscillations is originally a square wave, but is rounded
off by the constants of the feedback loop. Therefore a shift in the
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average bias of one of the output tubes causes the tube with the more

positive bias to conduct first, thus allowing one relay to close before the

other. When the relay closes, one side of the motor armature is con-

nected to ground and the other to +27.5 volts. Therefore, current flows

and the motor revolves. The tube that conducted first will also conduct

after the other tube has been cut off because its average bias is more

positive. The motor therefore has two pulses of current for each cycle

of oscillation of the relays.

These pulr.es are smoothed by a series RC filter across the motor

terminals to prevent excessive heating of the motor because of high-

frequency current components. An LCR filter also limits the current

surges for the protection of the relay contacts.

The circuit was designed to follow, with an error of less than £°, rota-

tions up to 30 rpm and sector scanning at the same angular speed.

5*4. Errors and Other Operating Characteristics.—Errors in gearing

can be held to ±0.1° although in many cases "precision" gears are

required. All gearing should have as little backlash as possible. Flexible

shafts will probably follow to about + 1°, depending upon their length

and diameter. However, this error may be reduced to as low a value as

desired by gearing the flexible shaft to a multiple speed. When a flexible

shaft is used for sector scanning, the errors in following only nominal

accelerations may be as high as ± 20° for a single-speed shaft.

Complete tables of synchro errors may be found in Vol. 17. * These

range from +0.2° for a large generator and +0.1° for a control trans-

former to more than 7° for some types of motor. When used in a straight

synchro drive, the torque required of the motor will cause the errors to

increase, but this difficulty may be overcome by the use of a multiple-

speed system. When used in a servo system as a voltage indicator, the

accuracy of a pair of synchros can be held to ± 0.2°. In this application,

however, the synchro error must be considered. If a differential gener-

ator is inserted in the line, the error is usually 50 to 75 per cent greater.

Servomechanisms may, in general, be made as accurate as desired, but

this process involves large and heavy equipment if carried to extremes.

Accuracies usually range from ±0.25° to ±1.5° for constant-velocity

applications and from +0.25° to ±3.0° for sector scanning. The static

errors of such systems are very small; furthermore this type of error is

sometimes unimportant. Even errors that are large but constant are

unimportant for some applications.

The rotational speed range of display systems extends from almost

zero for some azimuth stabilization schemes, to about 60 rpm for a few

fairly rapid scanning systems. Sector scanning up to about 30 rpm must

also be followed. Accelerations are as high as several thousand degrees

1 Chap. 10 of Vol. 17, of the Radiation Laboratory Series.
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~ Ekk

Fig. 5-10.—Triode peak detector.

per second per second. The torque output required is usually less than
15 to 20 oz-in. at the one-speed shaft.

ELECTRO-MECHANICAL DEVICES

6-6. Some Circuit Considerations. The Nature of the Waveform to

Be Modulated.—There are two methods of using a synchro resolver for

the transmission of angular data, and these

differ in the nature of the carrier. In one
method, the carrier is used simply as a
medium for the transmission of information

supplied by the resolver or modulator, and
the waveform of the carrier is not of funda-

mental importance. It is usually a sinusoid

with a frequency between several cycles per

second and several megacycles per second.

In the second method the carrier waveform
conveys some other intelligence 1 in addition

to that imparted to it by the resolver or

modulator. This method may be further

divided into those cases in which the intelli-

gence is transmitted as a voltage waveform, and those in which it is

transmitted as a current waveform.

Sine-wave Carriers, Demodulation, and Filtering.—The information

imparted to a sine-wave carrier by a modulator is generally utilized by
the display circuits only after the waveform has been demodulated. The
peak-detector circuit shown in Fig. 5-10 is a simple form of demodulator,

in which the input waveform to

the grid of V\ may be the sinusoid

of frequency / shown in Fig. 5-11.

For detection, the RC time con-

stant is chosen so large that the

time rate of change of cathode

voltage when the tube is cut off,

dEk/dt, is much smaller than the

maximum slope of the sine wave.
The output waveform is then like that shown as a solid line in Fig. 5-11.

In detecting a constant-amplitude sinusoid, the ripple in the output
voltage may be made as small as required by further filtering. For a
modulated sinusoid, however, a lower limit to the peak-to-peak ripple is

set by the maximum value of the change in the modulated amplitude per
carrier period. Other conditions remaining the same, the ripple ampli-
tude is inversely proportional to the carrier frequency. When the input

1 See Chap. 13 for examples.

Fig. 5-11- -Idealized peak-detector
waveform.

output
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Fig. 5-12.—Diode peak detector.

amplitude is reduced to a value such that the maximum slope of the sine

wave is less than the filter decay rate, there will be no detection, but

rather the output will follow the input waveform.

Detecting Circuits.—The following four types of demodulators include

most of the circuits that have been used in radar data-transmission

applications.

1. Peak Detector. The triode of Fig.

5-10 has been widely employed as a

peak detector. A second circuit,

which uses a diode, is shown in Fig.

5-12. Its operation is very similar to

that of the cathode follower detector,

but it presents a greater load to the

modulator.

If a sine-wave carrier ismodulated

by a synchro to give the waveform

shown in Fig. 5-13, the phase of the carrier shifts abruptly by 180°

at each zero of this sinusoidal envelope because of the reversal of

the synchro coupling. When the waveform is demodulated by a

peak detector of the type just discussed, the output voltage is pro-

portional to the absolute value of the sine (Fig. 5-13). A detector

giving such an output waveform may be spoken of as being "phase

insensitive."

Phase-sensitive Detectors. The phase sense may be preserved either

by carrier addition and peak

detection or by keyed 1

detection.

If to themodulated carrier

of amplitude A shown in Fig.

5-13 is added a carrier of

constant amplitude B at the

same frequency, a new wave-

Fig. 5-13.—Sinusoidal carrier modulated
by a sinusoid of lower frequency, after

demodulation by peak detection.

form is obtained whose amplitude modulation is sinusoidal,

waveform may be represented by

The

(1)e = (B + A sin 2Trf2t) sin 27rfit,

where /i is the carrier frequency and/2 is the modulation frequency.

The modulation need not be a sinusoidal function of time.

The composite waveform together with the carrier of amplitude

B, where B is greater than A, is shown in Fig. 5-14. If this wave-

form is applied to the detector shown in Fig. 5-10, the demodulated

See Chap. 14, Vol. 19 of the Radiation Laboratory Series.
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or output waveform will be a constant B, plus a complete sinusoid

of amplitude A.

e' = B + A sin 2tt/2/. (2)

A convenient push-pull circuit for performing both the adding
and detecting operations is shown in Fig. 5-15. For proper opera-

tion this circuit must be loaded symmetrically.

Fig. 5-14.—Sine-wave-modulated carrier A added to constant-amplitude carrier B.

Output

Modulated
waveform

q^C,

-vw-

ÂA/V Output

Fig. 5- 15.—Detector which adds modulated waveform and reference carrier.

Keyed Detectors. The phase-sensitive keyed detector may be
thought of as a device in which the output terminal is intermit-
tently tied to the input

terminal by a switch that is
—

controlled in synchronism

with the carrier. The
switch is keyed so that it

closes for a short time near

the peaks of the carrier

wave form. The output
circuit generally has a time

constant long compared
with the carrier period.

A widely used circuit of

this type is shown in Fig.

5-16. The cathode follower
FlG

-
516--K^^ detector.

Vi is used in order not to load the modulator. The twin triode

V-i is the switch tube. Both of its grids are raised in potential for

Keying signal

input
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4.

a short time near the positive peaks of the carrier or keying signal,

and both triodes are nonconducting during the rest of the carrier

cycle. This circuit is a phase-sensitive detector; that is, the out-

put signal will go negative if the modulated carrier is shifted 180°

in phase with respect to the unmodulated carrier.

The "Boxcar" Detector. The "boxcar" detector, illustrated in

Fig. 5-17, is particularly well suited to pulse demodulation. Imme-

diately preceding each pulse of the modulated pulse train, the

output terminal is tied to ground through 78 , which is made

Discharge i*

pulses in ° K

Negative

bias

AT
IK

1L
e *-i

JL.

KZ2 •Gnd.

t j i i i j i i i

-it—n—ir—

f

t- 6nd-

Discharge pulses

(c)

=^T^Zih^^A-=^=
_trj i

Gnd.

i I i i

(a) (d)

Fia. 5-17.—The boxcar demodulator, (a) Circuit schematic diagram. (6) Input

and output waveforms for the case where (.R + Rkf) C «[ A T. (c) Discharge pulses

on grid of discharge tube V2. (d) Input and output waveforms for the case where

(B + Rkf) C»A7\

conducting at such times by suitable discharge pulses (Fig. 5-17c).

In the case shown in Fig. 5-176 where (R + Rkf)C « AT, (RKF

being resistance of the cathode follower) the peak-pulse amplitude

determines the amplitude of the associated "boxcar" waveform.

In the case where (R + RKF)C » AT (Fig. 5-17d) it is the area

of the pulse lying above the cutoff potential of Vi which determines

the boxcar amplitude. The chief advantage of the method lies

in the fact that, except for the gaps between boxcars, the output

amplitude has a magnitude determined by the latest available

information and that it can follow a rapid rate of change of pulse

amplitude. The amount of carrier-frequency component due to

the gaps between the boxcars is appreciable, but for many appli-
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cations it is of little consequence. Filtering can be used but the

advantages peculiar to the system are then largely lost.

Selection of a Carrier.—It is generally necessary that the amplitude
of the oscillator output voltage be reasonably constant. The modulator
output voltage is proportional to the amplitude of the input waveform
as well as to a function of the modulator control signal. The disturbances

against which the modulator output voltage must be stabilized are

fluctuations in heater current, ripple and other variations in the power-
supply voltages, changes in temperature, and changes in the character-

istics of the circuit elements due to aging. In most of the applications

discussed in this book, changes that are slow compared to a cycle of the
modulator control signal can be tolerated; but changes occurring in a
time comparable to the carrier period are objectionable. Over-all

short-time stability of the order of i per cent is commonly attained.

The frequency stability of the oscillator is sometimes of importance,
particularly in systems in which the display timing signals are derived
from or are synchronized with the carrier.

The 60-cps and 400-cps line voltages can be used as sinusoidal car-

riers. If the fluctuations in carrier amplitude are not negligible, they
can sometimes be minimized by a comparison system in which the
carrier amplitude provides a reference level with which the modulator
output voltage can be controlled.

The distance from oscillator to modulator to detector over which the
carrier is transmitted may be anything from a few inches to tens of yards.
In cases where the connecting cable is long, properties of the cable may
affect the modulated waveform. A commonly used coaxial cable is

RG-62/U for which the attenuation is about 0.25 db/100 ft at frequencies
below 1 Mc/sec. The d-c resistance of the inner conductor of this cable
is 60 ohms/1000 ft and its capacity per foot is 13.5 n/d. If the cable is

properly driven and is terminated in its characteristic impedance, the
capacitance in itself presents no problem. However, with some electro-

mechanical devices, notably variable condensers, lead and other stray
capacitances must be kept to a minimum.

The frequency response of the electromechanical device itself must
be considered, primarily because high attenuation is objectionable and
also because of the attendant phase shift. In general, variable condensers
are useful over the frequency range from a few kilocycles per second to a
few megacycles per second. Synchros have been used from 30 cps to 20
kc/sec and potentiometers have been employed with carriers up to
1 kc/sec.

Whenever a phase-sensitive detector is employed, the phase shift of
the carrier by the modulator must be either minimized or compensated
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for. This phase shift results in a sometimes objectionable delay in the

transmission of the intelligence.

A consideration of filtering shows that a lower limit to the carrier

frequency is prescribed by the maximum allowable time rate of change

of the intelligence signal, and that a higher frequency than this may be

necessary to reduce ripple to an acceptable value. The acceptable

"coarseness" of the data, in general, sets a lower limit on the frequency

that can be employed. This acceptable coarseness or measure of the

discreteness of the intelligence in the case of radar displays is determined

primarily by the spot size of the cathode-ray tube, the sweep speed, and

the width and scan speed of the radio-frequency beam.

,- At=seconds/turn of wire

A2?=volts/turn

of wire

Time—•- Time—

-

(a) (b)

Fia. 6-18.—Comparison of filtered and unfiltered waveforms in the case (a) of a constant-

frequency sinusoidal carrier, and (6) of a constant-speed linear potentiometer.

It has been found that if a carrier frequency and a periodicity of the

display are almost harmonically related, but not synchronized, annoying

beat-frequency intensity and magnitude disturbances frequently are

evident on the cathode-ray-tube display and are difficult to suppress.

The detection and filtering of a modulated carrier wave-form is

analogous to the filtering problem encountered with the output voltage

of a rotating potentiometer. As illustrated in Fig. 5-18 the amount of

ripple in the output voltage depends, for a given filter time constant and

time rate of change of voltage of the envelope, upon the coarseness of

the data. In the case of the sinusoid the period of the carrier is a measure

of coarseness, which corresponds in the case of the potentiometer to the

time per turn of wire.

5«6. Linear Potentiometers.—When a voltage proportional to a shaft

rotation is desired, a linear potentiometer 1 is generally the most satis-

1 See Vol. 17, Chap. 8 for a discussion of the manufacture of potentiometers and a

listing of available types. In Vol. 21 will be found a discussion of potentiometers as
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factory device to use. However, an examination of the specifications of

available types of potentiometers shows that they can be used only if the
speed of rotation does not exceed 1 rps, if a life of approximately 106 cycles

is adequate, and if a resolution of approximately £° is satisfactory.

In the example shown in Fig. 5-19 the mechanical signal is the oscil-

lation of a shaft over a sector not exceeding 180° and at a rate not exceed-
ing 1 cps. The potentiometer signal is used to control the horizontal or
azimuth position of the cathode-ray-tube beam (B-scan). The deflection

coil requires a current of about 40 ma to cover the display area, and this

current is obtained with a 30-volt change on the grid of Vl The greatest
accuracy is required when the presentation is an expanded sector, map-

+300vreg. v A

+ 150vreg. -*-^-o

Potentiometer RL225A
mounted on scanner

Scanner oscillates

± 90° or less

Centering
control

"A" position

Expanded scan of ±30°

"B" position

Normal scan of ±75°
Fig. 5-19. A radar application of a data-transmission system using a linear potentiometer

rotating less than 360°.

ping only ±30° of azimuth on the cathode-ray tube. Consequently the
potentiometer is designed to be linear to ± 1° in the middle 60° sector of
the winding, with a departure from linearity of as much as +3° being
acceptable over the remainder of the winding. A typical potentiometer
has a life of about half a million cycles for 1 ma of brush current. It is

wound with 505 turns of 0.00275-in.-diameter nichrome wire and has an
angular resolution of 0.37°.

The information from the potentiometer controls the horizontal
position of the cathode-ray beam when the relay switch contacts are in
the position shown in Fig. 5-19. Whenever the switch is in the other
position, the cathode-ray-tube beam deflection is determined by the
position of the angle-index potentiometer arm. The relay can be
activated by a push button at any time and it is automatically activated
once per cycle when the expanded sector presentation is being used.
The potentiometer in the grid circuit of V2 serves as a centering control

elements in computing circuits. Information on potentiometers as modulators will
be found in Vol. 19, Chap. 11.
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+ 300 v reg.

since the difference in the potentials of the grids of Vi and 72 determines

the deflection-coil current. The rheostats are provided to adjust the

sensitivity (volts/degree) of the data potentiometer and the d-c level of

the amplifier grids. Filtering, in spite of the electrical noise and the

wire-to-wire jumps, was not found necessary in this system.

A second example is shown in Fig. 5-20. The potentiometer is turned

by a servomechanism at three times the scanner speed. Half a 6SN7W 1

is used as a cathode follower to afford a low-impedance source of the

information for the display circuits. To compensate for the nonlinearity

of the cathode follower, 2 the potentiometer is driven from the plate of the

tube. As the potentiometer out-

put voltage goes more positive

with respect to ground, the out-

put volts per degree of rotation of

the potentiometer decreases, cor-

recting for the increasing cathode-

follower gain. This principle can

be extended to introduce a desired

departure from linearity. A typi-

cal potentiometer for this purpose

is a General Radio 433A3 5-in.

unit modified to turn continuously

through 360° and supplied with

The winding consists of approxi-

Potentiometer

type RL 255
3-speed shaft

The output is

used only when
it exceeds 60 v

Jr_i6SN7W

Output

Fig. 5-20.—An application to data trans-

mission of a linear potentiometer that turns

through more than 360°.

special contactors and slip rings,

mately 250 turns per inch of No. 41 nichrome wire extending over 322°

of the rotation and having a total resistance of about 10,000 ohms. The

unit is rated at 25 watts and is good for more than 107 rotations at

60 rpm. The potentiometer is operated without lubrication on the sliding

electrical contacts in order to reduce the electrical noise. Both the resolu-

tion and the linearity of the potentiometer are about 0.1° of potentiom-

eter rotation or about 0.03° of scanner rotation. This value is consistent

with the requirement that the display be good to 0.08° under certain

conditions.

5-7. Sinusoidal Potentiometers. Requirements and Types.—The pri-

mary function of these potentiometers is to provide four d-c potentials

that vary sinusoidally with the angle of rotation of the shaft of the

potentiometer. These four sinusoidally varying potentials have the

i The reasons dictating the use of the 6SN7W in this application are unrelated to

the data-transmission problem. This tube has a heater-cathode rating of 200 volts.

If a 6SN7 is used instead, the heater should be operated 100 volts or so above ground.

2 See Fig. 15-8 for an application to elevation data.

3 Muter makes an almost identical potentiometer.
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± 0.016"

0.125"

.i.

T"
Bowed bakelite card

keeps wire taut

same amplitude and are phased at 90° intervals with respect to each
other. The potentiometers can turn continuously in either direction.

A Detailed Example.—One of the most widely used of the sinusoidal

potentiometers 1
is the RL 14.

The sinusoidal variation of the

output voltage of the potenti-

ometer is obtained by moving a
small point-contact brush in a

circle upon a family of straight

parallel equipotential lines that lie

in a single plane and which have
a constant potential gradient.

The equipotential lines are pro-

vided by the wires of the linear

resistance winding illustrated in

Fig. 5-21. Four brush contacts

like the one shown in Fig. 5-22

rotate in the same circle relative to

the resistance card and are always
90° apart from each other. Actu-
ally the card and not the brushes

is rotated in order to decrease the

number of slip rings required.

The camber, as shown in Fig. 5-21, is deliberately imparted to the
resistance card to hold the wires taut and in place and to enable a rela-

tively wide brush to contact no more than two turns of wire at one time.

The curved card abrades the tip of the
brush in such a fashion that the brush
becomes convex, forming a small point

contact.

The resolution expressed in terms of

rotation angle varies from 0.17° when the
brush is moving at right angles to the
turns of wire to infinity when the brush is

moving parallel to the wire. The resolu-

tion that is ultimately of interest, however,
is the angular resolution of the rotation

of the PPI sweep vector, 2 that is, the angle of the small but finite step
1 For a description of other types together with much construction information the

reader is referred to Chap. 8 of Vol. 17 of the Radiation Laboratory Series.
2 The use of this potentiometer in PPI circuit is discussed in Sees. 13-8 and 13-13

of this volume.

Fig. 5-21.—Wire-wound resistance card
for potentiometer type RL 14. Nichrome
wire, diameter 0.0025 in. enameled or coated
with Formex. Approximately 305 turns per
inch. Winding is varnished with GE clear
varnish No. 1170. Varnish and enamel are
removed from top of wire on entire convex
side of card, using special buffing procedure
that cleans and polishes tops of wires with-
out removing insulation from between turns.

Phosphor bronze

(spring temper)

0.008" thick

Brush and eyelet

soldered to brush-arm

\J

Fig. 5-22.—Brush arm in potenti-
ometer type RL 14.
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with which the PPI vector rotates. This angle varies from 0.17° when

two of the brushes are moving normally to the wires, to 0.24° when all

four are crossing the wires at 45°.

A simple single-section EC-filter is included in the circuit in series

with each output lead as shown in Fig. 13-30 in order to suppress poten-

tiometer noise. Both calculations and observations for one-section and

two-section filters failed to show any appreciable advantage in using

more than a single section. The filter introduces a small delay between

the scanner rotation and the rotation of the PPI sweep.

5-8. Nonlinear Potentiometers. Nonlinear Output Signals Obtained

by Use of Inherently Linear Potentiometers.—In Fig. 5-23 two linear

C

Enn "*

R2 Output
o

he

J

-OB

Fig. 5-23.—A means of obtaining an out-

put voltage proportional to the square of a

shaft rotation with a dual linear potenti-

Epp , . Ei
ometer. If R2 » Ri, n = -=- and

Fig. 5-24.—Method of obtaining a re-

sistance variation proportional to the square

of the rotation of the arm of a linear poten-

tiometer.

Ri R2

potentiometers are ganged together, the output voltage of one being the

input voltage to the other. If R*» Ri, or if an isolating linear amplifier

is inserted between the potentiometers, the output voltage is proportional

to the square of the common shaft displacement.

In Fig. 5-24 is shown a method of obtaining a resistance variation

proportional to the square of the rotation of the shaft of a single linear

potentiometer. If the rotation is measured from the center of the wind-

ing of resistance R, the resistance between points A and B will be given by

1

Rab
_ 1

,
1

;

Racb Radb
(3)

where Racb, the resistance above the sliding contact, is
^ ( 1 - -j)>

and Radb, the resistance below the brush, is ^ ( 1 + j)\ and O ,
in turn,

is the maximum angle, which corresponds to R/2. Expressed as a

function of B,

R, -!['-(S'
(4)
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An application of this "quadratic potentiometer" for approximating

the secant function is shown in Fig. 5-25. A simple calculation shows

that

Eo = rj_

ri + r 2

E*
Ei

Now,

n
ri +7,M(

2r, 52

r x + r2 A2

0-«
/ 4 \n + r, Ay

(«)

+
}

(6)

2r2 52

sec a; = 1 + is2 + A^ 4 +
Comparing Eqs. (6) and (7) it is seen that

Eo n
Ei ~ r x + r2

SGC
Vri + r2 A2

'

the approximation being off about ^T part of the argument to the fourth

power. To give an output proportional

to sec 8 it is necessary that

(7)

(8)

4
2r 2

Resistance of

winding=4r
2

r\ + r2 A2
= 1.

If the maximum angle A is 1 radian and
if r\ = r2 , this relation will be satisfied.

Under these conditions the circuit

shown in Fig. 5-25 gives an approxima-

tion to the secant of the shaft rotation

good to 1 per cent or better in the

range ±40°.

Figure 5-26 shows another useful

circuit using a linear potentiometer to

give an output voltage proportional to the reciprocal of the shaft dis-

placement as measured from the proper zero, which is R 2/k less than
0=0.

From Fig. 5-27 it can be seen that r = (0/0o) (r ), and

E - e

oEn

Fig. 5-25.—Use of linear potenti-
ometer to approximate the secant
function.

= £ ,
E + e

r — r E r + r
(9)

These relations yield

£ 2R
E 2fl + r«Wi R

2R

2R + r„

R
©

2R + rQ 0,̂ » + («^S^ + (agT7.^j)

1

« , + • ' • ]•

(10)
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Now,
tan e = 6 + SO 3 + &66 + • • •

. (11)

7? 1 1

Comparing Eqs. (10) and (11) it is seen that if op — —
2

== 5» the output
•o/t ~t~ f"o «0 **

approximates tan 6 to within ^v + '

this condition is satisfied for r = R.

If do = 1 radian, for example,

Angle
O

Resist. r

t fi2+fc*

Fia. 5-26.—Use of a linear potentiometer

to obtain a voltage inversely proportional to

the shaft displacement.

Fig. 5-27.—Use of a linear potentiometer
to obtain an output voltage approximating
the tangent function.

+24v

Nonlinearly Wound Potentiometers.—Potentiometers are available

in which the variation of the resistance between the sliding contact and

one end of the winding is a nonlinear function of the displacement of the

sliding contact. They are made by winding the cards with variable wire

spacing or with wire of variable resistivity, by winding the wire on cards

of nonuniform width, or by a combina-

tion of these procedures. High-preci-

sion nonlinear potentiometers are used

rattier widely in computing circuits

but they have not found much use in

data-transmission systems of the type

being discussed in this chapter. Only

one example of the application of a

nonlinear potentiometer will be

discussed.

This application is for a rectangu-

lar display in which azimuth angle is

plotted against range (B-scan) and it

is desirable that the beam move linearly with the scanner rotation. A
direct drive of the azimuth cathode-ray-tube deflection coil is employed

in the present case, which is illustrated in Fig. 5-28. The load, repre-

sented by RL , "turns through" an angle 6 of ±75°. It can be shown

that, if the current through Rl is to be proportional to 0, the potenti-

ometer must be wound so that

X Total

resistance 4R

Fiq. 5-28.—A nonlinear potentiometer.
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ir r

2R
1 + (-«)

(12)

Output leads of

potentiometer

If the value of R/Rl were equal to 1, the width of a card that would
satisfy Eq. (12) would change by a factor of 7 over a 90° range. Not
only would such a tapered card be difficult to wind but it would also be

more difficult to approximate with several linear sections (stepped card)

than if R/RL were smaller. From these considerations and from con-

sideration of power drain and power

dissipation, the value of £ for R/RL

was chosen as being optimum. A
composition resistance element is not

suitable for the present use because

manufacturing tolerances are too

broad, humidity and temperature

would affect it unduly, and it would

wear too rapidly.

The potentiometer, as manufac-

tured, is wound with a single size and

type of wire with uniform spacing on

a toroidal frame (see Fig. 5-29) which

is stepped to give a number of linear

resistance sections. These different

linear sections afford a sufficiently

close approximation to the required

resistance taper. The production

unit has four linear sections in each

90° section.

The potentiometer resistance R
was chosen to be 100 ohms. The
load, which should be 200 ohms, is not too critical; the current in Ri
departs by an amount equivalent to 1.2° at 6 = 45° if RL is 220 ohms.

The brush contacts three or four wires at one time. Other pertinent

data are: linearity, 1.8°; 70 wires per inch, 520 wires total; resolution,

0.7°; wire, 0.012-in.-diameter nichrome; torque, 5 in.-oz; maximum
voltage, 24 volts; life, 106 cycles.

5*9. Sinusoidal Carriers. General Discussion.—Generally when a

synchro is used as a resolver, the output information is desired in the

form of two orthogonal components. When the synchro secondary has

a 2-phase winding the output intelligence is in this form. Many of the

available synchros have 3-phase windings, however, and although a

3-phase deflecting system can be used, 2-phase output signals are gen-

24-volt d-c

input to

potentiometer

B
Fig. 5-29.—Potentiometer, type RL-B

See Fig. 11-16 for an application. A.
shaft of potentiometer mechanically
connected to shaft of scanner; B, resist-

ance winding tapered to correct for load of

200 ohms, so that output voltage is linear

with respect to angle of rotation of shaft

of potentiometer.
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erally required. Figure 5-30 shows one method in which the desired

output signals can be obtained. The center tap (C in Fig. 5-30) is not

brought out on any of the standard synchros, hence a center-tapped

X
-TffoT*-

1.15:1 Sin0

^w\4aa/v Cosfl

Fig. 5-30.—2-phase output from 3-phase synchro.

!
20kc/sec
oscillator

+300v 1
reg.

Synchro

Bendix AY-102-D
autosyn

.p.0025

10 mh}° Azimuth
expansion

0.0025=*

180k 50k 40k
Level

adjust =- t *^r
l+300v -150v

e=o< 30 c

20 kc/sec

A
50v

II
Time

'--J.--'-. .

All resistors -|-w

unless otherwise noted

TiiiiiirN.

Waveform at A Synchro rotation Output waveform at D
waveform at B-C

Fig. 5-31.—Synchro data transmission for 30° quadrant.

resistance must be used. If the tap P is made adjustable, moreover,

the cosine output can be shifted a few degrees in phase while the ampli-

tude is kept almost constant. To get output voltages of the same peak

amplitude the transformer should have a voltage stepdown of 1.15 to 1.

This procedure is of value as an alternative to a mechanical zero-set
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adjustment if only one component is needed. Three-phase-primary

2-phase-secondary synchros can also be used for this purpose.

A simple data-transmission system designed to operate in one quad-

rant only (0° to 30° was actually used) is shown in Fig. 5-31. The synchro

stator winding forms part of the 20-kc/sec oscillator tank circuit. The

leads to the synchro were 50 ft long in the system from which this example

is taken. Both the autosyn (at maximum coupling) and the UTC 0-6

are roughly 1 : 1 transformers. The 50-nfii condenser across the trans-

former secondary tunes the transformer to approximately 20 kc/sec,

+ 300v

Sclsvn

G.E. mark IV mod. 2
size 1CT

Grid of sweep

amplifier

Fig. 5-32.—Synchro data transmission.

and provides a better waveform and somewhat more amplitude than is

obtained without the condenser. The amplitude is substantially inde-

pendent of frequency over a considerable frequency range. The maxi-

mum angular velocity of the rotor is 150°/sec. The time constant of

the detector is twenty times smaller than the maximum allowable (see

Sec. 5-5), and gives a maximum peak-to-peak ripple in the demodulator

output of i volt or 1 per cent.

A somewhat more complicated example is shown in Fig. 5-32. The

primary of the synchro mounted on the scanner is part of the tank circuit

of the 1500-cps two-stage tuned-plate oscillator Vi. The synchro is a

Navy 5G synchro designed for 60-cps operation at 115 volts input and
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90 volts output. The primary can be operated at 6 watts dissipation.

This synchro has an average angular error of 0.2° and a peak angular

error of 0.6°.

The secondary output voltage is not utilized directly but is applied

to a second synchro, 1 which serves as a sector selector. It may be
regarded simply as a transformer. A fraction of the output voltage of

the second synchro is applied to the grid of the cathode follower Vz.

This fraction is chosen by the "azimuth expand" potentiometer to give

the desired volts output per degree rotation. The reference d-c level of

the output voltage is determined by the setting of the "azimuth bias"

potentiometer. The keyed detector comprised of Vs and associated

components is the type described in Sec. 5-5.

In this application the scanner turns continuously in one direction

and the output information is utilized only during some 50° each side of

zero as the output voltage is increasing. During the remainder of the

cycle the video signals to the cathode-ray tube are suppressed. The
circuit shown in Fig. 11*7 incorporates this method of sector selection.

5*10. Fundamental Characteristics of Synchros Used as Electro-

mechanical Modulators.—If a sinusoid is applied to the rotor winding

of a synchro, the waveform observed at the stator or output terminals

(open circuit) will ideally be a sinusoid of the same frequency as the input

waveform but with an amplitude that varies as the sine of the displace-

ment angle between rotor and stator. If the stator has a second winding

displaced 90° from the first winding, a second sinusoidal output waveform

whose amplitude varies as the cosine of the shaft displacement may be

obtained. The two output waveforms may be said to differ in amplitude

phase by 90°. The electrical phases of the two output waves and of the

input or carrier wave are the same to a first approximation; they differ

only in amplitude. For some rotor positions, one or both of the output

amplitudes are negative and this condition is equivalent to a 180° shift

in electrical phase.

Angular Accuracy.—There are several factors to be considered in

specifying the accuracy of a synchro. As has been mentioned, the output

amplitude should be, ideally, directly proportional to the sine of the angle

of rotation of the shaft. The departure of the actual output from such an

ideal output gives a measure of the accuracy of the device. The accuracy

so measured depends not only on the synchro itself but also on the imped-

ance loading of the stator windings, and upon the amplitude of the input

wave because the iron, which is used in the construction of almost all

1 This synchro is a General Electric, Mark IV, Model 2, size 1CT instrument

designed for 60-cps operation. With 90 volts on the primary (stator) the maximum

rotor voltage will be 55 volts. This synchro is rated at 1.5 watts dissipation; it has

average and maximum errors of 0.2° and 0.6° respectively.
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synchros, will show saturation effects at high flux densities. Accuracy

measurements, to be of much value, must, moreover, be determined with

an input source or "driver" of the same impedance characteristics as

that to be employed in any given application. Since synchros have both

leakage inductance and distributed capacitance that, in general, depend

on shaft position, the frequency chosen for the carrier, or the harmonic

components of a complex-waveform carrier, will have a determining

effect on the accuracy.

The accuracy is sometimes stated as an angular error: namely, the

difference between an actual shaft displacement and the displacement

that would ideally give the observed output. The angular errors

observed frequently show a tendency to vary periodically with shaft

rotation. For example, they are a maximum at 60° intervals for most

3-phase synchros. The absolute accuracy obtainable varies widely,

being confined to less than ±0.1° in the case of the Bendix AY-100
Autosyn and being as large as +7° for an Army Mark XVII synchro.

If a synchro is improperly used, much larger errors may result.

The nature and magnitude of the angular error, in so far as it is

determined by the synchro itself, is dependent on numerous design

factors. Some of the most important are the number of poles on the

stator and rotor, whether or not the slots are diagonal, the uniformity of

the stator-to-rotor air gap, the method in which the coils are wound and

the degree to which they are matched, and the degree of magnetic

isotropy of the iron.

Generator Effect.—A synchro is not basically different in construction

from a generator. Therefore, if the primary current has a d-c component,

there will be superimposed on the desired output voltage a component of

the output voltage proportional in magnitude to the speed of rotation.

This effect cannot be ignored for applications involving relatively fast

shaft rotations.

It might be mentioned that the quality of the display is dependent
indirectly upon the angular velocity and acceleration of the electro-

mechanical data-transmission device, as determined by the transient

response of the associated circuits.

Waveform Distortion.—The previous paragraphs discuss errors that

are characteristic of synchros considered as rotating devices. Synchros

must also be considered as transformers when their performance is

evaluated. The transformer affects the waveform in several respects

other than amplitude, frequently in ways that are independent of rotor-

stator displacement. Because of the leakage inductance between rotor

and stator and because of distributed capacitances, an induced sinusoid

will, in general, be shifted in phase with respect to the primary sinusoid.

This consequence is of importance in some applications. Complex
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waveforms, such as a triangular wave, will be distorted on passing through

a synchro in a way dependent on the frequency-response characteristics

of the device and on the amplitude of the waveform. Waveform distor-

tion is, of course, dependent upon output loading and driver character-

istics as well as on the synchro itself.

Applicability.—Because of their sinusoidal angular response, synchros

are particularly adapted to the role of resolvers, that is, to produce output

voltages proportional to the sine and cosine, respectively, of the angular

shaft displacement.

They can be used as data-transmitting devices in cases where the

required electrical signal is some function other than the sine or cosine of

the primary mechanical displacement. One method is to use a nonlinear

mechanical link preceding the synchro, for example, a suitable cam
arrangement on the synchro shaft. Another is to synthesize the required

electrical signal from the available sinusoids. For example, an electrical

output approximately proportional to the shaft rotation may be obtained

by using two synchros. One synchro is driven in harmony with the

mechanical signal 0, the other as 20, and both are driven with a constant-

amplitude carrier. The output voltage of the first synchro less i that

of the second gives a composite signal

e = (A sin at) (sin 6 — i sin 20)

= (A sin at) (| 9 - |j + • • •

),
(13)

where A is a constant. It is seen that e is a linear function of to within

1 per cent for values of up to 42°, whereas sin departs from by 1 per

cent at 14°.

A related method useful for obtaining a tangent relationship is illus-

trated by the following example. Suppose there are two synchros, as

above, the second being geared to have twice the angular displacement of

the first. Let the input voltage to the second be a constant-amplitude

carrier. If the output voltage of this synchro is added to a carrier voltage

of the proper constant amplitude and the sum applied to the first synchro,

it may be shown that the output voltage of the first synchro has an ampli-

tude proportional to the tangent of its shaft displacement accurate to 1

per cent at 30°.

Another method, which is possible for certain applications, is to

distribute the rotor and stator windings in such a way as to make the

synchro output voltage the desired function of shaft rotation.

5*11. Fundamental Characteristics of Variable Condensers Used as

Electromechanical Modulators.—A variable condenser, used generally

as part of a voltage-divider circuit, can serve as a modulator to change a
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mechanical signal into an electrical signal. 1 The simplest and most

common case is illustrated by Ci and C% in Fig. 5-34o. If an alternating

voltage signal ei, such as a sinusoid, is applied across C\ and d in series

and the output voltage e% taken across Ci, then

- = TTXTT- (14)
ei Ci + C2

Let the desired output signal be a function of 0, the shaft rotation of the

variable condenser, expressed by

*- H +'#(«)] |j- (15)

Equation (14) shows that this output signal will be obtained if

The way in which C2 depends on is determined by the shape and

size of the condenser rotor and stator plates. In designing a condenser

for a precision application, edge effects must be considered and particular

care must be given to the mechanical design. 2

The variable condenser as a position-data-transmission device has

some advantages and some limitations when compared to other electro-

mechanical devices. For applications where the angular speed is high,

condensers are decidedly better than potentiometers and are better than

most synchros, almost all of which have been designed for low-speed

operation. The condensers, which in almost all applications to date

have been designed specifically for the job in question, are built to with-

stand high accelerations. They withstand shock, vibration, humidity,

and long use very well. Unlike synchros, they can readily be designed

to give almost any desired variation of output voltage as a function of

shaft rotation.

A variable condenser, if it is to be kept to a reasonable size and be of

good mechanical design, cannot have a maximum capacitance greater

than a few hundred micromicrofarads. Because of the small capacity

of the device, considerable care must be exercised in the wiring, and the

use of short leads to and from the condenser is almost imperative. Stray

and lead capacitances may cause undesirable variations of output voltage

with angle and will result in attenuation of the output signal. Because

of the necessity of having the carrier generator and the detector close to

the condenser, and because the manufacture of suitable variable con-

1 See Vol. 19, Chap. 11 of the Radiation Laboratory Series.

2 Chap. 9, of Vol. 17 of the Radiation Laboratory Series discusses the design

problems in detail.



214 POSITION-DATA TRANSMISSION [Sec. 5-12

densers is very expensive, the variable condenser as a data-transmission

device is generally less satisfactory than a potentiometer or a synchro.
5*12. Use of a Condenser Modulator with a Sinusoidal Carrier.

General Discussion.—It is possible with condensers, as with synchros,

to use any a-c waveform as the input signal. For example, for a PPI
display a variable condenser may be used either with a pre-time-base-

resolution system or with a resolved-time-base system (see Sec. 13-9).

Either the pre-time-base-resolu-

tion method or a combination of

the two methods is almost always

used because any practicable con-

denser divider presents a very

high impedance to the lower fre-

quencies that are present in most
time-base waveforms.

Figure 5-33 shows a block dia-

gram of a data-transmission system

In the way in which the condenser

Oscillator
Output

amplifier

Detector

e2

Filter

•p*C2

Fig. 5-33.—Block diagram of a condenser-
divider data-transmission system.

employing a sinusoidal carrier wave
is generally driven by the oscillator (for example, Fig. 5-37) the frequency
shifts somewhat as C2 is varied, but if the circuit has a fairly high "Q"
the amplitude will remain constant. This slight frequency shift is of no
consequence in most applications.

Two push-pull condenser networks are shown in Fig. 5-34 in which
the total capacitance, and hence the frequency, does not change. The

(a) (6)

Fig. 5-34.—Push-pull condenser voltage divider.

capacitances are designed to follow the relationships

B + kf(6)
° 2 " Cl A -km'
r> -c B ~ WQL*- Ll

A+kf(d)'

(17)

(18)

where A and B are constants, giving output voltages
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e2 = [A - kf(d)]

(

e 8 = [A + kf(0)) (

ei

A+Bj

A +5,
The total capacitance Ct is

~ _ C1C2
,

C1C2 _ ^ 2B
° r ~ Ci + C,

+
Ci + C"2 "

°
' A + B

'

(19)

(20)

and is seen to be constant. The analysis shows that equations of the

form of Eq. (19) hold for both Figs. 5-34a and 5-34&. Network b is

generally preferred in practice because cable and
p

other stray capacitances from the output ter-

minals to ground are generally much larger than

the stray capacitance between input and output

terminals. Stray capacity across the output ter-

minals of network b may simply be considered as

part of Ci. Experience with a push-pull network

of this type led to the conclusion that in practice

it would not be capable of the accuracy of a single

divider primarily because of the great difficulty of

accurately aligning the two variable condensers.

The condenser network shown in Fig. 5-35

has been found useful for producing output voltages that are certain

nonlinear functions of condenser-shaft rotation. For this network

Fig. 5-35 .—Condenser-di-

vider network.

«i C + Cx + CV
(21)

from which e as a function of 6 may be determined when C as a function

of 8 is specified. Bendix condenser No. 74747-1 for which C = A + kd

has been used in this way to produce a desired nonlinear output. In one

such production application, C\ = 122 nnf, C2 = 194 fiyS., and C varies

linearly with from nearly to 110 nni. Other condenser networks

with still different characteristics can be used. A condenser for which

f(6) in Eqs. (17) and (18) is sin 6 has been designed but not put into

production. 1

Example.—Two condensers have been designed which yield an output

voltage for which f(6) in Eq. (15) is linear in 6, that is,

e2 = A + kd. (22)

One is Bendix OAR 971-30-1; the other is Rauland CV-11. The follow-

ing data pertain specifically to the latter: Temperature coefficient of

1 See Chap. 9, Vol. 17, of the Radiation Laboratory Series.
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capacitance is 100 parts per million per degree centigrade; output voltage
is linear to +£• per cent; the condenser is operable from —40°C to +70°C
and with 95 per cent humdity at 45°C; it withstands the salt-spray test,

lOg-shock test, and 0.03-in. amplitude of vibration from 10 to 55 cps.

It is designed for 400 volts rms input. It will last for 10,000 hr at speeds
in the range from 10 to 2000 rpm, and it requires 4 in.-oz of torque. It

Fio. 5-36.—Rauland CV-11 sweep condenser: (1) housing; <2) end plates; (3) stator
plate assembly; (4) stub steel driving shaft; (5) ceramic main shaft; (6) counterweights;
(7) rotor plate assembly; (8) index marks for zeroing rotor; (9) slip ring; (10) solder connec-
tion from slip ring to stator plates; (11) brush; (12) bearing retainer plates; (13) shims for
longitudinal rotor position adjustment; (14) loading spring; (15) ball bearings.

is constructed (see Fig. 5-36) of 17 fixed, and one adjustable, stator
plates that are 0.160 in. +0.001 in. apart, and of 17 rotor plates, each
plate being 0.04 in. thick. The capacitance varies from 50 to 200 nni in
the usable 320° of rotation. Mechanically the shaft turns continuously.

In Fig. 5-37 is shown a circuit that makes use of a condenser divider
that satisfies Eq. (22). The condenser divider forms part of the tank
circuit of the 1-Mc/sec Hartley oscillator Vi. The peak-to-peak output
of 575 volts does not change appreciably even when the heater supply
changes over the range from 4 to 8 volts. The tank circuit and all
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radiating components including Vi are shielded in copper, and the entire

oscillator is mounted only a few inches from the variable condenser and

is connected to it by a shielded cable. The trimmer condenser Ci is

adjusted so that d plus C2 is equal to Cs plus the stray capacitance

(about 15 mmO for = 0°. The proper adjustment is ascertained by

comparing the observed output vs. angle curve with the calculated curve.

The 6SL7 V% and Ri and d serve as a detector. The shift in d-c

level of the output voltage with heater voltage for a 6SL7 is only about

half that observed with a 6SN7. Tube 73 is a cathode follower that

affords the low output impedance necessary in this case to drive the

several feet of cable to the indicator circuits. Both the detector and the

+300v

50 k

10 w
10 mh

Trimmer

Ci v 6-25/^f

6L6

'

i( «

270mH

0.001

75/wi L ^ ,* J

n
51k
w

270i A -J Sweep

MMf T 1 /\ ' C0
"J" ,

,

.

170 imi 1.0

10% -inriu
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2500v -105v

1M t.
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5"0k-4w 30k- 10

w

JA ^33k
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- tageout
0to55v

0.001? 2 w

-105 v

Note:L=50/*h
50 turns of* 18 wire

"3* on 2" form tap-
~ ped 12 turns up

Fia. 5-37.—Angle-voltage generator.

cathode follower are mounted very close to the slip rings of the variable

condenser to minimize the stray capacity. With the Rauland condenser

in use the output voltage varies from to ±55 volts for a variation in

shaft rotation from —160° to +160°.

The calculated peak-to-peak carrier ripple in the output is less than

0.05 volt and the calculated phase shift for 10 rps is about 4°. Since,

in this particular application, the condenser is geared up 32 to 1 with

respect to the scanner, this delay is permissible. Replacing #1 by a 0.25

henry choke reduces the phase shift to 0.02°.

5-13. Resolved-time-base Applications Using Condensers. General

Discicssion.—If a time-base waveform is to be attenuated by a condenser

divider, frequencies as low as the repetition rate of the time base must be

passed. With available condensers and for ordinary radar applications,

the divider must have an impedance of about a megohm for the low-

frequency components. At this level, leakage resistance becomes partic-
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ularly troublesome. Consequently, variable condensers are unsuited
for most resolved-time-base applications of the type commonly employ-
ing synchros. Laboratory models have, however, been constructed.
Another laboratory system that used a synchro and a sinusoidal con-
denser in parallel as a resolver for a PPI system was tried. The system
worked satisfactorily, but it was felt that a lower-inductance synchro
was better for the fast sweep waveforms in question.

-^to..
Sawtooth

input

0.4M| nmfti:
0.0005 jo horizontal

deflection

0.4 Ml"*" amplifier

0.0005 To vertical

deflection

Taooo5
amplifier

4———

©

Fig. 5-38.—Circuit of resolved-time-base PPI using a condenser for data transmission.

Use of a High-frequency Carrier.—Resolved-time-base systems that
employ high-frequency carriers have been built and have performed
satisfactorily. Figure 5-38 shows the schematic diagram of a PPI data-
transmission system using Cardwell-type sinusoidal condensers. Section

Ci is the cosine condenser, and C2 , the rotor of which is 90° out of phase
with that of Ci, is the sine condenser.

Section Ch together with C3 and C4 , constitutes a push-pull voltage-

divider network similar to that shown in Fig. 5-34. For the Cardwell
condenser, d = A + h sin and C[ = A — k sin 0. From Eq. (14)

it is seen that the difference in the output voltage is

e 3 e2 = ei
2kCi sin

(Ci + AY - fc
2 sin2 6

(23)
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If d is about 10 times as large as k, the sin2 term introduces a departure

from true sinusoidal push-pull output of less than 1 per cent. A cosine

output is similarly obtained from Ca with C 5 and C6 . In order that a

balanced output signal may be obtained, C3 , Ct , C6, and Ct may be made

adjustable. The input waveform is a modulated sinusoid of about

2-Mc/sec frequency. 1 The envelope of the waveform is a sawtooth wave

and the modulation is accomplished by applying a triangular wave to

the screen of the oscillator. 2 An automatic amplitude-control circuit

has been used successfully with this oscillator, the control voltage being

applied to the suppressor grid. The detectors are bypassed cathode

follower circuits. The output signals are push-pull sawtooth waveforms

varying in amplitude as the sine and cosine of the condenser-shaft dis-

Sawtooth wave-
form controls , , Push-pull saw-
amplitude 3Mc/sec

oscillator
c7£ F-M -*- tooth waveforms

detetctor * with amplitude
— 1 proportional to sin 9

Sinusoidal condenser
varies frequency from

2.9 to 3.1 Mc/sec

Fiq. 6-39.—Modulation of sawtooth waveform by means of sinusoidal condenser.

placement. The circuit shown, together with suitable auxiliary circuits

and equipment, gives a PPI presentation of suitable quality for shaft

rotations as high as 30 rps. Additional intelligence can be transmitted

by frequency modulation of the carrier.

Frequency-Ttnodulaied-carrier Examples.—Figure 5-39 is the block

diagram of another system of the resolved-time-base type which employs

a carrier; in this case, the carrier is amplitude-modulated by a sawtooth

waveform as in the previous example and also frequency-modulated by

the variable condenser. A frequency-sensitive detector produces push-

pull sawtooth waveforms of amplitude proportional to the frequency

deviation and, since the frequency varies linearly with Ci, proportional

to sin d. Since the output is proportional to the input amplitude also,

the wave shape is preserved. Such a circuit can be used in the genera-

tion of a B-scan presentation (no amplitude modulation), or together

with another similar unit with the condenser shifted 90° in phase, to

produce a PPI display. Such a system performed satisfactorily in a

laboratory test.

5*14. Generators.—Generators have been used in two different ways

as data-transmission devices. In some applications the generator is

used as a tachometer: the output voltage, whose amplitude is proportional

1 Linear electrical modulation is assumed. See Vol. 19, Chap. 12 of the Radiation

Laboratory Series.

4 See Vol. 19, Chap. 11 of the Radiation Laboratory Series.
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Instantaneous position

of center line of

radio-frequency beam

Position

of scanner

Fig. 5-40.-

Locus of beam
for constant 6

-Geometry of conical scanning.

to the speed of the driving source, is most often utilized by the so-called

"triggered" display system to be discussed in Sec. 5-17. The other way
in which a generator may be employed makes use of the fact that, for

constant angular velocity, the output voltage of an a-c generator varies

sinusoidally with shaft displacement. In an application of the first kind

the intelligence is conveyed by the

amplitude of the output waveform.
This amplitude is a measure of the

shaft speed and is used as a means
of compensating for variation in

shaft speed. In contrast to this, if

a generator is employed in the

second way, it is assumed that either

the angular velocity is constant, in

which case the instantaneous value

of the output voltage is propor-

tional to the sine of the shaft displacement, or any variation in rate is

compensated.

A simplified version of a radar application of the second (displacement

information) method is illustrated in Figs. 5-40 and 5-41 . In this instance

the radio-frequency beam is rotated at 20 cps making a small angle 8 with

respect to a fixed axis, the locus of the "pencil" beam thus tracing out a

Horizontal

deflection plates

of 3" CRT

Centering

bias

Push-pull

amplifierGenerator 20 cps

Fig. 5-41.—Data-transmission system using a generator and potentiometer.

cone. The received radar signals are presented as an azimuth angle vs.

range, or B-scope. The azimu+h position of the beam is 8 sin measured

from a vertical plane passing through the axis of the conical scan. The
output of the generator, mounted to rotate as 6, is proportional to sin 0,

and, for a fixed value of 8, therefore, to 8 sin 0, the azimuth angle.

In order to search all the space lying within an angle 5o of the axis,

within the range of the set, the angle 8 is continuously varied between
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limits of +8 and -3„. The amplitude of the cone half-angle 5 goes
through one complete cycle in about 4 sec. The fact that 8 actually
goes negative means that the phase of the generator output curve must
be effectively shifted by 180° each time the amplitude goes through zero.
The amplitude of the output sine wave is varied proportionally to 8, and
cognizance is taken of the sign by means of the linear potentiometer Ru
When 8 is zero the potentiometer winding is grounded at the center.
The output from the center-tapped resistor Rs is zero under these cir-
cumstances. The amplitude of the output waveform increases linearly
with 8 as the brush of Rt moves downward, and reaches a maximum when
the lower end of the potentiometer is grounded. As the brush moves in
the opposite direction the amplitude increases, approaching the same
maximum value but with the phase changed by 180°.

Amplifier

Output

Photo-

electric

cell

Cam Slit

Pig. 6-42.—Electromechanical data-transmission system consisting of a cam and photo-
electric cell.

Both a permanent-magnet-field and a d-c excited-field generator 1

have been used in this application. The output waveform shows a
variation from sinusoidal shape indicative of the number of poles of the
generator. A 1-fd filter condenser across the generator output terminals
has sometimes been used. The generator output is about 60 volts rms
at 20 cps.

5-15. Photoelectric-mechanical Data Transmission.—An electro-
mechanical data-transmission system that has been used in experimental
systems consists of a cam turned by a shaft (the mechanical signal) that
modulates the light falling on a photoelectric cell,2 which, in turn, pro-
duces an electrical signal. Such a system is illustrated in Fig. 5-42.

One such system employed a "constant "-intensity light source, a
lens system for controlling the light beam, and an RCA 929 high-vacuum
photoelectric cell. The output voltage of this photoelectric cell is very
nearly proportional to the light intensity. Since it was required that the

* Production generator is type 1401 made by Electrical Engineering and Manufac-
turing Co., Los Angeles.

2John Strong, Procedures in Experimental Physics, Prentice-Hall, New York 1939
Chap. 10.

' '
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output voltage indicate the shaft position even when the shaft was at

rest, a direct-coupled amplifier had to be used. Considerable difficulty

was encountered in making an amplifier with an output that did not

"drift" excessively. 1 A monitor photoelectric cell was used to obtain

a signal proportional to the intensity of the light source. Such a signal

could be used to vary the gain of the amplifier and thus compensate

completely for light-intensity fluctuations. In this case, however, the

monitor signal and the main signal were the two input signals to a differ-

ential amplifier; the output for a given (midrange) value of 6 was thus

kept fixed. Another, and generally a better, method of monitoring is

to control the light intensity in accordance with the monitor output to

make that output a given value.

In a second laboratory model neither a lens nor a monitor was em-

ployed; an a-c amplifier was used. The use of an a-c amplifier requires

that the cam be rotating (600 rpm normally), but the use of an inter-

mittent light source obviates this difficulty.

For certain applications, the photocell compares favorably with other

electromechanical devices. It has the advantage that the cam can be cut

to give almost any desired functional relationship between the rotation

angle and the output signal. Inherently it is capable of applications

analogous to those using a "d-c carrier" (a constant-intensity light

source), a sinusoidal carrier (intermittent light source), or to resolved-

time-base applications (light intensity controlled by a time base).

SYNCHRONIZED TRANSMISSION OF ANGULAR DATA

In almost all of the foregoing discussion the remote signal was derived

directly from the primary signal by mechanical or electromechanical

devices. In applying such techniques the primary signal is generally

thought of as being an independent variable and the remote signal as

being a dependent variable. In some cases, however, both the primary

and the remote signal may be considered dependent; dependent, gener-

ally, on time. Two techniques have been used in such cases. One is the

use of synchronous motors to drive the primary shaft and the remote

shaft; the other is the use, as the remote signal source, of an electrical

circuit giving an output signal that varies in time in some prescribed way

in synchronism with the primary signal, which is assumed to be a pre-

scribed function of time. In both applications, generally the only data

actually "transmitted" is a synchronizing signal.

5-16. Synchronous Motors.—A means of synchronizing the rotation

of two shafts is by the use of synchronous motors, an example of which

is shown in Fig. 5-43. Its advantages arevery lightweight, high accuracy

for continuous rotation, and the lack of necessity for an auxiliary ampli-

i See Chap. 11, Vol. 18 of the Radiation Laboratory Series.
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fier. On the other hand, it is difficult to phase the motors initially, and
any slipping of the motor or momentary loss of power requires rephasing
of the entire system. In the example shown, the switch is manually
adjusted until the antenna and the rotating coil are in phase. Because
the phasing feature of this system is not positive, the system is very
rarely used. Another disadvantage of this method is its inability to
sector scan with any accuracy.

5-17. Triggered Circuits.—If the primary signal is a function of time
which repeats itself periodically or upon the reception of a triggering or
initiating signal, then a remote electrical signal can be derived from an
appropriate waveform generator that oscillates or that is triggered in
synchronism with the primary signal. For example, if the primary
signal is the displacement angle of a uniformly rotating shaft, an electrical

Antenna
lx

Gearbox
100 x—*— Antenna

motor

w\ ~115v
*" 60cps

Fig. 5-43.

1800 rpm
synchronous

motors
-Synchronized data transmission with synchronous motors.

signal proportional to this displacement can be derived from a sawtooth
generator that is triggered by a synchronizing signal from a switch
operated by a cam on the shaft. The duration of the sawtooth waveform
must be somewhat shorter than the period of the shaft rotation.

Methods of Triggering and Gating.—Several methods have been
employed for obtaining the synchronizing signal, and two types of syn-
chronizing signal have been employed. One type of synchronizing
signal is a trigger or initiating pulse (Figs. 5-446 or c) which serves to
start the waveform generator. The other is a gating or switching wave-
form (Fig. 5-44d) which is a signal having one value for the duration of
the required voltage waveform and another value for the rest of the time.

When the trigger pulse is obtained from a switch controlled by a cam
on the shaft, the closing or opening time of the switch, or of a relay con-
trolled by it, is of the order of magnitude of a few milliseconds—which
is too long for many applications. Another disadvantage is that it is
often inconvenient to use cams and switches because proper adjustment
is generally difficult.
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A disk containing a magnetic "slug" may be fixed to the shaft in

question. A signal derived from a coil held near the surface of the disk

can be used to synchronize the waveform generator with the shaft rota-

tion. The waveform of the pulse, shown in Fig. 5-44b, has an amplitude

proportional to the shaft speed and consists of both a positive and a

negative part. It is not very steep at any part, and therefore it is diffi-

cult to derive a "jitter free" narrow synchronizing pulse from the coil

output.

Mechanical

displacement

(e) T 2T

Fia. 5-44—Some waveforms illustrating triggered-circuit data transmission.

A third method consists of a rotating slotted disk or cam that inter-

rupts a beam of light to a photocell. This method (see Sec. 6-2), which

is the most suitable for most applications, can give either a synchronizing

pulse (Fig. 5-44c) or a switching waveform (Fig. 5-44d). The output

signal is, moreover, independent of shaft speed and has a faster rise time

than the voltage waveform obtained with the magnetic-slug method.

The output-signal waveform generator must be turned off in time to

allow adequate recovery of the circuit before the initiation of the next

cycle. If a gating waveform is used, the shutoff is automatic. If pulses

are used, the shutoff can be effected by a second pulse derived in the same

manner as the first, or by an automatic timing circuit at a fixed time after

the start.
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Use of a Tachometer.—The output signal waveform e(i) (Fig. 5-44e)
will have a value at any time which is proportional to the mechanical
displacement y(t) of the shaft only if both de/dt and dy/dt are constant
or vary proportionally. If the mechanical system is such that dy/dt
cannot be held constant within the desired limits, a tachometer generator
can be connected to the shaft and its output can be used to modulate
the slope or amplitude of the time-base waveform.

Figure 5-45 shows the circuit used in one experimental system employ-
ing a d-c tachometer generator to correct for rate variations. The gener-

4300v + 300v

6 Photo tube J

-150v
Fig. 5-45. Triggered data-transmission circuit using tachometer generator and phototube

blanking disk.

ator is geared to turn at five times the cam shaft speed, the latter being
about 10 rps. The positive generator output is applied to the cathode
follower Vi. Tubes V2 and Vs and the associated parts form a "boot-
strap" sawtooth-generator circuit (see Sec. 4-6). The slope of the
output sawtooth waveform is proportional to the initial current flowing
through the 1-megohm resistor. This current, in turn, is proportional
to the generator output voltage since Vt is conducting before the start
of the sawtooth waveform. Thus, if the speed of rotation increases, the
sawtooth slope increases proportionately. The voltage waveform on the
grid of Vi is shown. The time from t to h is the duration of the saw-
tooth, and the bias on the cathode of Vt is adjusted so that the tube is

nonconducting from t to t6 . The cam that interrupts the light beam
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introduces smaller modulations of the light intensity at regular intervals.

The corresponding fluctuations in output voltage are below the cutoff

potential for 74 but are present in the output of V b . These signals

serve to brighten the trace on the associated cathode-ray-tube display

and thus produce angle marks. The switching signal from F4 serves,

through circuits not shown, to blank the cathode-ray tube beam from h

to the next t .



CHAPTER 6

ELECTRONIC MARKERS AND INDICES

By H. 0. Marcy, III

6-1. Introduction.—A display index is commonly a line indicating a
particular value of a function that may or may not be one of the coordi-
nates of the display. Either a number of indices that allow interpola-
tion, or a single movable index may be employed. The latter is especially
convenient for automatic data transmission. In general, it is desirable
that the indices be more sharply defined and more accurately fixed than
the particular signal to be evaluated. For example, a sharp line may bt
used to bisect a broad signal with an error of less than one-tenth the
width of the signal.

Overlays are the simplest means for applying indices to a display (see
Sec. 16-5). They consist of dark lines or illuminated scratches engraved
on a transparent plate placed directly in front of the display tube. They
are not always satisfactory because parallax errors are usually present,
and because it is essential that the display be stable in position and size
in spite of line-voltage or tube-characteristic fluctuations. Greater
accuracy can usually be achieved by the use of electronic indices, which
appear in the display area as brightened lines or dots, because these may
be made independent of any variability or distortion in the display and
are not subject to parallax. Unfortunately, circuits for the generation of
electronic markers are often costly and complex.

With most two-dimensional displays, scanning is much more rapid in
one coordinate than in the other. The B-scope of a radar display is an
example of a cartesian-coordinate display with the fast scan in the y-
coordinate representing range, and the slow scan in the x-coordinate repre-
senting the azimuth angle of the antenna. As the x-scan progresses
across the tube, the y-scan, sweeping successively across, forms a series
of parallel slanting lines. All values of y are covered in each y-scan,
but only discrete values of x are displayed for each x-scan, the separation
of the lines being determined by the ratio of the scanning repetition
rates of x and y. An index for a particular value yh made by intensify-
ing each y-scan for a short interval at the value yu will then appear in
the display as a row of brightened dots as shown in Fig. 6- la. On
successive x-scans, when there is no synchronization between the x and y

227
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repetition rates, this row of dots will move bodily to the right or left at

random and the dots will merge into a smooth line because of the persis-

tence of the observer's vision or of the screen. The vertical width of the

Index

a?i+A* xi Index

(a)

: from scan 1

Index from scan 2

(6)

£-sweep stopped

during this y-sweep

(d)

Portion of scan

during which index

is subsituted

Total scan

(e)

Fig. 6-1.—Diagram of a cartesian-coordinate display.

line depends only on the steadiness of the y-scan and on the interval of

time during which each scan is intensified.

An index for a particular value xh on the other hand, is more dif-

ficult to obtain with a clean-cut appearance, especially when the separa-

tion of y-scans is large. In this situation the value Xi may fall where no

y-scan is present during a given x-scan, but is present during the next
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x-scan because of the random relation between the x and y repetition
rates. This fluctuation will cause the index to fade in and out of view
or to flicker in an annoying manner. The difficulty can be avoided by
broadening the index to include values of x from x ± to x x + Ax where Ax
is greater than the separation between successive y-scans. In this way,
there is certain to be a y-scan during the intensified portion of each x-scan,
but such broadening of the index can introduce other defects if Ax is much
more than the spot size of the cathode-ray beam. The random position
of the y-scan in the interval Ax may cause the intensified line to move
about from one x-scan to the next (Fig. 6-16) or the intensified line may
start in the middle of one y-scan and continue into the next (Fig. 6-lc).

With a persistent screen, these effects may not be noticed individually,
but they do cause the index to waver and to appear defocused.

To avoid these difficulties, it is possible to stop the x-scan at Xi until
there is a complete y-scan (Fig. 6- Id). After the index has been formed,
the x-scan is made to catch up to its correct position.

Another method of generating slow-scan indices, useful with per-
sistent cathode-ray-tube screens, is to remove the normal x-scan and
momentarily replace it by substitution of the single value xu The fast
y-scans are allowed to continue and may be intensified to give a bright
line index of value xi. This method may be used to advantage if a por-
tion of the slow-scan cycle is not used. An example is an expanded dis-
play in which only a portion of the x-region observed by the scanning
device is displayed on the tube. During the undisplayed part of the
scan a relay may switch the presentation to the particular value Xi of
the index. Figure 6-le shows this diagrammatically. If all of the scan
should be displayed, a sacrifice of duty ratio is necessary.

6«2. Slow-scan Indices.—These indices may be subdivided into two
classes, flashing indices and substitution indices. To obtain flashing
indices the fast sweep may be intensified in one of several ways.

Mechanical Switching.—Figure 6-2 shows the generation of an angle
mark on a PPI display by the use of a cam coupled to the device that
rotates the position of the radial sweep on the cathode-ray tube. At the
proper position the cam closes a microswitch which, in turn, actuates a
two-circuit relay. As soon as the first relay closes, it energizes a second
relay. This relay opens the circuit that was closed by the first relay.
The net result, shortly after the microswitch is closed by the cam, is a
circuit closed during a short interval that is determined by the "actua-
tion time" of the second relay. This closed circuit is used to change
the grid bias of the cathode-ray tube in such a way that the trace is

brightened. The duration of the angle mark is determined only by the
actuation time of the second relay and is independent of the shape of
the cam. By the choice of a suitable relay, the interval may be varied.
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In general, this method is applicable only to angular scan rates less

than 5 rpm. Its accuracy is determined by mechanical considerations

and by the uncertain delay in closing the microswitch and the first relay,

Easy phasing of the index is accomplished by the use of a mechanical

differential between the antenna and the cam.

Photoelectric Method.—This is the most precise method of generating

indices. A slotted disk, mechanically coupled to the scanning device,

is so placed that it intercepts a collimated light beam that would other-

wise fall on the sensitive surface of a photocell. Whenever the light

beam passes through a slot in the disk, the photocell signal is generated.

, Bright angle-mark

Rotating

coil

Cathode-ray-

tube bias

-50v

Fig. 6-2.—Mechanical switching to intensify sweeps at a particular angle.

After suitable amplification, this signal may be applied to the cathode or

grid of the cathode-ray tube and thereby change the brightness of the

trace. The electrical circuit is shown in Fig. 6-3. A gas-filled phototube

is used because- of its greater sensitivity, and because the linearity of

response is unimportant. Collimation of the light from a six-candle-

power bulb is accomplished by using a narrow slit placed in the light

shield surrounding the bulb. Accurate alignment of this slit with the

slit in the rotating disk is required. With good alignment the width of

the index is proportional to the width of the light beam plus the width

of the slot in the disk. By rotating the disk at several times the speed of

the scanning device, multiple indices of proportionately narrower width

may be generated. The errors of this method, subject to the provision

that the interval between fast scans be sufficiently small, are only those

introduced by the mechanical coupling to the scanning device and the

errors inherent in the scanning device itself. Phasing of the index may

be done mechanically. This process will prove cumbersome if the scan-
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ning device and the photocell unit are remote from the display, and
therefore photoelectric indices are usually fixed.

Synchro-null Methods.—When a carrier is applied to the rotor of a
steadily rotating synchro there will appear across any two output ter-

minals a sine modulated-carrier wave. For a complete revolution of the
synchro there are two positions, 180° apart, at which the phase of the
carrier reverses and the amplitude passes through a minimum. If this
carrier is demodulated by means of some type of peak detector, the
resulting wave consists of a series of positive sine-wave half cycles. At
the minimum value there is a rapid reversal of the slope of the demodu-
lated waveform and both the negative and positive slopes are at their
greatest values on either side of this minimum. Narrow pulses that

Rotating disk

6CP
Light bulb

Fia. 6-3.—Photocell index circuit.

occur at two definite angular positions 180° apart can therefore be formed
from the demodulated waveform.

The advantage of this method is that the phase of the index may be
controlled at a position remote from the scanning device to which the
rotating synchro is attached. The stator of another synchro located
on the control panel may be connected to the stator of the first synchro.
Rotation of the second synchro rotor will phase the index to any position
desired since the second synchro acts as an electrical differential.

The carrier energizing the synchro must be of a sufficiently high
frequency to furnish information to the demodulator at intervals more
frequent than those corresponding to the maximum allowable error of the
index. In general an upper frequency limit to the carrier is set by the
transfer characteristic of the synchro at high frequencies and the stray
capacity in the synchro itself and in the transmission lines. Capacity
unbalance frequently causes the minimum values of the carrier to vary
for different settings of the second phasing synchro. A change in the
d-c level of the minima of the demodulated wave then results. In most
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circuits this change in turn causes a variation of the angular width of the

index itself. A circuit for generating indices by the synehro-null method

is shown in Fig. 6-4. An oscillator (4-5 kc/sec) is used to excite the rotor

of a synchro mechanically coupled to the antenna. Although the fre-

l+300v

!4.7k
2w 47 k

i-A/Wi

-105v

Fig. 6-4.—Synchro-null indices.

Index output
~

pointB

quency stability of this oscillator is of no consequence, amplitude varia-

tion in the oscillator will cause a proportional increase in the width of the

index. For any position of the control synchro there are two correspond-

ing positions of the scan synchro in which the output from the secondary

of the control synchro goes to zero. At all other positions of the scan

synchro there is an appreciable carrier signal. This signal is amplified
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by a two-stage amplifier and coupled into a peak detector that is biased
just beyond cutoff. When there is any appreciable signal, the peak
detector conducts over part of the cycle and the condenser in the plate
circuit discharges. During a null, the detector tube fails to conduct and
the plate condenser is charged to B+ voltage. The amount of input
signal required before the detector tube conducts depends upon the bias,

controlled by B x . The bias thereby controls the width of the positive
plateau in the plate waveform, which is generally used to cut off a cathode
follower, an amplifier, or an oscil-

lator 1 at all times when the plate

voltage is not at B+. Thus R ±

is the width control for the index.

Indices with a width of 2° out of

the 360° rotation of the antenna
synchro may be obtained with
ease; sharper indices require stable

amplifiers, stable power supplies,

and care in the reduction of stray-

capacity effects. Variations of

the circuit shown in Fig. 6-4 may
be deduced from the data on de-

modulation in Chap. 5. Lower-
frequency carriers have been
successfully used for the genera-

tion of indices by this method.

Elimination of alternate indices

may be accomplished if desired by
the addition of the circuit shown
in Fig. 6-5. The control transformer synchro used to phase the index
in Fig. 6-4 is replaced by a differential synchro. By suitable connections
a carrier whose modulation envelope is 90° in scan angle behind that used
for the generation of the index may be obtained from this differential
synchro. This carrier is added to a suitable fraction of the unmodulated
carrier, and the sum is then demodulated to give a wave proportional to
the cosine of the scan-synchro rotation angle. When the cosine wave is

near a maximum, a vacuum tube driving a relay conducts and thereby
actuates the relay, which allows the index to be transmitted to the display
tube.

Indices Derived from the Cathode-ray-tube Sweep-control Potential.—
A varying voltage, related to the position of the scanning device, is

usually generated as the means of controlling the cathode-ray-tube
1 An oscillator, Vs of Fig. 6-4, is used to allow passage of the index signal through

video circuits.

im " Mb output

Fig. 6-5.—Elimination of alternate index.
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sweep. A particular value of this voltage usually corresponds to a single

position of the scanner. It is, therefore, possible to generate an index

by a circuit that reacts discontinuously at this particular voltage. The

circuit shown in Fig. 6-6 makes use of a "flopover" V% and V3 ,
which

fires when the 72 grid potential changes from negative to positive with

respect to the grid of 73 . The cathode follower Vi isolates the sweep-

control from the index circuit and offers a low impedance to the divider

Ri and R*. The potential at the junction of Ri and R* can be varied by

means of the low-impedance potentiometer R 3 . The value of the sweep-

control voltage at which the flopover circuit fires may thus be selected

at will. Since the potential at the plate of V% shifts abruptly negative

whenever the grid of F2 changes from a potential below that of the grid

Sweep control

potential

(Oto+lOOv)

+300v
Index

Intensity

To sweep
circuit

Index
position

control

-150v

Fig. 6-6.—Index from sweep-control potential.

O
Index

output

of Vz to one above, 74 is cut off instantaneously. After an interval,

determined by R iCi , Vi again becomes conducting as d is charged

positively through R t . There will appear, therefore, at the plate of Vt

a positive pulse whose start corresponds to a particular value of the scan-

control potential, determined by the setting of R 3 ,
and whose duration is

determined by Rid. When the sweep-control potential decreases to the

critical value, the flopover will return to the initial condition. No index

will be generated since only a positive pulse appears at the grid of V*.

If an index were generated at each transition of the flopover, a slight

difference in the potentials corresponding to the indices produced by

alternate transitions would be observed. This method of generating

indices is therefore restricted to scan-control voltages that vary unidirec-

tionally during the useful portion of the scan.

Sweep-stopping Circuit.—Variations of the position and intensity

of a slow-scan index x x that are due to a variation of the aiscrete values

of x corresponding to the start of the fast scans will occur in some cases.
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It is therefore often desirable to stop the slow scan momentarily at the

value x\. After intensification of a fast y-sweep at zh the slow x-scan is

allowed to catch up to the correct value. The block diagram, Fig. 6-7,

shows a sweep-stopping circuit for the special case of sawtooth sweeps.
At a time corresponding to the value x if a negative trigger pulse, gener-

ated by any of the methods already described for the generation of indices,

flips a scale-of-two circuit, which unclamps a sawtooth generator. The
resulting positive sawtooth voltage is then resistance-mixed with the

negative sawtooth waveform from the scanner. If the positive sawtooth
voltage is adjusted to the correct slope, the sum of the two sawtooth

Negative trigger

pulse from
index generator

Diode
Scale-of-

two circuit

Negative trigger pulse

from differentiation

of fast-scan intensifier

gate

Slow-scan
voltage in

LT'-TL

Sawtooth
generator

_|Amplifier

inverter

Cathode
follower

Resistance

mixer

Intensifying—•-_ pulse to

LTcathodeofCRT

Slow-scan

voltage to

sweep

Fig. 6-7.—Block diagram of sweep-stopping circuit.

waveforms will not change during the interval in which the scale-of-two

circuit is in this state. To cause a transition of the scale-of-two circuit

back to the original state a negative trigger pulse, derived from the end

of the intensifier-gate circuit associated with the fast scan, must be
applied to the grid of the second tube. As soon as the scale-of-two cir-

cuit flips back, the sawtooth generator is clamped. The sum of this

sawtooth waveform and the scanner sawtooth waveform immediately

becomes equal to the value of the scanner sawtooth voltage alone. The
scan is therefore in the same position in which it would have been if the

sweep had not been momentarily stopped. To intensify the cathode-ray-

tube beam during the index, a pulse is developed from the scale-of-two

circuit and applied to the cathode of the cathode-ray tube.

Figure 6-8 shows the actual sweep-stopping circuit. The scale-of-two

circuit uses a pentode, F2 , and a triode, V%. The screen of the pentode

acts as the anode in the scale-of-two circuit. The plate of the pentode
is an electron-coupled switch used to clamp C\. The rate of charge of C\
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is determined by R x and the potential Ei to which C x charges. E x may

be controlled by means of a potentiometer.

The Use of Carriers to Allow Amplification by Video Amplifiers.—
Very often the indices of siow-scan sweeps must be comprised of long

intensifying pulses. The duration of these pulses may be as much as a

tenth of a second. In many types of displays, particularly radar dis-

plays, the signal amplifiers do not have a low-frequency response suffi-

cient to pass such a long pulse. The long pulse may be used to modulate

a carrier in order that the index signal may be mixed with the video

+ 300v . Slow scan sweep voltage

|6SN7

Negative

trigger from
index generator

at time T,

Negative trigger from
fast scan at time Tz

-150v

Fig. 6-8.—Sweep-stopping circuit.

signals before amplification. In Fig. 6-4 the circuit involving 7 5 is a

Hartley oscillator that is gated at the grid by the index pulse and pro-

vides a frequency high enough to pass through the video amplifier.

This signal will be demodulated by the nonlinear response of the cathode-

ray-tube gun.

Substitution Indices.—Figure 6-9 shows a circuit in which the index is

placed on the screen of the cathode-ray tube during the interval when the

normal slow sweep would cause the cathode-ray beam to be deflected off

the face of the tube. When the sweep-control voltage Ex is sufficiently

positive to sweep the cathode-ray beam off the screen, the relay switch

tube V 3 conducts and thus actuates the relay. This relay switches the

grid of the sweep amplifier tube from the scanner potentiometer to a fixed

potentiometer, which is adjusted so that the cathode-ray-tube sweep is
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in the correct position for the desired index. The relay also switches the

cathode-ray-tube grid bias so that it intensifies all fast scans occurring

while the slow sweep is held in the index position. At the same time
signals are removed. As soon as the sweep control voltage falls below
the critical value, the relay is released and normal operation is restored.

This method of generating indices requires that only a portion of the

scan be presented, and that the unused portion of the scan be sufficiently

long to allow the relay to operate. It requires further that the display-

tube screen have sufficient persistence.

+ 300v

Rotating p
potentiometer £» »

coupled
to scanner

To cathode-

ray-tube grid

+ 105v Video

Fig. 6-9.—Substitution index using relay.

For relatively rapid scans an index may be generated in a somewhat
analogous manner using electronic switches to clamp the sweep amplifiers

momentarily to the desired value. Transients in the deflection system,

especially with magnetic deflection, become troublesome when the clamp-
ing interval is small, but these transients may be reduced if clamping is

done at a time when the sweep is near the desired index position. A
portion of the scan is sacrificed under this condition, but an index is not

usually required for every scan.

Summary of Slow-scan Indices.—Five general methods of generating

electronic indices directly from the mechanical position of the scanner
have been described. The choice of a suitable method will depend on

(1) the number of indices required, (2) the phasability of the indices,

(3) the accuracy needed, (4) the speed of the scanner, (5) the amount of

scan displayed, and (6) the type of scan.
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Multiple indices may easily be obtained by photoelectric methods,

certain mechanical-switching methods, and, if submultiple spacing is

assumed, by synchro-null methods. Substitution methods, on the other

hand, are in general not suitable for generating more than a single index.

The fifth method, pickoff "of several indices from the sweep waveform,

requires duplication of the pickoff circuit and may therefore become

uneconomical.

The mechanical-switching method and the photoelectric method

are relatively difficult to phase. All the other schemes described are

designed to be phasable by a simple remote control.

The most accurate indices may be generated by the photoelectric

method. The synchro-null method has the inherent inaccuracy of the

synchro, about 1° if the synchro is geared 1 to 1 to the scanner. Pickoff

of an index from the sweep waveform has the errors inherent in generating

the waveform. Substitution indices depend upon the stability of the

sweep amplifiers, and are therefore less accurate than the photoelectric

or synchro-null methods.

Mechanical switching to brighten particular sweeps, as well as sub-

stitution indices, requires low scanner speeds, but the other methods are

limited in scanning speed chiefly by mechanical considerations.

All substitution methods also require the sacrifice of a portion of the

scan. Unidirectional scanning is desirable with mechanical switching

and with methods utilizing the sweep control voltage. Photoelectric

and synchro-null methods may have a small amount of backlash, but

are otherwise indifferent to reversal of the scan.

6-3. Timing Indices.—In many cathode-ray-tube displays such as

are used for test oscilloscopes and radar sets, time is one of the principal

coordinates. It is nearly always represented by the faster sweep in a

two-coordinate display. Since every sweep will present all values of time

throughout the desired interval, the problems arising from the disconti-

nuities in the slower sweep of a two-dimensional scan are absent. The yi

time index consists of a series of dots, each of which is generated by the

intensification or deflection of a small section of each y-sweep. With the

faster time sweeps, the interval that this section represents may have to

be as short as 0.1 jusec. The generation of such short pulses presents

problems in itself.

Usually, it is desirable to generate time indices entirely independently

from the sweep. Stable oscillators employing crystals or LC tank circuits

are often used. These oscillators may be pulsed at the start of the sweep,

or the start of the sweep may be synchronized with the phase of the

oscillations. Precise sawtooth delay circuits, often measuring time from

a value other than that at the start of the sweep, provide an alternative

means of accurately measuring time intervals. The particular method
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used for generating the index will depend on whether it is desired to

measure a single variable-time interval or to use multiple fixed indices

equally spaced. The latter method requires interpolation to determine

the time of any signal.

Presentation of the time index will depend on the display used.

With a one-dimensional time scan and signals presented as deflection

modulation, it is usual to indicate a particular value of time by means
of a rapid transverse deflection such as a step or notch. Indication of

this type gives the greatest precision, but care must be taken to prevent

distortion of the signal by the deflection of the time index. Intensity

modulation is always used with two-dimensional scans and often with

one-dimensional scans in which the use of fixed indices is likely to cause

distortion of the signals to be observed. Such intensity-modulated

indices have the disadvantage of poor focus when bright marks require

high instantaneous beam currents.

Movable Time Indices.—A "flip-flop," the circuit for which is described

in Sec. 4-4, may be used to measure a time interval. However, the

changes of tube characteristics caused by aging, tube replacement, and
variations of heater voltage lead to considerable inaccuracy. It is

therefore usual to calibrate the time intervals corresponding to particular

potentiometer settings of the RC time constant involved against a more
reliable delay circuit. However, the economy of such a multivibrator

recommends its use when great accuracy is not required. The particular

circuit shown in Fig. 4-23 holds its calibration, for extremes in normal
operating conditions and for reasonable lengths of time, to ± 5 per cent. l

In some cases the tendency of the multivibrator delay time to vary
rapidly over a small interval or to "jitter" will broaden the index enough
to confuse the observer.

Greater accuracy and stability may be obtained at considerably

greater expense with the sawtooth delay circuit shown in Fig. 6-10.

The switch tube V\ holds Ci and C2 discharged until a negative square

wave starting at time * cuts off this tube. To insure a linear sawtooth
waveform both "bootstrapping" and compensation by means of R 2C 2

are used. At the end of the sawtooth waveform V2 and Vi allow a

rapid return to initial conditions. When, at time th the plate of the diode

Vf, becomes positive with respect to the cathode, the remainder of the

sawtooth waveform is transmitted through the diode to the grid of the

pentode amplifier V6 . The pulse transformer in the plate of V 6 differ-

entiates and inverts the amplified segment of the sawtooth wave. After

further amplification by V7 this waveform triggers a pulse oscillator Vs.

The resulting sharp pulse may be used directly as an index of the time
1 See the Radiation Laboratory Series, Vol. 20, Chap. 5 for a more detailed discussion

of this circuit and its stability.
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interval h-U. The critical parts in this circuit are Vi, which determines

the voltage at the start of the sawtooth wave; V5, which may require

slightly varying plate-to-cathode potentials for conduction; the critical

time constants, R\C\ and RzC2 ; and the voltage at the arm of the delay

potentiometer. Variation of this voltage causes a linear variation of the

time interval. This circuit will hold its calibration to about ±0.5 per

cent for extremes of normal operating conditions. A detailed discussion

of its stability appears in Vol. 20, Chap. 4.

+250 v

Slope

10 k 4 w w.w.

Negative trigger input

7 k 4 w w.w.

Delay pot

20 k 6 w w.w.

Zero set

4k 4 w w.w.

-o Output

Fig. 6-11.—Phantastron delay circuit.

Another delay circuit, similar in some respects to a multivibrator but
controlled by a linear sawtooth waveform, is shown in Fig. 6- ll. 1 Nor-
mally, both 01 and the cathode of Vi are held positive with respect to gr2 .

Screen current flows, but the plate is cut off by g2 . The plate potential

of Vi is controlled by the delay potentiometer through the diode V2. If

a negative trigger pulse is allowed to reduce the cathode potential below
that of g%, plate current will flow momentarily and thus cause gx to be held

at a lower potential by the integrating condenser d. After a small

initial drop, the plate potential will be able to become more negative only

as C\ discharges through Ri. The plate continues to become more nega-

tive with a sawtooth waveform until it reaches the potential of g%. At
this point gi rapidly becomes positive until it exceeds the potential of

02 ; the plate current is then cut off and the circuit returned to the original

conditions. The time interval is determined by the potential at which
the negative plate sawtooth waveform starts and by the conditions for

which plate current can no longer increase. The initial plate voltage

1 The action of this circuit, known as the "phantastron" delay circuit, is described

in detail in Chap. 5, Vol. 20 of the series.
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may be varied by the delay potentiometer to give an almost linear varia-

tion of delay. Critical parts of the circuit are RiCi, which determines the

slope of the plate sawtooth wave, the screen potential of Vi, and the

suppressor potential of V\. The output waveform may be taken from

either the screen or the cathode. Since the screen has a steeper negative

wavefront, a shorter minimum delay time is available there.

More elaborate circuits employing stable oscillators, phase shifters,

and a delay circuit to allow selection of a

particular sine-wave cycle relative to some

other previous sine-wave cycle are de-

scribed in Vol. 20, Chap. 5. By the use of

continuous crystal oscillators and accurately

made phase shifters, errors may be reduced

to less than 0.1 fisec.

Deflection Presentation of a Single Time

Index.—To allow very accurate setting of

an index on a particular signal, a section of

the time sweep in the vicinity of the signal

may be expanded. On an A-scope. a step,

notch, or pedestal can accomplish this ex-

pansion by a deflection transverse to the

time sweep. Since the signal is also in-

dicated by a transverse deflection, care

must be taken that the signal is set only

to the edge of the step. For best accuracy

the slope of the step must be a maximum
at this edge. A good step will, therefore,

break sharply. Figure 6-12 shows how the

position of a pulse may be measured by a

step, a notch, or a pedestal. Experience

indicates that for a step 1 in. high a sharp

signal may easily be set to one-tenth of At.

An alternative method of expansion

employs a sharp increase in the rate of the

time sweep for a short interval starting at t\ (Fig. 6-12). During

this interval the CRT beam is intensified for easy identification. The

accuracy of measurement is thus increased without distorting the

signal amplitude. However, this distortion of the time base may be

objectionable, and, in general, this method does not yield such accurate

results as the step method.

Figure 6-13 shows one form of step-generating circuit. The sawtooth

waveform used for the delay will cause Vi to conduct when the sawtooth

potential reaches a value equal to the potential Ej from the delay poten-

Signal

jOv.
Expanded and intensified

segment of sweep

Fig. 6-12.—Methods of set-

ting a signal to a time index h
from radar A-scopes.
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tiometer minus the cutoff bias voltage of Vi. When Vi conducts, a
sawtooth voltage appears at the cathode. This sawtooth waveform is

amplified by Vt , until V2 reaches saturation. The negative step that

appears at the plate of F2 is further amplified by the wideband amplifier

Vi and is applied directly to the cathode-ray-tube deflection plate.

A much sharper step may be obtained by the use of a flip-flop fired

by a precisely delayed trigger pulse (Fig. 6-14). The start of the step is

very sharp because of the large amount of regeneration in the flip-flop

circuit. The screen of V% is used as the anode in the second stage of the

flip-flop. The plate of F2 is electron-coupled to the flip-flop and acts as a

Precision

sawtooth

input

V46SN7

*-+300v

"* Overdriven
amplifier

Wideband
amplifier

Delay pot.

20k lOw
wire wound 5%

Fig. 6'13.—Step-generator circuit with sawtooth-waveform input.

constant-current source to discharge the stray capacity C2 in parallel

with the load resistance i2 2 . Condenser C2 will be discharged almost

linearly with time until the plate potential of F2 has fallen to a relatively

low value. The remainder of the discharge of C2 will continue at a

gradually decreasing rate. The automatic clamp tube V3 sharply

arrests the step appearing at the plate of Vz at a potential set by the step-

height potentiometer. This relatively expensive circuit will give a steep

break of 1 in. in 0.1 /tsec with a typical electrostatic cathode-ray tube.

The break of the step at h is almost instantaneous and the step can

therefore be reset to a particular signal with a precision of approximately

0.01 /xsec. If R1C1 is adjusted to a low value the step will become a notch.

Only the step appears on the time sweep when the value of RC is made
large.

Periodic Time Indices.—When multiple indices are used, they are

usually required to be equally spaced. Therefore, they may be economi-
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cally generated with the aid of a stable sine-wave oscillator. The sine-

waves are amplified, clipped, and differentiated to give sharp indices.

Crystal oscillators are the most stable but, unfortunately, are difficult

to pulse if it is required that the indices start at an arbitrary time.

Shock excitation of an LC resonant circuit will easily generate a train

of sine waves starting at any time, but regeneration, as by the use of a

Hartley oscillator circuit, is advisable if more than three or four oscilla-

tions are required. In addition, lower-Q tank circuits, which recover

more rapidly and therefore allow higher duty ratios, may then be used.

*-4300v

Fig. 6-14.—Fast-step generator with delayed input trigger.

A typical circuit is shown in Fig. 6-15. The shock-excited LC-circuit

in the cathode circuit of Vi should be temperature compensated and

shielded. Care should be taken that the negative gate used to cut off

Vi is larger than the peak of the sine wave by at least the amount of the

cutoff bias required by Vi. Otherwise, Vi will conduct over a portion of

the oscillation, thereby damp the tank circuit, and alter the period of

the first few oscillations. The amount of regeneration from the Hartley

oscillator tube V 2 is adjusted by changing the value of Ri until the oscil-

lations are maintained at the natural peak amplitude of the first oscilla-

tion. This amplitude is approximately h s/L/C where Zi is the current

flowing through the tank circuit just before application of the negative

gate to the grid of V\. With approximately the correct value for R x ,

changes in 7 2 will have very little effect on the frequency of oscillation.

Changes in the value of R lf however, will affect the frequency appreciably.
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If the value of C in the tank circuit is reduced to approximately 100 wii,

a change of the interelectrode capacity between cathode and heater of Vi,

which might occur if Vi were replaced, will affect the tuning of the LC
tank circuit and alter the interval between the indices.

Tubes Vz and F4 form a cathode-coupled flip-flop circuit. With V\

conducting, V 3 conducts because the grid of Vz is held positive with

respect to the grid of F 4 by the current from V\ and F 2 passing through

Rz. When Vi is cut off, the grid of V$ goes negative and thus causes the

plate of V 3 to rise until Vi becomes conducting. Thereafter the regenera-

tion between V s and Vi greatly increases the rate at which the plate

potential of V 3 increases. The heavy pulse of current required to charge

,F

*"*300v

T-T

l/C Ratio = 2.5 xlO
7

Equally spaced time indices output

Fig. 6-15.—Generator of multiple time indices.

Cz is drawn through Vi and the pulse transformer, and hence triggers the
pulse-sharpening tube V- . When the sine wave at the grid of Vz goes

positive, V s again conducts and F4 is cut off. The pulse appearing

across the pulse transformer is now of the wrong polarity to trigger F5 .

When the sine wave again goes negative, Vz and F 4 regenerate at pre-

cisely the same value of the sine-wave potential if the voltage across C2

has not changed. This voltage is approximately constant if C2 is suffi-

ciently large and if the grid current from F4 is limited. All indices are

then generated at the same sine-wave voltage. Since this voltage occurs
near the zero value of the sine wave, variations in sine-wave amplitude
do not greatly affect the phase of the sine wave at which the index is

generated. The sine waves generated by the Hartley oscillator are,

moreover, fairly constant in amplitude, a condition that could not be
achieved if they were obtained merely by shock-exciting a simple LC
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resonant circuit as has sometimes been done. It will be apparent that

a small delay, before the "zero" time index is generated, is inherent in

this circuit.

Intensity Modulation.—The spot diameter of a 5-in. magnetic cathode-

ray tube is approximately 0.5 mm. If the sweep speed is 1.5 mm per

Msec, a typical figure for a fast sweep, the duration of a pulse equivalent

to one spot diameter will be about 0.33 /tsec. A sharp intensity-modu-

lated index requires that the duration of the intensifying pulse applied

to the cathode-ray tube correspond to less than one spot diameter.

Such a short pulse requires very good peaking circuits.

In the circuit of V$ in Fig. 6-15, the pulse sharpener is triggered

through the third winding of the pulse transformer. The voltage across

a small resistor in the cathode circuit of V& is used for the index. It is

proportional to the current pulse. Since the latter is unidirectional,

there is no overshoot at the end of the index. The rate of rise of the pulse

depends upon the mutual conductance of the tube, the transfer character-

istics of the pulse transformer, and the rate of rise of the trigger pulse.

The length of the pulse is almost entirely dependent on the pulse trans-

former. Series grid or plate resistance will decrease the rate of rise and

increase the length of the pulse.

Since it is often necessary to use short pulses for intensity-modulated

indices, difficulty in obtaining sufficient light intensity without defocusing

the cathode-ray beam is common, especially when the repetition rate of

the time base is low. For best results the pulse length should be increased

when changing from a fast sweep of high repetition rate to a slower sweep

of necessarily lower repetition rate.

Presentation of Multiple Markers.—Either deflection- or intensity-

modulated indices, short in duration compared with the signal-amplitude

changes, may be used with A-scopes. With displays presenting two

coordinates, intensity modulation is always used. When many indices

are used, it is helpful to have every fifth or every tenth index brighter

than the others. This contrast may be obtained by selecting every

fifth or tenth index by means of a dividing circuit. An additional intensi-

fying pulse from this index may then be mixed with the other indices

before they are applied to the cathode-ray tube.

6*4. Special Types of Indices. Indication of Two Coordinates Simul-

taneously.—Although a grid made up of separate indices is ordinarily used

to indicate two coordinates, it is sometimes convenient to use a single

specialized index. An example is the index on a radar B-scope display

shown in Fig. 6-16. In this case the range and bearing of a signal are

measured by terminating an angle index of a particular bearing at a

particular range.

A second type of specialized index is the intensification of a small
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Fig. 6-16.—Range-angle index generator.

Fig. 6-17.—Area intensification to indicate the position of a sector display.

area of a display. Often it is desired to center an expanded sector display

on a particular point of a second more generalized display. The area

covered by the expanded sector can be indicated by brightening this

portion of the second display. Figure 6-17 is a photograph of a radar
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PPI scope on which is shown the position of an expanded sector scope.

The intensification of the PPI is economically accomplished by mixing

a portion of the intensifier for the sector display with the signals applied

to the PPI. Figure 6-17 also illustrates the use of range and angle indices.

Derived Indices.—Indices that are functions of one or both of the

coordinates used in scanning the display tube are often useful, but these

functions may be too complicated to be generated by simple electrical

or mechanical computation from the fundamental scanner information.

These indices may be more easily generated by the method of video

mapping described in Chap. 16.

Other indices may be computed directly from information generated

by the scanning device. An example of such an index is a height marker
on a radar display of elevation angle „ »»,_.,_,.._, „ . „

i mi i • , , i
—Constant-height index R sin

versus slant range. 1 he height marker
is a function of both coordinates, given

by R sin 6, where R is slant range and
6 is the elevation angle of the radar

beam. A circuit that will generate a

variable height index is shown in Fig.

6-18. The input waveforms to the cir-

cuit are a voltage proportional to sin 6,

generated by means of a sine potenti-

ometer attached to the radar antenna, Slant range R
and a negative square wave starting at Fiq- 619.—Height index on display of

.i-,,.i_ j i • . range vs. elevation angle.
the instant the radar pulse is trans-

mitted. This negative square wave cuts off the switch tube Vi so

that Ci becomes charged through R\ toward a voltage proportional to

sin 0. To insure a linear sawtooth wave with a slope proportional to

sin 0, a bootstrap circuit, V3 and V5, is required. A cathode-follower buffer

tube Vs then applies the sawtooth voltage to a flopover amplifying circuit.

The flopover fires when the sawtooth waveform at the cathode of Vs
reaches a critical voltage. Then F9 conducts and F10 is rapidly cut off

;

thus there is generated an overpeaked square wave, which may be

differentiated to give a useful positive index. Since the flopover fires

at a constant value of kt sin for a given setting of the height potentiom-

eter, the index is generated at a constant value of R sin or height. To
vary the value of kt sin that corresponds to the index, the initial value

of the a-c-coupled sawtooth voltage at the cathode of V» is adjusted by
means of the height potentiometer. This potentiometer may be cali-

brated to read directly in height. The diodes V3 and V7, together with

the triode clamp tubes Va and F6 , are required to insure that the initial

conditions at the start of the sawtooth waveform are independent of

repetition rate or values of sin 0.
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The constant-height index may be presented on an E-scope as shown

in Fig. 6-19, where elevation angle is plotted against slant range. With

this display the index is nearly a segment of a hyperbola for values of

elevation angles up to 35°. (If the sine of the elevation angle were

plotted against slant range, constant-height lines would be rectangular

hyperbolas.) Figure 6-20 is a photograph of a display with height

plotted against range. Since the sweeps, however, are generated as

radial lines, the height index cannot be formed by intensifying a single

sweep. The photograph shows the straight constant-height line and

Fig, 6>20.—Range-height-index display showing constant-height index.

also range indices in which every fifth index is intensified. The start of

the display is delayed.

Indices Transformed to New Coordinates.—Tf indices referred to some

new set of coordinates are desired, it is sometimes convenient to trans-

form the scan intermittently to the new set of coordinates. Indices

may then be generated by simple means while scanning is taking place

in these coordinates.

An example of this method is a radar PPI in which range and angle

are to be measured from some point off the center of rotation. It is

possible intermittently to shift the center of rotation of the scan to this

point. The normal signals are removed, and range or angle indices,

generated in the usual way, are then applied. With rapid angular scans

it may be convenient to apply the indices every fourth or fifth scan.

With slow scans every few range sweeps may be shifted to the new center

of rotation.



CHAPTER 7

DEFLECTION-MODULATED DISPLAYS

By R. P. Abbenhouse, P. F. Brown, and D. F. Winter

7«1. A Simple Test Scope. Purpose.—This simple test scope was
designed as a test instrument to be permanently installed in a radar

equipment. Since great accuracy was not required, very simple circuits

could be used to provide deflecting voltages for the cathode-ray tube.

Figure 7-1 is the complete circuit diagram of this scope. All the necessary

power was obtained from the parent radar equipment.

Circuits.—The positive input trigger pulse (at least 50 volts in ampli-

tude, and rising to 90 per cent in at most 0.5 ^sec) is applied to the grid

of one half of a 6SL7 tube that is normally nonconducting (the "off" tube

of the flip-flop). The grid and screen circuits of the following 6AC7
combined with this portion of the 6SL7 form the complete flip-flop whose
action provides a rectangular voltage wave initiated by the input trigger

pulse. The repetition frequency must be between 100 and 2500 pps.

The positive output wave, taken from the screen of the 6AC7, is applied as

the intensifier signal to the grid of the type 2API cathode-ray tube. The
plate of the 6AC7 acts as a clamp in the sawtooth generator. Between
sweeps the grid is at zero bias and the plate potential is therefore firmly

fixed slightly above ground. Since the grid of the 6AC7 is held negative

for the duration of the pulse because of the time constant (RiCi), the

plate moves toward B-f at a rate determined by the RC time constant

of the plate load resistor (R 2 + R 3) and the capacity to ground consisting

of either C% or the distributed wiring capacity. The resultant waveform
is a fairly linear sawtooth wave, which is applied directly to one horizontal

plate of the 2AP1.

The other half of the single 6SL7 acts as a sweep amplifier and inverter

to provide a negative sawtooth waveform for the other horizontal plate

of the cathode-ray tube. The input voltage to this half of the 6SL7 is

that fraction of the sawtooth voltage at the plate of the 6AC7 which,

when amplified by the 6SL7, will give a reversed-polarity sawtooth wave
of the same amplitude. This input is provided from a tap in the charging

resistor (i2 2 and R 3). Negative feedback from a cathode resistor helps

to maintain linearity of response.

Two sweep speeds are provided. The long sweep, as determined by

d, provides a range of approximately 300 /*sec. With the switch Si in

251
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the alternate position a short sweep of about 5 jusec (as determined by the

distributed capacity at the plate of the 6AC7) is obtained.

The circuit is simplified by dispensing with centering controls. The

deflecting plates are direct-coupled to the source of sweep voltage. The

d-c voltage levels of the source automatically center the sweep in the hori-

zontal plane while a fixed d-c voltage applied to one vertical plate

provides for vertical positioning of the trace.

Flip-flop Sweep generator Inverter

Note: all resistors ± 10°/

jwatt unless otherwise

specified in legend

-490v

Video amplifier Intensity Focus

Fig. 7-1.—Circuit diagram of simple test scope.

A single stage of video amplification couples the input signal to the

other vertical deflecting plate. The input voltage is required to be nega-

tive and not more than 0.9 volts.

7«2. P-4 Synchroscope. Purpose.—The P-4 synchroscope was de-

signed primarily as a general-purpose test scope for the laboratory study

of short pulses.

The following are its characteristics:

1. Time-base speeds are 0.04, 0.166, 0.5, and 2 in.//isec.

2. Synchronizing voltages:

a. It will accept either a positive or negative external signal or

trigger pulse at a range of repetition frequencies of from 150 to
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4000 cps. There is about a 0.05-Msec delay from this signal to

the start of the time base.

b. It will accept a sine wave from an external oscillator (approxi-

mately 15 volts rms) of from 200 to 4000 cps, and derive from

it a trigger pulse of positive polarity and 135 volts amplitude.

This output trigger pulse is phasable with respect to the start

of the time base by plus or minus nearly 90° of a cycle of the

oscillator voltage.

c. An internal sine-wave oscillator whose frequency can be fixed

by a selector-switch circuit at either 500, 1000, 2000, or 4000 cps

is available. Trigger pulses can be derived from the internal

sine wave in the same manner as from an external sine wave.

3. Signal input to a deflecting plate of the cathode-ray tube is either

direct or through an r-f detector and video amplifier. This attach-

ment is described at the end of this section.

4. Time-base calibration within 5 per cent is provided for the sweeps

on Positions 1 and 2 of the sweep-selector switch by means of a

damped oscillation from a simple XC-circuit operating at 2 Mc/sec.

Figure 7-2 is a block diagram of circuit operation.

When fitted with an r-f detector and video amplifier this equipment
also serves as an r-f envelope viewer. Figure 7-3a shows the P-4 synchro-

Differentiator _—® + Trigger
and output C.F.

Fig. 7-2.—Block diagram of circuit operation.

scope so modified by the installation of the video attachment beside the

cathode-ray-tube socket support.

Circuits.—The P-4 synchroscope includes the following circuits:

(1) an internal oscillator for setting the repetition rate of the system under
observation; (2) a delay or phasing network that can vary the time posi-

tion with respect to the start of the time base of an output trigger pulse

derived from a sine wave; (3) squaring and differentiating circuits for

deriving rectangular waveforms and trigger pulses for synchronizing
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Fio. 7-3.—P4E synchroscope. Co) Left interior view, (b) Bottom view. (Courtesy of

Sylvania Electric Products, Inc.)
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external apparatus and other internal circuits from the sine-wave oscil-

lator; (4) a time-base generator; (5) an intensifying circuit for the

cathode-ray tube; (6) input-trigger-pulse amplifiers and inverters. A
conventional power supply furnishes these circuits and the cathode-ray

tube with the necessary d-c voltages. See Fig. 7-4 for the complete circuit

diagram.

Trigger Generator and Associated Circuits.—If the repetition frequency

is determined by either an internal or external sine-wave oscillator, then

phasing, squaring, and peaking circuits are used to derive the trigger

pulse. The internal oscillator consists of a Wien-bridge circuit and a

6SN7 tube V\, which provide a sinusoidal voltage having a high degree

of frequency stability. The lamp in the cathode circuit of Vi acts as a

nonlinear element to stabilize the amplitude. The oscillator operates at

four frequencies: 500, 1000, 2000, and 4000 cps. Its output is amplified

by Via, and a conventional RC phasing network in the secondary of the

plate transformer of F2o furnishes two sinusoidal voltages, one of which

is of variable phase with respect to the other. The reversing switch in

the output of the phasing network alternates the variable-phase voltage

between the output trigger circuit and the internal time-base-triggering

circuits. By means of this switch, it is thus possible to start the time base

either before or after the output trigger pulse is generated, and at a time

determined by the setting of the phasing controls located on the front

panel. Hence, any portion of the signal from the external circuit under
observation can be superimposed on the time base.

The generation of trigger pulses from the phased sine waves is accom-
plished by two separate channels. One of these contains a rectifier,

three amplifiers, and a cathode follower: 72&, Vsa, V^, Via , and Vib ,

respectively. Peaking is used between V3b and Via (l-/usec time constant

of CiRi) to provide a sharp output trigger pulse. The other channel

contains only a rectifier and two amplifier stages, Vsa , Vn, and V6a,

respectively. The output of this channel is actually a negative rectangu-

lar wave that is further differentiated to form a synchronizing trigger

pulse on the grid of V7a .

If external trigger pulses are used for synchronizing, they are peaked,

amplified, and inverted (either once or twice) to produce negative trigger

pulses. These trigger pulses are coupled from the trigger amplifier Vi
to the multivibrator. A peaked portion of the input trigger pulse is

coupled to the intensifier tube V 9 to produce a rapidly rising intensifying

pulse. (Less than 0.05-Msec delay is desirable.)

The selection of the synchronizing voltage is accomplished by a three-

position three-gang switch Su The three positions correspond to sine

wave, negative-trigger in, and positive-trigger in. Gang A on the switch

connects the input terminal of the rectangular-wave generator to the
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0.004£

Fio. 7-4a.—Schematic circuit diagram of P-4 synchroscope.
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2000v
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Fig. 7'46.—Schematic circuit diagram of P-4 synchroscope {continued).
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proper point, Gang C is used to bias the trigger-pulse inverter, and Gang B
is used to supply the peaking to the intensifier tube. Sine-wave syn-

chronization requires about 15 volts rms of input signal, which can be of

any frequency from 200 to 4000 cps. The input trigger pulses can be

from 10 to 150 volts in amplitude.

Time-base Generator.—The time-base-generating circuits include a

multivibrator Y7 operating as a flip-flop, and a constant-current discharg-

ing circuit V&, and V& for the capacitors associated with switch #2<j. A
circuit of this type is discussed in detail in Sec. 4-4. The multivibrator

runs freely at a low frequency but readily "locks on" to the frequency of

the trigger pulse applied to it through the switch Sia .

The output of V7 is a negative rectangular wave that is about 200

jtsec long. This length is longer than the longest sweep and is not

changed with sweep speed. (The length of the intensifier pulse and the

amplitude of the sweep sawtooth are switched with changes in sweep

speed.) The negative rectangular wave is used for three circuits:

the sweep generator (through C2), the intensifier (through C 5), and the

calibration markers (through Ce).

The time base is started by applying the negative rectangular wave

to the grid of V&,, thus its plate current is cut off and the capacitor selected

by switch #2a discharges linearly through V%. The plate voltage applied

in this circuit is high enough to result in a negative-going sawtooth wave-

form of sufficient amplitude to deflect the cathode-ray beam across the

cathode-ray-tube screen. Although the discharge continues for the

duration of the negative rectangular wave, the length of time required

to reach full screen deflection is changed by switching condensers by

means of Sza-

At precisely the same time that the time base is applied to the deflect-

ing plates, the cathode-ray beam is intensified by a positive rectangular-

voltage pulse applied to the grid of the cathode-ray tube. The length of

the intensifier pulse is set to equal the length of the sweep (that is, the

time it takes for the sweep trace to travel across the entire tube face).

This pulse is obtained from V9, which acts as a sharp-cutoff amplifier.

The negative differentiated front edge of the rectangular wave from V7

is applied to the grid. This edge cuts off tube V9 and the tube remains

cut off until the condenser C5 is charged. Thus, the grid rises exponen-

tially with a time constant of C~ , R2, R3 and the resistor chosen by *S 2&.

When the grid goes above cutoff the plate voltage decreases, thereby

ending the intensification.

The time base can be calibrated by a sinusoidal voltage of 2-Mc/sec

frequency obtained from the LC-circuit on one position of switch S 3 .

This circuit is excited into a damped oscillation by the negative rectangu-

lar wave from the time-base multivibrator V 7 .
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Cathode-ray Tube.—Conventional circuits involving a voltage-doubler

rectifier furnish the necessary operating potentials for the type 5LP1
cathode-ray tube. These potentials are such that the vertical deflection

factor is about 60 volts per inch. A voltage from the low-voltage supply

and a potentiometer with connections for a voltmeter are supplied for d-c

voltage calibration of the amplitude of signals being observed.

General.—It will be noted that the time base is applied to only one
horizontal deflecting plate of the cathode-ray tube. Because this instru-

ment was not designed for extreme precision in measurements of observed

signals, this feature was not considered a great disadvantage. Excessive

astigmatism of the trace and an apparent deceleration of the beam, which

+ 320v + 320v

'3 jo
r±-^6AG7 vertical

deflection plate

All resistors are y w unless otherwise specified.

Fig. 7-5.—R-f detector and video amplifier.

causes a slight but perceptible rotation of the trace when it is moved
appreciably above or below the center of the screen, limit the accuracy
attainable when a single-ended time base is used.

The 1000-ohm resistors in series with the horizontal deflecting plates

minimize the effects of cross coupling from the vertical plates when volt-

age pulses having a very steep wave front are being observed. The
0.001-Mf condensers in parallel with the 0.1-juf condensers (C3,Ci) are

present because they are higher-quality condensers and will bypass the
high frequencies better than the large tubular O.l-fif condensers can.

Video Attachments.—If an r-f detector and video amplifier are in-

stalled, a specially designed input connector is used to couple the r-f

power to the grid of a 954 acorn tube operating as a square-law detector

(see Fig. 7-5). A concentric-disk resistor of 50 ohms, located inside the

coupling, terminates the coaxial transmission line. The vertical deflec-

tion of the trace on the cathode-ray tube is then proportional to the input
power. The two-stage resistance-coupled video amplifier shown in Fig.
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7-5 has a gain of about 100 over a band of from about 200 cps to 4.5

Mc/sec.

Other video attachments have been used with this synchroscope,

A wider-band higher-gain video amplifier having four resistance-coupled

stages has been frequently used where greater sensitivity was required.

This attachment is shown in Fig. 7-6. It has a maximum bandwidth of

1400
1 w

To

synchroscope

-+B+

Note: All resistors | w unless otherwise specified

(«)

Fig. 7-6.—High-Rain video circuit, (a) Circuit diagram, (b) Inside view.

from approximately 120 cps to 5-4 or 8-2 Mc/sec in accordance with the

setting of the gain control. Maximum gain is about 2000 and minimum
gain about 200. The wider bandwidth is available at the lower value of

gain.

As seen in the circuit diagram, shunt peaking is used in all four stages

to compensate for loading effects of the output shunt capacities. Input

voltage to the amplifier may be from +0.16 to —0.8 volts without serious
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saturation effects. Saturation occurs when the output amplitude reaches

+ 140 volts. If a crystal detector is connected to the input terminal,

with not over 12 in. of video cable, this amplifier may be used as an r-f

envelope detector. The output voltage is then nearly proportional to
r-f input power when the gain control is at the medium setting.

Another attachment that has been used with the P-4 synchroscope is

a cavity-type r-f envelope detector. 1 With this device, the input imped-
ance of the synchroscope is no longer the limitation on the rise time of a
pulse being viewed.

7-3. Model 5 Synchroscope. Purpose.—This synchroscope was
designed in order to meet the requirements for more precise studies of

Fig. 7-7.—Block diagram of circuit operation.

pulse-type waveforms. To meet these needs, faster sweep speeds with

increased freedom from "jitter" (random displacement) of the observed

signal were required. The application of this instrument to production

testing of radar components has been widespread but, because of its bulk,

it is essentially a laboratory instrument.

General Description.—The Model 5 synchroscope is an oscilloscope

intended primarily for determining the amplitude, duration, and shape

of short video pulses. The horizontal-time-base writing speeds are 0.01,

0.05, 0.2, 1, 2, and 5 in. per fisec with a sweep amplitude of 4 in. or more
on a type 5JP1 cathode-ray tube.

Vertical Deflection.—The vertical deflection sensitivity is approxi-

mately 65 volts per inch. A vertical-deflection-sensitivity calibration

circuit is provided with connectors for a voltmeter, which should have a

sensitivity of at least 1000 ohms per volt. Space and power are available

in the synchroscope for a video amplifier requiring not more than 2.2 amp
at 6.3 volts a-c and 70 ma at 360 volts d-c, and for an r-f envelope viewer.

1 See Vol. 11 of the Radiation Laboratory Series.
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Oscillator

and counter

Delay
\
+360v Rect wave Sawtooth

Fixed delay

flip-flop

Fig. 7-8a.—Schematic circuit diagram of Model 5 synohroscope.
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+ 250v

263

-+360v

Fig. 7-86.—Schematic circuit diagram of Model 5 synchroscope (continued).
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Seven input connectors and a selector switch are provided so that the

operation of any one of seven external circuits can be observed.

Time-delay circuits are incorporated in the synchroscope to give the

following facilities:

1. A sweep that can be started by a positive or negative external

trigger pulse.

2. A sweep that is delayed 90 jusec with respect either to the internal

trigger pulse or to an external positive or negative trigger pulse; a

positive output trigger pulse adjustable in time from 75 jusec before

to 25 Msec after the start of the sweep. The positive output trigger

pulse reaches an amplitude of at least 200 volts in 0.3 /xsec.

The delay circuits may be synchronized with the following trigger

pulses:

1. The internal trigger generator, with repetition frequencies of 500,

1000, 2000, or 4000 cps.

2. A positive or negative external trigger pulse of at least 50 volts

amplitude rising to 35 volts in not more than 0.5 /isec and having a

repetition frequency of from 50 to 5000 cps.

3. A sinusoidal voltage having a peak-to-peak amplitude of at least

30 volts and a frequency of 50 to 5000 cps.

A connector is provided at the back of the chassis so that an external

trigger generator similar to the internal delayed-trigger generator may
be operated from the delay sawtooth waveform in the synchroscope to

give another trigger pulse adjustable in time phase. The synchroscope

is designed to operate (without video attachments) at a power input of

200 watts from an a-c source of 105 to 125 volts at 50-60 cps.

Circuits.—The circuits used in each of the separate functional blocks

achieve a higher degree of stability and resolution than those used in the

P-4 synchroscope. Figure 7-7 is a block diagram showing the various

possible combinations of circuit functions available by suitable switching.

Figure 7-8 is a complete circuit diagram of the instrument.

Trigger Generator.—The internal synchronizing trigger pulse is gen-

erated by means of a conventional Hartley oscillator Via operating at

either of two fixed frequencies of 1000 or 4000 cps in conjunction with a

blocking-oscillator frequency divider Vu . Thus, an internal trigger

pulse is available at 500, 1000, 2000, and 4000 cps, the frequency being

determined by the time constants in the grid circuit of the blocking

oscillator.

Delay Circuits.—Since, for many applications, it is desirable to adjust

the time relationship between the sweep and the synchronizing trigger

pulse, it is necessary to introduce time delay in the operation of both the
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sweep generator and the trigger generator that supplies the trigger pulse
for external synchronizing. In this instrument two delay circuits are
used for this purpose; one to supply a fixed delay for the sweep circuit,

and the other to apply to the output trigger circuit a continuously variable

delay that overlaps the fixed delay. Figure 7 9 shows these time-delay
relationships.

The operation of these delay circuits depends on a sawtooth voltage
of approximately 125-/xsec duration and approximately 100 volts ampli-
tude, generated in a "bootstrap" circuit (Faa,^). A "flip-flop" circuit

1

—\ Input trig.

Delay
sawtooth

Fixed delay
output

To time base
generator

Variable delay
trig, output

90 115 125 200
Time microseconds minimum

Fig. 7-9.—Time relationships in delay circuits.

V2 ,
whose operation is initiated by a trigger pulse obtained from either

the internal trigger generator, an internal sine-wave squaring circuit, or
an external trigger source, produces the negative rectangular-voltage
wave that controls the bootstrap circuit.

The purpose of external triggering through the delay circuits is to
provide over-all synchronization at frequencies other than those available
from the internal trigger generator. The synchroscope is designed to
operate in this manner over a range of from 50 to 5000 cps.

In both the fixed- and variable-delay circuits, cathode-coupled flip-

flop circuits regenerate at a particular amplitude of the sawtooth wave.
The duration of the variable delay (Vu) is controlled by adjusting the
bias of the "on" grid (VUb) to change the value at which the flip-flop

regenerates.

The leading edge of the fixed-duration negative rectangular-voltage
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wave from the fixed-delay flip-flop V b is differentiated and is used as a

trigger pulse to initiate the operation of the sweep generator. Figure

7-9 shows the time relationship of this leading edge with respect to the

original trigger pulse.

The positive-going variable-duration rectangular-voltage wave from

the variable-delay flip-flop Vu is applied to the blocking oscillator 7i 5o .

This oscillator generates a trigger pulse corresponding to some point on

the leading edge of the rectangular pulse. A cathode follower Vi bb

delivers the positive swing of the cycle at a low-impedance level to the

trigger output terminal. The rise time of this trigger pulse is about

0.25 jusec between 20 and 200 volts of amplitude.

The important feature of this type of time or phasing control is that

almost complete freedom from jitter (random variation of time between

output trigger pulse and sweep) is achieved when a well-regulated supply

voltage is used for the delay circuits. Particularly when a fast sweep of

about 5 in. per usee is used, a displacement corresponding to the width of

the vertically deflected trace (due to a signal) cannot ordinarily be toler-

ated. From consideration of nominal trace width, this width corresponds

to a time displacement of about 0.006 Msec. The jitter in this instrument

is somewhat less than this.

Pickup of hum by the cathodes of either 75 or Vu from the heater

supply is primarily responsible for the jitter. It was found that this

pickup is greatly reduced when tubes having a spirally constructed

heater such as, for example, the RCA type of 6SN7 are used. This

necessary tube selection may be considered as objectionable under some

circumstances.

Sweep Generator.—The sweep generator (V», V9, and V®) also utilizes

the "bootstrap" principle. Its operation is controlled by a negative

rectangular-voltage wave from a "flop-over" circuit (V6a and 7 7). The

waveform is initiated by a negative trigger pulse from the fixed-delay

circuit, and it is terminated by a positive trigger pulse from the automatic-

shutoff circuit, Fio and F6&. The writing speeds available from this sweep

circuit are 0.01, 0.05, 0.2, 1, 2, and 5 in. per usee. Push-pull deflection

of the cathode-ray trace is obtained by inverting in a unity-gain amplifier

Vn the sawtooth waveform obtained from the cathode follower Vy>-

The automatic-shutoff circuit Vu derives a trigger pulse from this saw-

tooth wave when it reaches an amplitude determined by the setting of

the 50,000-ohm potentiometer in the cathode circuit of V». Thus, the

length of the sweep on the cathode-ray-tube scale can be set to any value

within limits determined by the operating conditions of the shutoff.

This circuit is less effective on the faster sweeps since, because of the

dependence of the transformer action on the slope of the sawtooth wave,

the sweep is not terminated at the same amplitude in each case. But
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this feature is not objectionable because it is seldom necessary to see the
termination of the sweep when it is possible to delay or advance the opera-
tion of the circuit or equipment under test with respect to the start.

It is also possible to initiate the operation of the sweep generator
directly from an external trigger pulse or the observed signal itself inde-
pendently of the delay circuits. Operation of this type is sometimes
referred to as "self-synchronous." Since operation of this type requires
that the sweep be started as quickly as possible after the initiating signal
is applied, it is necessary that the regenerative action of the sweep flop-

over {V6a, Vi) be as rapid as possible. This rapid change is made possible
by using a 6AG7 pentode tube as the " on " tube (77). Tests have shown
that the sweep will start approximately 0.01 jusec after V 7 is cut off by a
negative signal. The positive rectangular pulse at the plate of V7 and,
hence, at the grid of the cathode-ray tube will reach 90 per cent of maxi-
mum amplitude at about the same time. Since only about 0.01 /xsec is

lost in circuits associated with V7 , the starting time of the sweep depends
on how quickly 77 is cut off. If the input signal is of positive polarity,
an additional time is lost, the magnitude of which depends on how long
it takes for the plate of V6a to cut off V7 .

Cathode-ray Tube.—This synchroscope employs a type 5JP1 cathode-
ray tube, characterized by low shunting capacities (of the order of 3 ji/xf)

at the deflecting plates. Therefore, transient voltages of about 50
Mc/sec, or higher, in frequency can be observed. However, when the
cathode-ray-tube deflecting plate is connected through the selector
switch in the scope this input capacity is increased to approximately
15 n/xi.

No video-amplification or sweep-calibration circuits are provided,
but space and power are available in the synchroscope for such attach-
ments. However, in the case of sweep calibration, it has been customary
to use external equipment of a more elaborate and precise design than
could be included in the synchroscope.

Power Supplies.—Conventional circuits are used to furnish the
necessary d-c voltages and current for the various tubes and circuits.

Included is an electronically regulated supply circuit that furnishes a
stable d-c voltage for the delay control circuits, since any variations of
voltage there would vary the operating conditions of the circuits and,
hence, cause variations or jitter in the synchronizing of the output trigger
pulse and the sweep.

Video Attachments.—Space and power for various video attachments
are available in the Model 5 synchroscope. The space was designed for
the same attachments that are available for the P-4 synchroscope, but an
improved amplifier was designed.

This amplifier was specifically designed for this unit to take advantage
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Fio. 7*11.—Model 5 synchroscope, (a) Left interior, (b) Video amplifier in Model 5
synchroscope. (Courlety of Si/ivania Electric Products, Inc.)
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of the low capacity of the deflecting plates of the type 5JP1 CRT.
Figure 7-10 is the schematic circuit diagram and Fig. 7-11 shows the

method of installation. It is seen that the push-pull output circuit is

coupled to the deflecting plates by very short leads.

The characteristics of the amplifier are as follows: Frequency response

is flat within 3 db between 20 cps and 18 Mc/sec; gain is approximately

180; input impedance is 1 megohm; attenuator provides total attenuation

of 500 to 1 in steps of between 3 and 4 to 1 ; maximum input voltage allow-

able at grid of first stage, 6AC7, is 0.3 volt; maximum output voltage,

plate-to-plate, without overloading is approximately 55 volts; power

requirements are 225 volts of direct current at 290 ma and 6.3 volts of

alternating current at 7 amp, obtained from a separate power supply.

*-+300v

Fig. 7-12.—Video test probe, schematic diagram.

The unusually wide pass band was obtained by careful consideration

of the layout of components and compensation for the effects of loading

due to tube and wiring capacities. Since these factors are very closely

interrelated, very careful design is required in order to obtain optimum
results in gain and bandwidth at a given input power. It is seen in the

circuit diagram, Fig. 7-10, that for optimum performance with the layout

as illustrated in Fig. 7-11 both shunt- and series-peaking networks are

used to take care of the compensation problem.

7*4. High-frequency Test Probe.—Figures 7-12 and 7-13 illustrate

a test probe that is particularly useful for viewing rapid phenomena.

It has a very high input impedance (C = 8 nni, R > 1 megohm), a low

output impedance (75 ohms), and a gain of 0.12 or 0.08; it can be built

very compactly. The tube used is a 6AK5 pentode, which is small and

has a high input impedance. The output signal can be obtained from
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either the plate or the cathode depending on the polarity desired. The

pass band is 70 Mc/sec wide ; therefore C* and C3 are needed for frequency

compensation. If the attenuation is changed, it is necessary to change

these condensers so that the ratio of the reactances remains equal to the

ratio of the resistances in the attenuator. Any decrease in the attenua-

tion will decrease the input impedance (provided that the frequency

compensation is maintained) because of the existent distributed capacity

from the grid of the tube to ground. Too little attenuation will also

result in the overloading of the tube by large signals. As shown, the

probe can accommodate signals up to 10 volts. To prevent parasitic

oscillations, Ri is inserted. The low-frequency response is limited by CV

Fig. 7-13.—Video test probe, inside view.

7-5 Model G Synchronizer. Pitrpose.—The Model G synchronizer

is designed primarily to convert an ordinary oscilloscope into an A-scopc

for laboratory use. It provides a linear time base controlled by a syn-

chronizing trigger from a source either internal or external to the syn-

chronizer in very much the same manner as are the time bases in the

equipments already described in this chapter, and differs from a synchro-

scope only by the absence of the usual cathode-ray tube.

A feature of the synchronizer is its versatility. The input and out-

put terminals of the various functional blocks are all located on the

front panel. In order to eliminate complex switches, patch cords are

used to connect these circuits as desired for a particular application.

This type of construction enables the individual circuits to be used

independently.

General Description.—The operating characteristics of the Model G
synchronizer are as follows:

1. Internal Trigger Generator. A free-running blocking oscillator

supplies positive and negative trigger pulses of approximately

200 volts amplitude, rising to 90 per cent in 0.25 jtsec, at a con-

tinuously variable repetition frequency of from 250 to 2500 cps.
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2. Delay Circuits.

a. A fixed-delay circuit requiring a negative trigger pulse that

reaches at least a 45-volt amplitude in 0.25 usee provides posi-

tive and negative triggers delayed 20 usee from the input trigger

and having the same characteristics as the output trigger pulse

of the trigger generator.

b. A variable-delay circuit with the same input requirements and

output characteristics as the fixed-delay circuit provides a

continuously variable time delay of from approximately 15 to

1200 usee between output and input trigger pulses.

3. A calibrating circuit, requiring a negative rectangular-voltage wave,

provides sinusoidal voltages of 100 kc/sec and 500 kc/sec for sweep

calibration.

4. A utility circuit is available for use as an amplifier, inverter, or

cathode follower.

5. Sweeps.

a. The nine sweep speeds available range from 0.2 to 600 usee per

inch if the direct horizontal deflection factor of the CRT is 40

volts per inch. The sweep output is push-pull.

b. The initiating trigger for the sweep may be either positive or

negative; it must be at least 50 volts in amplitude and rise to

90 per cent in at least 0.5 usee.

c. Positive and negative rectangular voltage waves are available

for intensifying the cathode-ray beam or for external use.

Circuits.—A complete diagram of this equipment is shown in Fig.

7-14.

Variable-frequency Trigger Generator.—This circuit furnishes positive

and negative trigger pulses. The output signal from a blocking oscillator,

consisting of V9a and a pulse transformer T\, whose frequency is variable

from about 250 cps to about 2500 cps, is applied to a cathode-follower

inverter F9&. The output signal from the plate of V9b is then brought

to J\ and J2 , and the output from the cathode is brought to J$.

Trigger-delay Circuits.—Two trigger-delay circuits are incorporated

in the synchronizer; one provides a fixed delay of about 20 usee, and the

other provides a continuously variable delay from a minimum of about

15 to a maximum of about 1200 .usee. These circuits each consist of a

flip-flop and a blocking oscillator. The latter fires at a time correspond-

ing to the return of the flip-flop to its stable quiescent condition.

In the case of the fixed delay, the time constant controlling the

duration of the unstable condition of the flip-flop is fixed and is deter-

mined by Ri and C\. In the variable-delay circuit, the corresponding

time constant is determined by the adjustment of both R and C; that is,
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+380v

- r Fixed delay

+380v
0.1 M

0.01 Ji

Trigger out V*

6SN„_
0.0UT+ Utility in f-1-

r

7, 0.01

*+380v

Trigger generator Utility circuit Calibrating marks

Fw. 7-14.—Schematic circuit diagram of Model G synchronizer.
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by using a variable resistor R 5 and varying the capacity by means of the

selector switch Si. The capacitors that are switched into the circuit

by Si are chosen so that successive positions of the switch provide delay

ranges that overlap when Rs is turned through its range of values. Con-
tinuous variation of delay from minimum to maximum is therefore

provided.

This type of delay control is not completely jitter-free. In fact, the

amount of jitter is very nearly a constant fraction of the amount of delay

being used and is approximately 0.02 per cent. The jitter can be reduced

by a factor of about two if a well-regulated plate supply is used for F7, as

shown in the circuit diagram. A switch and a terminal for applying this

power is located on the rear panel. The chief advantage of this method
of generating a delay is its simplicity and low cost in space and power.

The performance of this circuit is perfectly adequate for general applica-

tions where calibrated delay controls are not required.

Sweep Generator.—The sweep generator is very much like the corre-

sponding circuit in the Model 5 synchroscope and differs only in the

method of terminating the sweep. A flop-over {Vib,Vt) is used to

develop a rectangular-voltage wave for the pentode switch tube V3.

A unity-gain amplifier Vi inverts the sawtooth sweep voltage so that

push-pull deflection can be applied to the external cathode-ray tube.

The sawtooth voltage is terminated by coupling a fraction of it, deter-

mined by Ri, R 2 , and R 3 , back to the grid of the pentode V2. Thus the

rectangular wave is initiated by a trigger from an external source and is

terminated by a positive-going fraction of the sweep sawtooth wave.

The electron-coupled plate circuit of V2 furnishes a positive rec-

tangular voltage, which is applied to the grid of Via . This tube acts as

a cathode follower to supply a positive rectangular voltage as an inten-

sity gate for the external cathode-ray tube, and a negative rectangular

voltage for general use.

The operation of this circuit can be initiated by either a positive or

negative trigger of at least 50-volt amplitude. There are two equal

output sawtooth waveforms of opposite polarity, each of 80-volt ampli-

tude. The slopes of these vary from 0.033 volts/Vsec to 100 volts//isec.

The sweeps available when used with a CRT having a horizontal deflec-

tion factor of 40 volts/in. are 600 to 0.2 jusec/in. in 9 steps of approxi-

mately 3-to-l ratio.

Auxiliary Circuits.—A simple sweep calibration and a utility amplifier

circuit are also included in this instrument. The calibrator is a Hartley

oscillator, associated with Vn and Viob, which can be keyed by the

negative rectangular output voltage from the sweep sawtooth-generator

circuit. Two frequencies, 100 kc/sec and 500 kc/sec, are available at

the output terminal of a cathode follower for rough calibration of the
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sweep speeds of the sawtooth generator. The utility circuit Vioa is

useful as a cathode follower, an amplifier, or inverter, depending on the

positions of the associated switches.

The connections to the CRT circuit should be as indicated in the

diagram of Fig. 7-15. Usually, simple modifications are required in

average oscilloscopes such as the Du Mont types 208, 224A, and 241,

and others in which push-pull deflection is possible. The impedance

looking into the horizontal deflecting plates should be symmetrical and

should have as low a shunt capacitance as possible. Considerations of

•) To
tj synchronizer

To signal or

signals under
observation

From
synchronizer

_TL

Internal to

oscilloscope

^-AAA/—^

-HV
Fig. 7-15.—Connections to cathode-ray tube from Model G synchronizer.

this input impedance become more important as the sweep speed is

increased. When the synchronizer is used in conjunction with an

oscilloscope having only one deflecting plate available for horizontal

deflection, it would be preferable to use the positive sawtooth waveform

from the cathode of Via for the sweep since the impedance level at this

connection is low.

7*6. A/R Range Scope. General Information.—This instrument has

the following characteristics:

1. Any portion of the 1200-jusec A-sweep can be expanded by using

sweeps of 4000, 2000, or 8000 yd, that is, 7, 3.3, and 1.0 Msec/in.;

respectively. These sweeps, known as R-sweeps, are continuously
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movable in time by a delay circuit and a calibrated dial. A strobe

marker is provided on the A-sweeps to indicate the time interval

covered by the R-sweeps.

2. The delayed trigger pulse that starts the R-sweep may be used

externally as a precision time marker, or to indicate the position

of the R-sweep on another indicator.

3. Range accuracy of +0.1 per cent of full scale is attainable. Range
is read directly from the delay dial by moving the target to the

left edge of one of the expanded R-sweeps.

Long-rect.
wave generator

<^

Strobe out

&t Markers out

CRT ,

t———O j0-
Direct «r

VlQa
Crystal osc.

± Ext. trig, in

±Trig. out

^2,3,4,5

Linear

delay

Short-rect.

wave generator

Video in

@ O*-r0-

7

"R" sweeps

"A" sweeps

Intensifying gates

"15, 16, 17

Power supply

Attenuator
"7,8,9

Video amp.

"ll

Marker
generator

^12

Int. trigger

generator V

Fig. 7-16.—Block diagram of A/R range units Model 3.

"13, 14a

Push-pull

sweep
generator

5" CRT

_L

P
VlAb

Trigger

amp.

5.

Crystal-controlled calibration markers, either 2000 yd or 10,000

yd apart, and accurately phased to the trigger pulse, are provided.

Because of the phase-lock circuit, the first 10,000-yd marker is

8000 from zero and the succeeding markers therefore are at 18,000

yd, 28,000 yd, etc. However, this same phase-lock circuit makes
the trigger pulse coincident with the 2000-yd markers and thus

eliminates any zero factor.

The repetition frequency of the internal trigger generator is

variable in discrete steps of submultiples of 16.39 kc/sec between

80 and 2000 cps on the 120-Msec scale, and between 80 and 200 cps
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on the 1200-jusec scale. Both positive and negative polarity

trigger pulses of approximately 100 volts are available for external

use. The unit also may be switched to operate from either a

positive or a negative external trigger having at least a 15-volt

amplitude and a minimum rate of rise of 100 volts//xsec. Slower

rising triggers may affect the range calibration.

Block Diagram.—The sweep generator driver V13 and Vua is gated

either by the long undelayed rectangular wave from Vi or by the short

delayed rectangular wave from V6 .

A quartz-crystal oscillator 7io« controls the 2000-yd marker generator

Viob. These marks are counted 5 to 1 by Vna to give the 10,000-yd

markers. The repetition-rate generator Vub further divides this fre-

quency, and F12 applies either the internal or external trigger pulse to

the other circuits. Tube Via is the trigger output driver amplifier.

Figure 7-17 is a complete schematic diagram of the A/R-scope. 1 Figures

7- 18a and 7-186 show the internal construction.

Long-rectangular-wave Generator.—This is a d-c coupled cathode-biased

flip-flop circuit. Tube Via is normally conducting and is turned off by a

negative trigger applied to the plate of Vu.

The time duration of the rectangular wave (time during which V ia is

off and Vib is conducting) is determined by the grid time constant Rid
or Rid and is set slightly greater than the time to be covered by the delay

circuit. For repetition frequencies higher than 250 cps the entire time

interval between successive trigger pulses may be observed by throwing

switch aSi to Position 8. The length of the long rectangular pulse is then

controlled by C3 instead of Ci. Its length is thereby increased from 1200

usee to 4500 jusee. The plate load resistors are divided so that only

portions of the positive and negative output pulses are applied to the

other circuits. The positive pulse is used to intensify the cathode-ray

tube during the A-sweeps. The negative pulse is used to gate the delay

circuit (through d) and the sweep generator (through Cu), when the

A-sweep is used.

Precision Delay Circuit.—This bootstrap sawtooth delay circuit is

notable for its linearity (better than ±0.1 per cent) and for its stability.

When the clamp V3a is cut off by a negative pulse on its grid, the con-

densers Cf> and C6 begin to charge exponentially through jR 2 and the diode

Via . The exponential voltage rise is linearized by two feedback circuits.

The voltage appearing across C& and C§ is applied to the grid of a cathode

follower Vsb whose cathode signal is fed back through Cg to the top end of

R 2 . This feedback path keeps the voltage drop across J? 2 nearly constant,

and thereby linearizes the sweep to about 1 per cent. Complete lineari-

1 The transformers, not described in the drawing, are T2 , Tt—Utah X-154-T-1;

and Ti} T<, Tt
—Utah X-124-T-3.
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Fiu. 7-17.—Schematic dia-

zation is achieved by integrating the sawtooth wave by means of RiC*
and feeding the resultant voltage across Ce back in series with the existing

sawtooth voltage. This process results in a sawtooth wave linear to

+ 0.1 per cent or better.

The diodes Vt are used to discharge the condensers at the end of the

sawtooth wave and thus increase the maximum duty ratio.
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gram of A/R-scope.

The waveform on the grid of V^ is a sawtooth voltage of slightly more
than 100 volts peak amplitude whose slope is determined by R 2 , C 5 , and

Ce. The full sawtooth waveform also appears on the plate of the pickoff

diode V?b- The point at which the diode starts to conduct is determined

by the d-c bias on the cathode of F2&. This level is determined by the

delay potentiometer .Rio, and its minimum and maximum value are set
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Fro. 748.—Right and left inside views of A/R-scope.
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by the "zero" potentiometer Ru and "slope" potentiometer R $ . These

potentiometers are used to calibrate the delay dial on the front panel for

the 120-Msec range. A similar set of potentiometers (R12 and R9) are

used to calibrate the dial for the 1200-jusec range. To obtain high pre-

cision from the delay circuit, a precision potentiometer 1 and a special

counter dial are used. Resistor R 3 in the sawtooth-generator clamp

circuit Vsa sets the potential of the plate of 726 at a level that will permit

the zero control to set the^minimum voltage of Rw.

For temperature compensation, wire-wound resistors are used for

R 2 to #12 inclusive, #2 and ^3 being made of manganin. Also a portion

of each of the capacity values designated by C 5, C 6 ,
C7,

and C s is of the

1000,
«ttf-

. 360.
:

15°
3

E N150 NOBO

L
6800 .6800.

*
(Hit

' 5
iooo,

fl/Xt

. 510,

E |N75E N750 N750

(a) (b)

Fig. 7-19.—Temperature compensation of capacities obtained by making C
Fig. 7-17 like (a), and C7 and Cs like (6)

and Ce

AH capacitors have 5 per cent tolerance.

best silver-mica type available, that is, Grade E, and the rest is made up

of commercially available negative-coefficient ceramic condensers.

The operation of the delay circuit may be observed on the scope itself

by using one of the A-sweeps. The full 100-volt linear sawtooth wave will

be applied to the grid of 736 only when the delay is a maximum; otherwise

the top of it is cut off when the pickoff diode 72& conducts.

Only that portion of the sawtooth wave immediately following con-

duction will appear on the cathode of the pickoff diode 72&. As the dial

is turned to increase the delay, the start of this wave moves to the right

on the A-scope.

Amplifier and Delayed-trigger Generator.—This amplifier is used to

sharpen the voltage wave from the cathode of 72& and to derive a trigger

at a time corresponding to the initial conduction of this diode. From

the plate of the amplifier 75„ is obtained a negative signal at the conduc-

tion point and a positive signal at the end of the sawtooth wave. Since

the positive signal is of much greater amplitude it must be eliminated to

prevent its returning edge from generating a trigger pulse and thus pro-

ducing an additional R-sweep. The discrimination against the large

positive signal is accomplished by tying the grid of 7 5& to B+ voltage

through Ri 3 . A series resistor is inserted to decrease grid-current

1 "Helipot" made by National Technical Laboratories, Pasadena, Calif, or "Micro-

pot" made by Thomas B. Gibbs and Co., Delavan, Wis.
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effects. The desired negative signal from the Vha plate is, however,
amplified by Vbb in the normal manner and appears as the delayed-trigger

pulse to drive the next circuit. The amplitude of this trigger pulse
depends on the range used because the original sawtooth slope is different

for the two ranges. It is about +100 volts for the 120-/xsec scale and
+40 to + 50 volts for the 1200-Aisec scale. Although this much amplitude
is not necessary to trigger the next circuit, the size does contribute to the
stability of the delayed trigger by increasing the rate of rise.

Short-rectangular-wave and Delayed-trigger Generator.—Amplifier V6a

fires a special blocking oscillator consisting of 7 6& and TV The positive

signal on the grid causes V 6a to draw current through one winding of T2 .

This current drives the grid of 76& to conduction because of the trans-

former coupling. The blocking-oscillator circuit is such that the grid is

held positive for about 24 jisec instead of immediately being driven nega-
tive in the usual manner. This action is obtained by a special transformer
T2 and the condenser Cw , which receives the positive cathode signal and
thus aids in holding the grid positive for the 24-jusec period. Normally
V6b is kept from firing by the network Ru, Rn , and Ru , which biases the

cathode above cutoff. The front edge of the blocking-oscillator signal

represents the delayed trigger pulse. The overshoot pip at this front

edge is not eliminated because it provides a sharp, clear-cut edge at the

start of the R-sweep.

The 24-jusec output pulse of the blocking oscillator is used as:

1. A movable negative marker on the two A-sweeps (from R i7 and
SA).

2. A positive strobe for any associated indicator (from jRi 6).

3. A positive intensifier pulse for the cathode-ray-tube trace during

the delayed sweeps (from Ru).
4. A negative pulse (through d 5) to start the 4000-, 2000-, or 800-yd

R-sweeps.

Since the delay cannot be reduced to zero, the expanded sweeps cannot

be moved in to zero. The minimum delay is 500 yd on the 20,000-yd

scale and 1000 yd on the 200,000-yd scale. However, a front-panel

toggle switch S2 is provided on the grid circuit of V6a to start the fast

sweeps from the undelayed trigger.

Bootstrap Sawtooth-sweep Generator and Sweep Driver.—The sweep

generator is a cathode-follower bootstrap circuit. The sweep clamp V\ Za

prevents the sweep condenser Cn from charging, but when the negative

gating pulse is applied to the grid, this condenser begins to charge. To
compensate for the nonlinearity of exponential voltage rise, feedback is

obtained from the cathode follower F 14a through C i6 to the top of the

charging resistor R 32 . The proper gating pulse for the clamp, and the
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desired sweep-charging condenser are selected by separate gangs (E and C
respectively) of Si. The A-sweeps (Switch Positions 1, 5, and 8) use the

undelayed long rectangular wave (from V\b through Cu). The R-sweeps

(Switch Positions 2, 3, 4, 6, and 7) get a gating pulse from the short-

rectangular-wave generator (V& through Cu).

The sweep sawtooth wave drives one of the cathode-ray-tube deflec-

tion plates through the cathode follower Vua and Ci0 , while Vnb, an

inverter, drives the opposite plate. This tube is kept at unity gain by the

capacity divider Ci 8 and Ci 9 . Oscillations are suppressed by Rn and Rat.

Crystal Oscillator.—Although this crystal oscillator employs only a

triode (Fioa), stability tests show that it is reliable. Variations within

the specified tolerance in tubes and components do not change the fre-

quency by more than + 9 cps and the crystals are made to an accuracy

of +25 cps or better. Thus the usual accuracy is 0.02 per cent. The

oscillator output wave is not a sine wave because it is peaked by the

transformer winding in the plate circuit and also by feedback from

the 2000-yd marker generator.

2000-yd Marker Generator.—The output of the crystal oscillator goes

to a blocking-oscillator circuit Fio& that makes the markers sharp and

well defined. Their rise time is 0.2 /xsec, and the width at the base is

0.6 /usee. The output is in the form of positive and negative current

pulses taken from the small resistors R22 and RM respectively. Because

of coupling through Cu, some of the 10,000-yd marker pulse may be seen

mixed with the 2000-yd markers. This mixing aids in distinguishing

every fifth 2000-yd mark.

10,000-yd Marker Generator.—This circuit produces 10,000-yd markers

by counting five 2000-yd markers. The cathode-coupled-type blocking

oscillator Vu and T* is used here to provide stability against changes in

heater voltages in the frequency divider. It is fired by every fifth

2000-yd marker through condenser Cu. The adjustable grid resistor

R 23 has a latitude of division from 3 to 6 to cover tolerances in the trans-

formers and other components. This potentiometer is on the chassis and

is locked at the factory after being set for the desired 5-to-l division ratio.

The positive and negative output signals are taken off small resistors in

the cathode and plate circuits.

The operation of the divider may be observed by looking at the grid

of Vua where a sawtooth wave together with the 2000-yd marker super-

imposed on it appears. The capacity of the scope lead used in observing

this waveform may change the division ratio. Hence R23 should not be

set under these conditions, but it may easily be adjusted by superimposing

the two types of output markers on any type of display.

Repetition-rate Divider.—The signal for the trigger amplifier 7X2 is

taken from the cathode of Vm in order that it may be in perfect phase
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with the crystal markers. However, the markers occur at a frequency
of 82 kc/sec, and only certain ones are selected to produce the repetition-

rate frequency of 80 to 2000 cps. Tube 7m is, therefore, used as both a
divider to count down from 82 kc/sec and a coincidence-gate generator
to drive the cathode of the trigger-selector tube 7i 2o .

Signals obtained from the cathode of Vlla through C\2 have already
been divided by 5, hence the grid-circuit time constant of Vnb is so

designed as to give the rest of the necessary division. This time constant,
and therefore the division, is changed by varying R i6 . To count down
to the trigger's repetition rate, R 2 & is inserted in the circuit when the

200,000-yd scale is used in order to prevent the repetition rate from
exceeding the maximum (400 cps) for this scale.

The use of transformer T5 widens the output pulse of 7m to about
3000 yd, that is, 18 jasec. This pulse appears as an approximately rec-

tangular wave across the 220-ohm resistor R2i . The occurrence of this

rectangular wave determines the repetition frequency by selecting a
particular 2000-yd marker as the trigger. This selection is accomplished
by using Vi 2a as a coincidence circuit. It conducts only when the rec-

tangular wave on the cathode and the 2000-yd marker on the grid occur
simultaneously.

The values of R 27 and R 28 are such that Vua is biased to about twice

cutoff. The pulse from Vnb raises it to cutoff and the particular 2000-yd
marker occurring in the 3000-yd interval causes it to conduct and fire

the 7i26 blocking oscillator. Thus, a particular marker starts the 3000-yd
rectangular wave in Vnb and the next succeeding one causes 7i 2o to

conduct.

When the trigger selector switch Ss is in the negative external
position, 7i2a is self-biased by R 2i alone, the grid is held to ground by Cis,

and the negative external trigger is applied to the cathode in order to

make 7i2o conduct.

When the trigger-selector switch is in the positive external position,

the cathode is held by C13 and the trigger applied to the grid of Ci 2a .

Trigger Shaper.—A trigger pulse of constant shape is provided for the

ranging circuits by 7J2 no matter what the shape and amplitude of the

input trigger. Tube 7i 2& is an ordinary blocking oscillator biased beyond
cutoff by the network R 29 and R30. It therefore fires only when triggered

by 7i 2o . The width of this standardized output trigger is set at an
optimum of 1.0 /xsec.

Trigger Buffer.—The trigger pulse, of either internal or external

origin, is provided on front-panel connectors for external use and is

isolated from the rest of the circuits by 7h&. Its width is 1 ^sec, rise

time 0.2 ^sec, and amplitude approximately 100 volts.
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Video Amplifier and Attenuator.—The amplifier 77, 78, and F9

consumes 120 ma. A negative supply voltage is obtained from R 36 and
divided by R 19 and R20 for the - 3.0-volt tap. The circuits operate from
+250 volts supplied through the dropping resistor R 1S rather than from
the common +250-volt supply.

The pass band is 8 Mc/sec wide. Further peaking could increase
this bandwidth but the circuit would be difficult to design because of the
variations likely to occur in production units. The response curve goes
down gradually, dropping by 6 db at 11 Mc/sec. Perceptible response
is obtained up to 30 Mc/sec. The low-frequency response (or response
to long signals) results in a 10 per cent "droop" on a 1000-Msec pulse
(Sec. 4-8). With the 8-Mc/sec bandwidth and the 120-ma current con-
sumption, a gain of 100 is obtained. Since the deflection factor of the
cathode-ray tube is 80 volts per inch, the deflection factor through the
amplifier is 0.8 volts per inch. Maximum deflection before limiting
occurs is more than + 1 inch.

To provide for use with either positive or negative signals the video
amplifier was designed to operate as a Class A amplifier, although
operation of this type involves some sacrifice in output voltage. If
greater deflection is desired and the input polarity is known, the circuit
may be changed to give greater deflection. If more power were available,
the final stage could be returned to a .higher voltage and the output volt-
age could be increased.

The amplifier is protected against overloading by means of cathode
degeneration. Limiting is prevented by using a step attenuator for
signals between 1 and 100 volts. Its steps of voltage ratio are 1, 3, 10,
30, and 100, and each step is capacity-compensated to improve the fre-
quency response.

Intensity Control—Since the sweeps are intensified only for their
duration, the spot is not visible during its rest time at the left edge of the
cathode-ray tube. Special attention should be given to the fact that the
intensity control R 3S (see Fig. 7-20) may easily be set too high, especially
on the R-sweeps. On these sweeps the proper level is set by turning the
control nearly to the position of maximum intensity and then diminishing
the intensity until the spot and the first bright i in. or so disappear from
view. The remaining visible edge is consequently that intensified by the
delayed intensifier pulse. This is the edge to which signals may be
accurately set in order to read their range, or to which the markers may
be set for calibration. The brightness of the trace is proportional to the
repetition rate.

The use of a light shield on the fast sweeps is always recommended,
in order to enable one not only to see the sweep but also to observe
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details in the waveform being viewed. A No. 260 green Plexiglas filter

may be used as a light shield.

Proper adjustment of the intensity control is necessary for proper

definition of the range marks, which are applied as intensified dots.

This adjustment is particularly essential on the 200,000-yd sweep since

the 2000-yd markers are so close together. The maximum intensity of
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Fig. 7-20.—A/R-scope front-panel controls.

these markers is set at a low level to prevent blooming on the cathode-ray

tube. The proper setting of both focus controls is also necessary.

Focus Controls.—The auxiliary focus control R 39 (astigmatism adjust-

ment) on the front panel is useful when observing small details. It need

not be adjusted frequently but its optimum adjustment does shift with

changes in the intensity control. Proper adjustment of the auxiliary

focus control is obtained by first turning it completely to the left and then

focusing the tube by means of the normal control R s7 .
Then, especially
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on a long sweep like the 200,000-yd one, the middle 2 in. of the trace are
in focus but the edges are not. To remedy this, the auxiliary focus con-
trol may be turned up slightly and the normal control readjusted. As
this process is continued, more of the edges clear up. Eventually, when
the auxiliary focus control is at maximum the edges will be sharp and
the middle portion will not be. The optimum setting of the auxiliary
focus control depends on the nature of the waveform being viewed.
Inability to achieve a proper auxiliary focus condition is an indication of a
faulty cathode-ray tube or of wrong acceleration voltages.

Sweep-length Selector Switch.—Two A-sweeps, namely 20,000 yd and
200,000 yd, are provided. An expanded portion of either of these two
scales is obtained by using the R-sweeps associated with them. Thus
the four left switch positions are for the 20,000-yd scale, whereas the four
right ones are for the 200,000-yd scale.

The R-sweeps, appearing at two places in the labeling on the panel,
are so tied in with the 7-gang 8-position sweep-selector switch that they
have the proper repetition rate and also show the region indicated by the
strobe marker on the associated A-sweep. The 8th position of this
switch is a long A-sweep of 4500-Msec duration; therefore the entire duty
ratio between triggers can be seen. The gangs on this switch are used
to select: A the zero and slope controls for the delay potentiometer,
B the repetition rate range, C the charging condenser for the sweep
sawtooth wave, D the length of the long rectangular wave, E the gating
pulse for the sweep clamp, F the slope of the delay sawtooth, and G the
intensifier for the cathode-ray tube.

R-sweep Delay Toggle Switch.—-When S* is turned to the undelayed
position, the R-sweep starts with the initial trigger, and the strobe
marker appears only at the beginning of the A-sweep.

Marker Selector.—Switch £4 permits either the crystal-controlled
markers or the strobe to appear as an intensification along the A-scope
sweeps. Both positive and negative markers are provided for con-
venience in separating signals from markers. Usually the positive
(blanking) markers are preferred if extreme accuracy is not necessary.

These markers are available externally on the marker output con-
nector. Although this is labelled markers, the signals presented depend
on the position of the switch. There is also a separate output terminal
connected directly to the strobe so as to provide an external delayed
trigger.

This external delayed trigger (or marker) is 24 jusec wide (that is,

4000-yd R-scope gate). A shorter pulse may be obtained by changing
the time constant on the grid of V&, or by differentiation of the gate.

Trigger-selector Switch.—Switch S3 connects the sweep and range
delay circuits to either (1) the internal repetition-rate generator Vu ,
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which is driven from the crystal, or (2) any external trigger coming in

the lower left panel connector. In either case, these triggers connect

to the trigger amplifier and shaper Vi*.

Video Attenuator Switch.—A front-panel knob is connected by a

flexible coupling to the attenuator switch S 6 mounted on the amplifier

at the rear of the chassis. In the off position, S6 connects one vertical

deflection plate to a front panel connector marked vertical direct.

7-7. High-speed Oscilloscope. Introduction.—Two limitations of

synchroscopes, typified by the Model 5, which made necessary the

development of a new synchroscope are (1) transit-time distortion in the

cathode-ray tube, and (2) slow sweep speed (of the order of 5 im/Vsec).

Prior to the development of this new scope, writing speeds greater than

20 to 30 in./jusec were obtained by using a DuFour-type oscillograph.

The difficulties of building, operating, and maintaining a DuFour-type

scope were realized and efforts were bent toward finding a sealed tube

from which high-speed sweeps could be photographed. 1 A new tube

(Du Mont type K1017) (see Sec. 2-9) was developed to reduce transit

time to less than 3 X 10" 10 sec while good deflection sensitivity was

maintained. Techniques used in radar pulsers are employed to produce

high-speed sweeps.

Photographic Recording—In the study of repeating transients, such

as sparking and starting time in magnetrons, it is often desirable to

observe the variations occurring in successive transients. Each transient

must be photographically recorded and the following three major factors

become important: (1) single-trace writing speed; (2) short trace persist-

ence; and (3) optical means for taking a series of pictures at the rate of

2000 per sec or higher.

If it is assumed that it is possible to measure the difference between

two spot diameters2 each equal to 0.005 in., then 0.05 in. can be measured

to a precision of ± 10 per cent. With a sweep speed of 50 in.//xsec it is

thus possible to resolve time intervals of 10~9 sec to a precision of ± 10

per cent for a single transient, or to measure the time interval between

two points in a single transient to ± 10" 10 sec. It is important to have

a jitter-free sweep because it is necessary that the sweep be synchronized

with the transient to be studied. In order to measure differences in

successive pulses to 10~9 sec it is necessary to keep the jitter between

sweep and transients no greater than 1 or 2 X 10~9 sec.

The screen used in the K1017 tube has a decay time of less than 10
4

»For data concerning maximum writing speeds available from conventional

methods see: R. Feldt, "Photographing Patterns on Cathode-ray Tubes," Electronics,

17, p. 130 (Feb. 1944); also Goldstein and Bales, "High-speed Photography of the

Cathode-ray Tube," RSI (March 1946).

8 In practice, smaller intervals can be measured.
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Bee and gives a trace sufficiently bright to allow photographing a single

trace with wilting speeds as high as 300 in./^sec. Successive transients
at frequencies up to 4000 cps can be photographed1 by using one of the
commercially available high-speed movie cameras with a modified shutter.
The higher writing speeds yield photographs that are sharp enough for
measurements of waveforms, but which are not of high enough contrast
for good photo reproduction. At lower sweep speeds a modulated
carrier of 3000 Mc/sec can be recorded to show the modulation envelope.

Output RF envelope

'flB-—

Fio. 7-21.—Successive pulses of a 3000-Mc/sec pulsed oscillator. The upper three
sets of photographs were taken with a sweep of 1 in.Aisec; the lower three with a sweep of
8 in./Vsec.

Figure 7-21 shows the input current and the output r-f envelope of a
3000 Mc/sec oscillator for three successive pulses photographed with
sweep speeds of 1 m./^sec and 8 in./jusec.

Block Diagram.—(See Fig. 7-22.) The cathode and post-accelerator
supplies are conventional 60-cps rectifiers with good filtering. The
control-grid bias should have less then 3 volts of ripple for the best
photographic results because the grid is driven to about —4 volts bias
and the light output of the screen is a rapidly varying function of grid

1 Goldstein and Bales, loc. tit.
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voltage in this region. This requirement is especially important in study-

ing successive transients with very fast writing speeds.

Sweep Circuit.—The operation of the sweep circuit may be under-

stood by reference to Fig. 7-23. The initial charge on condenser d is q ,

whereas C2 is initially uncharged. Switch Si is then closed, allowing d
to discharge through Rh Li, ft 2 , and L2 into C 2 . The general equation

Fio. 7-22.—Block diagram for high-speed oscilloscope.

for the change in voltage across Ri, L\, and Ri, L 2 ,
is

/ . 2Zt
i_ [

sin

e = ei -e2 - E = -E l+# 2Bcf

where Z

RC
4Z

COS RC
2Zt)

RC/_

If L becomes infinite, with finite values for R, the voltage is an expo-

nential. If R becomes infinite,

Ri Rz

C,

Fig. 7-23.—Simplified sweep circuit.

with finite values for L, the volt-

age is a sine function. If — e is

plotted against t/RC for various

values of K, a family of curves

that all have an initial de/dt

= Eo/RC will be obtained (see

Fig. 7-24). The voltage e is nega-

tive in this circuit but, for con-

venience, — e is plotted against

t/RC to give a universal curve in which R, C, L, and t can have any value.

For values of K between 0.7 and 0.9 the value of de/dt will remain practi-

cally constant up to 70 or 80 per cent of E , and an essentially linear volt-

age can therefore be generated. The curve for K = 0.7 shows that it is

within 4 per cent of being perfectly linear up to -e = E whereas the
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curve for K -> oo (the ordinary #C-circuit) has departed 9 per cent from
the straight line when the voltage has a value -0.1E . This difference
plus the use of d-c resonant charging reduces the sweep power-supply volt-
age to approximately fg- of that needed in a standard «C-circuit to obtain
the same degree of linearity in the sweep. By virtue of the balanced cir-

1.4

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 10
t/RC

Fig. 7-24.—Voltage across Ri or Ri in Fig. 7-23.

cuit, push-pull voltage changes are obtained which may be applied to op-
posite deflecting plates of the cathode-ray tube to produce a linear sweep.

Intensifier Circuit—The pulse-forming network 1 shown in Fig. 7-25
is charged by suitable means to a voltage E . This network is designed
to produce a pulse with a very fast

rise and flat top. The pulse
length 5 is determined from the
slowest sweep speed for which the
scope is intended and from the size

of the cathode-ray tube. For
example, a 2 in./jusec sweep speed
on a 5-in. scope should have an
intensifier pulse length of at least

2.5 jusec. The impedance Z is

determined by considerations of

'n-2

-i-

C, ' -c

Fig. 7-25.—Intensifier circuit.

switch characteristics, power dissipation, etc. For the best match, #i
is made numerically equal to Z . A pulse voltage whose shape is deter-
mined by the network design and whose peak amplitude is E /2 appears
across R x when the switch is closed. All or part of this pulse voltage may
be applied to the cathode-ray-tube control grid for intensification.

1 See Vol. 5 of the Radiation Laboratory Series.
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A summary of important relations pertaining to lumped-parameter

delay lines is given here:

=
\c'

where Z = surge impedance in ohms, L = total inductance in henrys,

C = total capacitance in farads, and 5 = pulse length.

8 = 2VLC
c

Cl = C2 — • • • C n-1 = ^n = ~

r _ T -k
hi — Lz = • • • — Ln-2 — Ln-i —

Inductances L x and Ln are increased slightly (« l.2L/n) to make a

flatter-topped pulse by preventing overshoot. The inductance may be a

continuously wound solenoid tapped at the proper points. A ratio of

Coil length per section = j 35 to ]_ 5
Coil diameter

gives a satisfactory value of mutual inductance. This value is approx-

imate and serves only as a guide. A little experimentation is usually

necessary in order to determine the exact number of turns. In general,

the more sections for a given pulse length, the more nearly the pulse shape

approaches a rectangular wave.

The intensifier pulse and sweep voltages start simultaneously; and

hence for very fast sweeps (50 in. to 100 in.//isec) the intensifier pulse

must reach full amplitude in the shortest possible time in order that the

first part of the sweep may be visible. Since conventional pulse-forming-

network designs have an inductive output impedance, their output pulses

rise too slowly or overshoot. This difficulty has been overcome by add-

ing and RC output section R C (Fig. 7-25) to the conventional network.

This addition causes the pulse to rise in about 4 X 10~8 sec but not to

overshoot if the value of R is made equal to the load resistor. A further

improvement may be made by adding between the thyratron plate and

ground a small condenser that will balance the distributed capacity

between the cathode and ground.

Figure 7-26 shows how the sweep (Fig. 7-23) and intensifier (Fig. 7-25)

circuits are combined to use the same charging voltage and switch

tube, Ve-

The resonant charging of the pulse-forming network and d is accom-

plished through a choke and the diode in series with it. A positive trigger

pulse from a fixed- or variable-delay trigger-pulse generator fires the

hydrogen thyratron switch W
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To reduce background light from electrons sprayed on the screen

when the beam hits the side of the tube, a clamp circuit (Vi) is provided

on the intensifier. The time at which the clamp fires may be adjusted

by varying the bias on the screen grid.

A modification of this circuit, which allows the intensifier pulse to be

applied a discrete interval of time before the sweep, is shown in Fig. 7-27.

Separate switch tubes are used for the intensifier and sweep circuits in

this scheme. A lower-voltage pulse-forming network may then be used

with a resultant saving in power in the intensifier circuit since the required

sweep voltage may be several times larger than that needed for intensify-
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Fig 7-27.—Scheme for intensifying before the sweep starts. Trigger pulse No. 1 precedes

No. 2.

ing the trace. Although an extra switch tube and hold-off diode are

necessary, this circuit may be justified by the saving in power and its

ability to use less expensive switch tubes with lower power ratings.

Sweep Phasing—It is important that any time variations between

the start of the scope sweep and the trigger pulse applied to the apparatus

under examination should not be larger than the smallest unit of time to

be measured (10-9 sec). It is further desirable to be able to phase the

sweep and the output trigger pulse relative to one another. A variation

of several hundredths of a microsecond in the interpulse interval is per-

missible provided that the trigger pulse applied to the apparatus under

examination and to the sweep are stable to 10-9 sec relative to one

another. Hence a crystal-controlled oscillator is not needed. An ordi-

nary audio oscillator of the Wien-bridge type followed by amplifying and
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differentiating stages is used to produce a pulse that rises to full amplitude
in about 3 Msec and lasts for about 5 Msec (Fig. 7-26). This pulse is

applied through J x to two lumped-constant delay lines, one of variable
length and one fixed. The fixed line delays the pulse by approximately
2.5 /xsec. By varying the inductance of the first section of the second
line, both its impedance and delay are varied. This continuous variation
in delay plus taps along the 5-/*sec lumped-constant line provide a trigger
pulse that is continuously variable for ± 2.5 ^sec about the position of
the fixed-delay trigger pulse first mentioned. Both lines feed identical
triggered blocking oscillators that produce pulses that rise to 1000 volts
in 3 X 10-8 sec with a duration of 0.7 /xsec. The fixed trigger fires the
thyratron switch in the sweep-intensifier circuit while the variable-delay
trigger is sent to the pulse generator (or other apparatus) that is being
studied (available on «/2).

In order to reduce time jitter between the two trigger pulses, the fol-
lowing precautions need to be taken: All d-c circuits supplying plate and
grid voltages should be isolated from the trigger circuits by means of r-f
chokes and bypass condensers; separate filament transformers with built-
in Faraday shields should be used in each trigger circuit because capacity
coupling between heater and cathode of one blocking oscillator causes
random firing of the other blocking oscillator. This condition is espe-
cially bothersome when the two trigger pulses occur at approximately
the same time. Good filtering in the d-c supplies also helps to reduce
jitter. A d-c heater supply helps further.

Other sources of jitter are the hydrogen thyratron in the sweep cir-
cuit and the switch tube in the instrument that is to be studied. By
applying a fast-rising (20 kv/Msec) high-voltage (500 to 1000 volts)
trigger pulse to the thyratron grid, it can be made to fire consistently. A
further reduction in jitter may be realized by using d-c power in the
thyratron heaters.

Signal Input—In the ordinary cathode-ray tube, coupling between
the two pairs of deflecting plates becomes increasingly undesirable as the
impressed frequency increases. The deflecting-plate leads must be
brought out directly through the sides of the tube rather than through the
base for frequencies in the megacycle range; and for frequencies of the
order of magnitude of 1000 Mc/sec, it is imperative that a coaxial-type
input be employed.

In the Du Mont tube (type K1017) coupling between signal-input
circuits and external disturbances has been minimized by careful shielding
of the separate deflecting plate circuits. Direct current centering and
calibrating voltages are introduced to the shielded signal-input circuits
through isolating resistors and bypass condensers to prevent r-f voltage
induced in the various leads from appearing on the deflecting plates.
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Wires carrying direct current and alternating current are run in separate

cables and shielded where it is necessary.

7-8. J-scope. 1—The use of a J-scope is recommended for accurate

measurements of time intervals ranging from to 300 Msec. This type of

indication, briefly discussed in Sec. 1-3, employs a cathode ray tube of the

radial deflection type, described in Sec. 2-9. The time base is a circular

trace on the face of this tube, produced by crystal-controlled sine and

cosine voltages on the two pairs of deflection plates. The signals to be

measured are applied to a central electrode which results in a radial

deflection from the time base circle. A trigger pulse is accurately syn-

chronized with the time base, always occurring at 0°, so that the angular

position of the radial signal measures the time elapsed between the trigger

pulse and the signal observed. By proper choice of the crystal frequency,

one complete cycle of the base circle may be made to correspond to an

integral number of microseconds (for example, 1 or 10 /isec), or for radar

use, to 1 land mile or to 2000 yd. For measurements of time intervals

greater than that corresponding to one revolution of the time base circle,

the appropriate subsequent cycle which includes the signal to be measured

is brightened by a calibrated delay circuit. A single example of such a

J-scope will be here described, and others will be found in Chap. 7 of

Vol. 20 this series.

Model III Range Calibrator—General Information.—-The Model 111

range calibrator2 was designed for laboratory use in the measurement of

time intervals up to 300 jusec. Its chief characteristics are as follows

:

1. Time base speed. Three versions of the calibrator are available,

with time base speeds corresponding to 10 Msec, 1 land mile, or

2000 yd per complete circle.

2. Triggers. Since the time base is generated by a crystal oscillator,

an external trigger may not be used to start the sweep. However,

the J-scope provides both positive and negative triggers of

100 volts across resistances of 1000 ohms, for external use.

3. Repetition rates. Five pulse repetition rates of nominal values,

400, 800, 1200, 2000, and 2300 pps, are available.

4. Signal input. The signal may be applied to the central deflection

electrode of the cathode ray tube either directly or through a single-

stage video amplifier having a gain of approximately 18, constant

within ±3 db between 50 cps and 4 Mc/sec. The input impedance

is 750,000 ohms paralleled by about 30 nd with the amplifier in,

and about 40 ntf with the amplifier out. An input signal greater

than 3.5 volts will overload the amplifier.

« This instrument was designed by the Radiation Laboratory and the F. W. Sickles

Co., Chicopee, Mass., and is manufactured by the latter.
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5. Accuracy. When properly adjusted, the accuracy of time measure-
ment is +0.1 jusec (see also Sec. 7-9).

The schematic diagram of the calibrator is shown in Fig. 7-28.
Circuits—Sweep Generators.—The triode-connected pentode Vx is

used to generate a sinusoidal voltage of stable frequency controlled by the
crystal in the grid circuit. The voltages in the secondaries of the trans-
former in the plate circuit of Vi may be adjusted by condensers C7 and

Oscillator

+250v

0.01

... ..,3 130 k
«30 30k \\R3j68k

A3,50k

+® ®
Wgger output

Fig. 7-28.—Model III range calibrator.

Cio to give sinusoidal voltages which are 90° out of phase and which are
applied to the two orthogonal pairs of deflection plates of the cathode ray
tube Fu, producing the time-base circle. The diameter of the circle is
controlled by the primary tuning condenser C6 .

Trigger Generator.—Pips of 15 volts amplitude, at crystal frequency,
are generated across the damped choke L2 in the cathode circuit of Vi
These are amplified by V2a, and are then used to trigger the blocking
oscillator frequency divider VJb which produces rectangular pulses
approximately 18 Msec long at any of five audio-frequency rates controlled
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by 82 in the grid circuit. V 3a is a coincidence amplifier, used to produce a.

trigger whose phase does not vary. To accomplish this, the long pulses

from the divider V 2b are applied to the cathode, and the short pulses from

the crystal oscillator are applied to the grid. The quiescent grid bias of

V 3a is 30 volts, and V sa is kept below cutoff even during the time of

application of the frequency divider pulse by adjusting the 400-ohm

variable resistor in the cathode return circuit of V2b. During this time

interval, the next crystal oscillator pulse following the one that triggered

the frequency divider drives the grid of Vsa above cutoff, and fires Vzb,

a blocking-oscillator trigger generator, from which positive and negative

triggers of 100 volts, and of 0.6 jusec duration, are derived by the para-

phase amplifier F4 .

These triggers are available for external use. The positive trigger

may be connected internally to the signal electrode of the cathode ray

tube through switch Si.

The variable-ratio frequency-division scheme for pip selection is used

instead of a continuously variable frequency oscillator both because it is

economical and because it assures that the selected crystal oscillator pip

always lies on the flat top of the longer pulse and thus assures stable

operation.

Delay Circuits and Intensifying Gate.—When measurements of time

intervals beyond that required for the first revolution of the circular time

base are to be made, means must be provided for indicating exactly

which of the succeeding revolutions is occupied by the observed signal, by

brightening on the cathode ray tube any one of the first 30 successive

sweeps following a given trigger.

This is done by using a trigger shaper VJ) and two multivibrators 75

and 76 in cascade. The first of these multivibrators produces a pulse of

variable calibrated duration, controlled by R 51, which varies the bias of

the normally "off" tube, V ha. The pulse length is made to agree with

the calibration by adjusting the slope control R 50 and the zero control

#53. The neon tube in the delay-control bleeder circuit is introduced to

reduce the effect of plate voltage changes on the gate length.

The second multivibrator, V6 ,
produces a positive pulse whose dura-

tion is somewhat less than 10 /xsec, but adjustable by means of C43 . This

pulse is applied to the grid of the cathode ray tube through the coupling

condenser C44 , which must be a high-voltage condenser, since the cathode-

ray-tube grid is at — 2000 volts.

The first revolution of the trace on the cathode ray tube is brightened

by this pulse when switch £5 is in the upper position, since the action of

the multivibrator V6 is then initiated by the positive rise of the pulse at

the plate of 7 46, coupled to the grid of V 6a by the differentiating circuit

comprising C40 , C«, and R h9 . When switch S 5 is in the lower position, the
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multivibrator V6 is actuated by the positive fall of the end of the pulse
at the plate of Vbb, and a delayed narrow pulse results, the amount of the
delay being determined by the setting of the calibrated control R 61 . This
pulse may also be used externally by coupling to the plate of V&, through
a 0.01-/if condenser.

Signal Amplifier.—A single low-gain stage of amplification (voltage
gain 18) is provided by V7 , with shunt peaking in the plate circuit to
extend the bandwidth to 4 Mc/sec. Switch Si allows the input signal to
bypass the amplifier and to be applied directly to the central electrode of
the cathode ray tube if its amplitude is sufficient.

Cathode-ray-tube Control Circuits.—The accelerating voltage on the
cathode ray tube is 2000 volts, and the method of focus- and intensity-
control is conventional. Centering of the circular time base is provided
by adjustment of the potential of one of the plates of each pair by means
of R$ and R 6 .

Power Supply.—The power supply is designed to provide 35 ma at
+400 volts, 6.3 volts for heaters, and —2000 volts for an external sweep-
oscilloscope unit which operates at a time-base speed of 1 ^sec per
revolution.

7-9. The Precision and Accuracy of Time Measurements Made with
a Circular Sweep or J-scope. 1—The J-scope2

is useful for measuring the
time interval between two events only when one of them, the "trigger,"
recurs at constant frequency. As with an ordinary electric clock, the
measurement of time interval is reduced to the measurement of a phase
angle. It is necessary therefore to examine with what accuracy the
cathode-ray tube can maintain the angle of position of its fluorescent
spot proportional to the phase angle of the driving voltage.

Errors Due to Nonorthogonality of the Deflection Electrodes and Their
Driving Voltages.—The x and y sets of deflection electrodes, which are
intended to produce beam deflections at right angles, may not in practice
do so because of faulty tube construction. Moreover their respective
driving voltages may not be in exact quadrature. It is evident that either
or both of these conditions can cause the "circular" sweep to become
elliptical, thereby producing a periodic departure from the desired condi-
tion of proportionality.

Let the deflection factors of the x- and y-plates be respectively kx and
k2 ,

and let the y-plates produce a deflection of the beam which lacks <£
°

of being perpendicular to the x-deflection, as shown in Fig. 7-29. Let the
voltages applied to the two sets of plates be out of quadrature by the

1 By G. E. Valley.
s Davenport and Warner, "Errors in Range Measurement with a Circular Sweep,"

RL Report No. 9, Jan. 24, 1942; Hales, "Errors in Circular Sweeps Due to Decen-
tering and Ellipticity of the Circle," RL Report No. 328, Feb. 13, 1943.
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angle O . Then the actual deflections in the x and y directions will be

x = k{Vi cos ut — kzVz sin (at + O) sin O ,

y = k2V2 sin (co< + O) cos <£o,

where « is the constant driving frequency. If <f>
= tan _1 (y/x) is the

angular displacement of the spot on the screen, its angular velocity is

d$
dt

dy

dt

dx
y
dt

x 2 + y
2

and it follows immediately that when <t>
and O are each zero and V x and

Vi are adjusted so that k{Vi = k 2V% , d<j>/dt = «. The spot then travels

in a circle with constant velocity. In general, however,

djf>

dt

kik 2ViV2 cos <fro cos dp

o.,.d\^k\V\ sin 20o
— kikzv \v 2 uus po kiu v»u

s sin O sin <t>o + k\V\ (sin2
O - cos 2

O)]

fcifc 2 KiK 2 cos ftp cos 0p

k\V\ cos2
O + sin %at{ik\V\ sin 20o - fcifc2FiF2 cos O sin <fn\

+ cos2
«*[ifcfyf - 2A;ifc 27iF2 sin O sin <f> + fc|F| (si "

~

If AiFi = A; 272 and if = H ^ 0, then again

— = w.

Since the denominator of the above equation is just x 2 + y
2 = r 2

,
it

is easily shown that when O = 4>o ^ 0, the radius of the sweep is given by

r = kiVi cos 0o- Thus the condition for con-

stant d<f>/dt, when the deflection plates are

not orthogonal, is that the phase angle

between the voltages applied to the x and y

sets of plates be so adjusted as to make the

sweep precisely circular.

Error Due to Eccentricity of the Sweep

Circle.—In a clock, it is necessary that the

graduated dial circle be concentric with the

shaft on which the hands are mounted.

Similarly the shaft of the rotary cursor and

the central deflection electrode of a J-scope

must be concentric with the sweep circle.

Let the error in centering the sweep circle be A, in the direction of the

x axis; then the instantaneous position of the spot is

x = A + a cos oit

y = a sin oit.

The position angle of the spot at a time t will be 4 = (at (neglecting

increments of 2rr) if the scale is linear; let there be deviation from linearity

Deflection

plates

Fig. 7-29.—Nonorthogonality
of deflection plates.
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a such that <f>
= at + a. Then

tan <j> = tan (ut + a) = - a sin wt

and

tan a = —

x A + a cos w£

A sin ut

a + A cos a>£

It is seen that a oscillates with frequency w and thus passes through
one maximum and one minimum value as the sweep scans the circle once.
Its maximum value occurs when sin cat = 1, at which point am« =
tan-1 (A/a). If €«, is the maximum error in microseconds and t is the
number of microseconds per revolution (r = 2w/u), then for small errors

_ _A_
**" ~ 2wa

T-

Error Due to Sweep Ellipticity.—If for any reason the sweep is ellipti-

cal, although the center of the ellipse is concentric with the cursor shaft
and the central deflection electrode, so that the minor axis of the ellipse

is a and the major axis is a + A, the spot trajectory may be described by

x — a cos wt

y = (a -f A) sin wt;

then, defining a as in the previous case,

A sin 2ut
tan a

2a + A — A cos 2<at

This error is doubly periodic, and its maximum value is approximately
"max = A/2a. The error in microseconds is approximately eei = (A/47ra)r.

Errors due to ellipticity of the circle are not great in practice since even
small ellipticities are easily detected by the eye. Conversely, parallax
between the standard comparison circle and the sweep circle often causes
sizable eccentricities to be unnoticed.

All the foregoing discussion assumes the driving voltages to be pure
sinusoids. If harmonics are present whose amplitude is only a few per
cent of the fundamental, a substantial departure of d<f>/dt from constancy
ensues.

A TEST OF THE LINEARITY OF A CIRCULAR SWEEP
A circular sweep was arranged 1 so that r = 12.2 /usee; upon the intensi-

fying grid of the tube there were impressed a series of short pulses regu-
larly spaced and 0.61 /xsec apart. These pulses were derived from another
oscillator whose frequency was locked at twenty times that of the sweep

1 Hales, loc. cit.
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oscillator. The angular position of each of the pulses was read from a

rotatable radial cursor. These readings, after being reduced to yield

relative error in microseconds, are plotted in Fig. 7-30.

In Fig. 7-30 Curve a shows the performance of the J-scope where the

eccentricity and ellipticity of the circle (whose radius was 27.7 mm) were

reduced to a minimum. Curve b shows the error resulting from decenter-

2.5 5.0 7.5

Range in nsec

Fio. 7-30. —Experimental error in a J-scope.

10.0 12.5

ing the sweep circle by 3 mm (A = 3 mm). It will be noted that the

errors are not plotted so as to lie symmetrically about the line of zero

error.

Curve a indicates that the device can be adjusted to yield data more

accurate than + 1 per cent of the time interval t represented by 360° on

the tube face. Curve b indicates an error about 25 per cent greater than

would be expected from the pertinent formula given above.



CHAPTER 8

DEFLECTION COILS

By Ralph Dressel

general properties of deflection coils

A deflection coil is an electromagnetic device for generating a magnetic
field across the neck of a cathode-ray tube so that electrons will be
deflected as they pass from gun to screen. The amount of deflection is

controlled by the current in the coil and with an ideal coil would, for any
point on the tube screen, be exactly proportional to this current. More-
over, various parts of an ideal coil would be free from electric and mag-
netic interaction, which give rise to oscillations whose effects appear as

crooked sweep lines. Finally, the ideal coil would preserve the focus of

an initially focused electron beam. Practical coils fall somewhat short

of the performance postulated for

ideal coils, but, through careful

design, can be made to have a

satisfactory minimum of

imperfections.

8-1. Theory of Deflection.—

The path of an electron through a

magnetic deflecting field is shown
in Fig. 8.1. It is assumed that

the magnetic field is uniform and
normal to the plane of the paper,

and that the magnetic-flux density

has the value H in the region

between Boundaries 1 and 2 but is zero everywhere else. An electron

with mass m, charge e, and initial velocity v is deflected through an angle

6 in passing through this magnetic field.

The general expression for the force on a charged body moving in a

magnetic field is

F = e(v X H). (1)

Since the only component of H is that normal to the paper, the force F
must always lie in the plane of the paper. Moreover, F is constant in

magnitude and is directed perpendicular to the instantaneous velocity v
of the electron. These conditions cause the electron to move in a circular

303

Fig. 8-1.—Path of an electron through a uni-
form magnetic deflecting field.
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path while it traverses the magnetic field. The magnitude of the centrip-

etal force F is simply equal to Hev, which equals the reaction due to

acceleration of the electron. Therefore, Hev = mv2/r, where r is the

radius of curvature of the circular path. Solving for r,

mv (0 s

r =
We

(2)

The incident electron enters normal to the boundary of the magnetic

field marked by Line 1 and, emerging from Boundary 2, travels in a

straight line after having been deflected through an angle relative to its

initial direction. The center of curvature of the electron path lies on

Line 1. It is simple to prove from Fig. 81 that angle <f>
equals the deflec-

tion angle 0, and

- = sin 0, (3)
r

where I is the distance between Boundaries 1 and 2, or the axial length of

the deflecting field. Substituting the value of r from Eq. (2),

• « IHe ,.s.

sin = (4)
mv

The speed of the electron can be stated to a close approximation in

terms of the accelerating anode potential, E*. Thus, E& = $mv 2
,
or

v = \/2Ebe/m. Substituting this value of v in Eq. (4),

sin * - m>£• (5)

Equation (5) holds for any angle less than 90° and is adequate for this

study of beam deflection. A clearer insight into the behavior of a deflec-

tion coil can be gained if the general relationships expressed in Eq. (5) are

stated separately. The sine of the angle of deflection is

—

1. Proportional to the magnitude H of the deflecting flux and reverses

sign with H

.

2. Proportional to the length I of the deflecting field.

3. Inversely proportional to the square root of the accelerating volt-

age Eb .

4. Proportional to the square root of the ratio of charge to mass e/m of

the deflected particle. Therefore, ions are not deflected as much as

electrons.

Inserting the numerical value of e/m for an electron in Eq. (5), and

expressing I in centimeters, Eb in volts and H in gauss,

sin fl = 0.30 -?L (6)



Sec. 8-1] THEORY OF DEFLECTION 305

If the actual path of an electron through the field of a deflection coil

is traced, it may be seen from Fig. 8-1 that the electron behaves as if it

traveled into the magnetic field in a straight line up to the point 0, was
then deflected sharply through the angle 6, and continued again in a

straight line. It is useful to regard the point as a center of deflection

that may shift slightly as the deflection angle increases. This shift is not

more than about 10 per cent of the length I of the magnetic field and is

negligible when compared to the distance from deflection coil to the screen

of the cathode-ray tube. Since the concept of a center of deflection is

used only in conjunction with the pattern on the tube screen, the approxi-

mation is valid.

The magnetic field generated by practical deflection coils is never so

abruptly bounded as was assumed in this ideal case. The axial field

distributions of ideal and physical deflection coils are compared in Fig.

8-2. This diagram illustrates clearly the large amount of fringing field

extending beyond the ends of the coil. These fields contribute materi-

ally to the actual deflection of the electron beam. Therefore, if it is

desired to calculate the deflection

angle from a known field distribu-

tion, a numerical integration must
be performed. The relation cor-

responding to Eq. (6) is then

Ideal field

«— distribution

sin
0.30

I:
H dl. (7)

Distance along axis

Fig. 8-2.—Comparison of axial field dis-

tributions of ideal and physical deflection

The integration limits are inter-

preted to be sufficiently far away from the ends of the coil so that the field

remaining beyond these limits is negligible.

It is also seen from Fig. 8-2 that a practical deflection coil has no defi-

nite magnetic length because the field tapers off infinitely far in both
directions. An effective length can, however, be defined as being the

length of an ideal coil that will give the same angle of deflection as the

practical coil. Therefore,

/-
Hdl

Ho
= k (8)

where H is the peak value of magnetic-field intensity, and l is the effec-

tive length of the coil. The integral is the same that appears in Eq. (7).

The equations in the preceding paragraphs are intended not for

calculating the deflection angle, but simply to indicate the factors that are

important in magnetic deflection and their relationships to the deflection

angle. Actually, the simplest and most accurate way of finding the
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deflection angle is to put the coil on a cathode-ray tube and measure the

deflection.

8*2. Maximum Length of Deflection Coils.—As illustrated in Fig.

8-3, the maximum length of a deflection coil is governed both by the

internal neck diameter of the cathode-ray tube and by the maximum
allowable deflection angle. The latter is the angle at which the electron

beam just grazes the neck of the tube. The cross section of the electron

beam is appreciable and varies with the current. Consequently, at the

point of contact with the glass, the central axis of the beam is removed a

distance approximately equal to the beam radius.

From Fig. 8-1 it can be seen
Glass envelope of

cathode ray tube
that a = r(l — cos 6). Dividing

this by U, the effective length of

the coil,

a r
f-i a\

y- = y- (1 — COS 0).
to to

But since r/U — 1/sin 6, a/U =
tan 0/2, or

Zo =
tan

e
(9)

Fig. 8-3.—Limitation of deflection angle by-

internal neck diameter of tube.

A typical magnetic cathode-

ray tube may have an internal

neck diameter A = 1.140 in.

Under average operating conditions, the beam radius is approximately

0.1 in., and a is therefore 0.47 in. Themagnetic tube is generally designed

for a maximum deflection angle of 26°. Substituting these values into

Eq. (9), the maximum effective length of a coil to be used with this tube

is found to be

k = 2.0 in.

Because long deflection coils have a high deflection efficiency, it is

desirable to build the coil as long as the tube will allow. There are how-

ever at least two practical difficulties: unless rather large tolerances are

allowed to account for variations in the tube-neck diameter, electron-

beam diameter, and position of the coil on the tube neck, there is a large

probability that the electron beam will strike the glass envelope; also, a

long coil is not always possible since the length of the tube neck is finite

and since other units in addition to the deflection coil must fit in this

limited length.

8*3. Deflection Efficiency.—Although the neck of the cathode-ray

tube limits the effective length of the magnetic deflecting field to the
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value given by Eq. (9), the deflection does not require that any field

exist outside of the region enclosed by the glass walls of the tube. How-
ever, a practical deflection coil always has stray fields, which do not con-

tribute to the deflection of the electron beam but which simply add to the

total magnetic energy stored in the coil. The deflection efficiency of a
practical coil may be defined as the ratio of the energy stored in the field

of an ideal coil to the energy stored in the field of the practical coil.

Since, in most cases, the energy stored in the coil must be essentially

dissipated before the start of the next sweep, the time required to dissipate

this energy will depend upon the total amount stored. A high deflection

efficiency will minimize this time. The recovery time usually is long

enough so that it is the limiting factor in determining the sweep-repetition

frequency.

The energy stored in the magnetic field of an ideal coil may easily be
calculated. If it is assumed that the field generated by an ideal coil is

uniform and exists only in the region enclosed by the glass walls of the

tube neck, and that the length of the ideal coil is the same as the effective

length U of the physical coil with which it is compared, then the volume
in which this field exists is V = waHo, where a is the radius of the tube
neck. The energy density of magnetic field is w = BH/8tr, or, since the

medium is air, w — H2/8ir. The total energy of the uniform magnetic
field will be the product of the energy density and the volume of the field,

W = ~ira%, (10)

where W = total energy in ergs, a = radius of tube neck in cm, l —
effective length of coil in cm. Equation (6) furnishes the value of H in

terms of the deflection angle.

sin 6 \/WbH =
0.30k

Substituting this value of H in Eq. (10), the total energy stored in the
magnetic field of the ideal deflection coil for a given angle of deflection is

= a2 sin' 9EbW
0.72Z

g (11)

A practical coil offers a different problem because the fringing fields are

difficult to integrate. The energy stored in the magnetic field is, there-

fore, much more easily measured experimentally than calculated. It is

given by the familiar expression

W = ^Li* joules, (12)

where L is the inductance of the coil in henrys and i is the current in

amperes flowing through the coil. To determine how effective the practi-
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cal coil is in deflecting the electron beam it must be compared with an

ideal coil that will deflect the electron beam through the same angle.

Consequently, if the reference angle is 0o, then I will be the current that

must flow through the coil to deflect the electron beam by this angle.

These values of O and the corresponding I may be substituted in

Eqs. (11) and (12) to obtain the total energies stored in the ideal and

physical coils. Accordingly, the deflection efficiency will be

a2 sin2 d Eb 7

^ a A . _ . 0.72Z
X

2.78a 2 sin 2 d Eb X 10~7

Deflection efficiency = rm = flm

(13)

Although Eb appears in Eq. (13), the deflection efficiency of a coil is

independent of the accelerating voltage applied to the cathode-ray tube

because I\ is also proportional to Eb . It should be pointed out that

deflection efficiency is simply a measure of how effective the magnetic

field of a given coil is in deflecting an electron beam.

All the important factors that affect the deflection efficiency of a coil

may be grouped together and labeled "form." In general, any increase

in length, decrease in cross-sectional area, or the introduction of an iron

core will tend to increase the deflection efficiency by an amount that is

difficult to compute. An important fact, however, is that the deflection

efficiency is completely independent of the number of turns in the

windings. Therefore, the fundamental problem in designing deflection

coils to meet certain current and voltage specifications is first to deter-

mine the form that will give the required deflection efficiency and then

to wind on the proper number of turns to satisfy the current or voltage

specifications. The types of deflection coil described in this book have

efficiencies of about 50 per cent, but new designs may possibly improve

this figure.

8-4. Deflection Sensitivity.—The deflection sensitivity is the ratio

of the deflection of the electron beam to the current flowing in the coil.

Deflection may be measured either by the angular deflection of the beam

or by the distance the illuminated spot has moved across the tube face.

The latter method is both simple and direct, but the deflection sensitivity

as so measured depends upon the dimensions of the cathode-ray tube as

well as upon the deflection coil. With the former method, the sensitivity

depends only on the coil, but it is usually necessary to calculate the deflec-

tion angle. A convenient way to combine the advantages of these two

methods is to use one radius of the cathode-ray tube as the unit of deflec-

tion. Magnetic cathode-ray tubes such as the 5FP7, 7BP7, and the

12DP7 are designed to give a deflection of one radius when the deflection
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angle is 26°; thus, a deflection of one radius specifies a deflection angle of
26° for all of these tubes.

It is much more convenient to use the deflection factor rather than
its reciprocal, the deflection sensitivity, to describe the performance of

a coil. The deflection factor is the current required to produce a unit
deflection, in this case one radius. This is exactly the information a
circuit designer needs to know. It must be remembered, however, that
no measurement of deflection factor is meaningful unless the acceleration
voltage on the cathode-ray tube is also stated.

The two important quantities that influence the deflection factor of a
coil are the form and the number of turns. If the number of turns in

the windings is assumed to be fixed, then the deflection factor is inversely
proportional to the effective length of the coil. Also, if the coil cross
section perpendicular to its axis is magnified by a chosen amount so that
the relative dimensions remain unchanged, then the deflection factor
will be increased by the same ratio. This relationship may be symbolized
as follows:

rr M r <">

where I is the deflection factor, M is the cross-section magnification
factor, and l is the effective length. From Eq. (14) it is obvious that
if all the coil dimensions are multiplied by the same amount M then the
deflection factor will not be changed. On the other hand, if the form is

held constant, the deflection factor will be inversely proportional to the
number of turns in the windings

:

I'o N
£

= w w
Equations (14) and (15) may be combined to form one complete equation:

Jo ,, h JV

rr M
fw w

8-5. Resistance.—Every practical deflection coil has resistance,
which is usually important both from the standpoint of driving voltage
and of power loss. The factors that influence coil resistance are again
form and number of turns. Usually, the winding space available on a
given coil is limited. If the coil is wound so as always to fill the available
space, then, for a given form, the same amount of copper will be wound
regardless of the number of turns. The resistance will thus be directly
proportional to the square of the number of turns.

R' iV' 2
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Moreover, if the number of turns is fixed, but all the physical dimen-

sions of the form are multiplied by a factor /, the resistance will also be

decreased by this factor

I - 7
(18)

Again, these two equations may be combined to give

R' 1 N' 2

~R
=
~f'W (19)

One of the objections to coil resistance stems from the temperature

rise in windings. The relationship between the PR loss and the number

of turns in a coil may be found by combining the results expressed in

Eqs. (16) and (19).

~I\R f I,

This equation clearly indicates that the power loss is independent of the

number of turns. Also, since / is a factor multiplying all dimensions of

the coil, then to be consistent/ = M, and lo/l" = 1//- When these values

are substituted into Eq. (20), ItfR'/IlR = 1//. All dimensions of a coil

must therefore be increased by a factor / to obtain a corresponding

decrease in power loss.

8-6. Inductance.—Form and the number of turns also govern the

inductance of a coil. Since the field inside a deflection coil is nearly

uniform, the inductance of the coil is to a fair approximation independent

of the magnification of the cross section, but it is directly proportional

to the effective length of the coil,

L k

If the form is fixed, the coil inductance is also directly proportional to the

square of the number of turns in the windings. The complete relation-

ship is

77 V A/"' 2

r-KiP- (21)

8-7. Voltage Drive.—The voltage required to drive a coil may be

expressed in terms of the form and the number of turns through the use

of the equations in Sees. 8-4, 8-5, and 8-6. If it is assumed that the

input current has a sawtooth waveform and that the sweep starts from the

center of the tube screen, traveling one radius in a time t, the portion of

the total voltage drop due to inductance will be

T di T Jo
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Adding to this the drop across the resistance, the total drop is

E = L j° + IoR.

Now, if the form and the number of turns are changed to a new value,

the effect of these changes on the total voltage drop can be calculated

from the relations expressed in Eqs. (16), (19), and (21). The new
voltage drop will be

E - L ToNi\ —/ + JoM
22F.

1^ 77^
^ 7o , , N'

, r _, 1 , , U N'= L l M N +hR
J
M

7 N'

For a given form this equation becomes

tf'-^(l^ + Ioft). (22)

Since the quantity in the parentheses is exactly equal to the original

voltage drop, the total voltage drop is directly proportional to the number
of turns. However, if the form is changed by multiplying all dimensions
by the factor /, then again M = / and k/l' = 1//. Therefore

It should be remembered that Eq. (23) has been derived under the

assumption made in Sec. 8-6—namely, that the inductance of a coil is

not affected by a change in its cross-sectional dimensions. For all

square iron-core deflection coils this assumption is true, but for most
other types the inductance does change with the cross section. The
change is slight, however, and Eq. (23) applies to all deflection coils to a
reasonably good approximation.

8*8. Recovery Time.—The recovery time of a deflection coil is the

time required for the coil to dissipate at the end of a single sweep essen-

tially all the energy stored in it. In some instances where the sweep-
repetition frequency is high, the time interval between the end of one

sweep and the beginning of the next is so short that the coil cannot
recover. In such a case, the origin of the sweep shifts to a new position

somewhat removed from the initial position.

Any change in the coil form that tends to increase the deflection

efficiency will also shorten the recovery time, but such a change is not
always possible. The other solution is to dissipate the stored energy
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as rapidly as possible. A critically damped coil dissipates its energy

most rapidly, and a resistor equal to £ s/L/C connected across the coil

provides this damping. Such a damping resistor prevents large induced

voltages at the end of a sweep. The recovery time can also be reduced

by decreasing the distributed capacitance C of the coil, since the time

constant of the coil is equal to \/LC The capacitance of a coil may be

reduced by separating the windings, by pie winding, or by the use of

insulation having a lower dielectric constant.

8*9. Defects in Magnetic Deflecting Fields.—The characteristics

of a deflection coil should be such as to produce an undistorted deflection

pattern and a uniform focus over the entire tube screen. Pattern dis-

tortion is treated extensively in Chap. 9. In general, the quality of the

focus of a pattern on a cathode-ray tube varies considerably from the

center to the edge of the tube. If

the focus adjustment is so made
that spots are in good focus near

the center of the screen, they will

become larger and blurred near

the edges, and will frequently be

distorted in shape. The most
common shape is an ellipse whose

major axis is oriented either par-

allel with or perpendicular to the

line of deflection. Thus, a sweep

line may be narrow near the

center of the screen and wider

near the edges. However, not all of the focus distortion is due to the

deflection coil; some can be traced to the change in focal length due to

flat-face tubes, as is explained in Chap. 9, or to the focus coil itself. Only
those distortions directly due to the deflecting field (usually designated as-

"deflection defocusing") will be considered here.

Almost all of the causes of defocusing can be traced to nonuniformities

in the deflecting field. Figure 8-4 shows the field pattern in a plane

through the geometric axis of a typical iron-core deflection coil. Because
of the symmetry of the coil, the flux lines all cross at right angles to the
coil axis. An electron beam whose initial direction coincides with
the coil axis is deflected in a plane passing through the axis and per-

pendicular to the lines of force; but since the electron bundle has a

definite cross section, as indicated in the figure, not all of the electrons

in the beam are deflected by the same amount. The electrons above
and below the axis are deflected through a slightly smaller angle than

those on the axis; therefore a beam cross section originally round is

squeezed into an oval.

Fig. 8-4.—Field pattern in plane through
geometric axis of typical iron-core deflection

coil, showing region traversed by the electron
beam.
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Fortunately, nonuniformity in the fringing fields, over which the

designer has little control, causes much less defocusing than lack of

uniformity in the main deflecting field of a coil, which can be controlled

to some extent. The magnetic-field intensity within a coil may increase,

decrease, or remain constant in the direction of deflection. Each of

these distributions has a characteristic effect on the beam cross section.

A magnetic field that increases in intensity along the line of deflection

tends to distort the cross section of a circular electron beam into an oval

with the pointed end in the direction of deflection. This type of mag-
netic field has been called a "pincushion" field from the shape suggested

by the flux lines. Figure 8-5a shows the field pattern in a plane perpen-

(a) (b)

Fig. 8-5.—Distortions of circular cross section of electron beam produced by non-
uniform fields, (a) Change produced by coil having a "pincushion" field. (6) Change
produced by coil having a "barrel" field.

dicular to the axis of a coil having a pincushion field. The dashed circle

represents the circular cross section of an electron beam. Electrons at

the beam edge marked A are deflected less than those at B because the

magnetic field is stronger at B than at A. Also electrons at D are

deflected down and those at C are deflected up because of the horizontal

components of magnetic field. These distortions change the beam cross

section into the shape shown by the solid line.

A magnetic field that decreases in intensity along the line of deflection

causes a circular cross section to be changed, roughly, into an elliptical

shape with the major axis perpendicular to the line of deflection as in

Fig. 8-56. A "barrel" field such as this causes electrons at A to be
deflected more than those at B. Horizontal field components now cause
electrons at D to be deflected up and those at C, down. The squeezing
and pulling effect gives rise to the illustrated cross section.

None of these distortions are present when the electron beam is

deflected by a uniform field because all the electrons are deflected by the
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same amount. Consequently, the main deflecting field should be as

uniform as possible if good focus is desired.

A given field distribution in a deflection coil may be studied to deter-

mine its effect on focus if the current in the focus coil is reduced so that

the illuminated spot appearing on the screen of the cathode-ray tube is

about one-quarter to one-half inch in diameter. The focal point then lies

beyond the tube screen and the illuminated spot, which may be thought

of as an underfocused spot, is an image of a cross section of the converging

electron beam. The undeflected spot is round but, as the electron beam

is deflected, the spot may gradually change to one of the shapes illustrated

in Fig. 8-5. If the beam cross section remains round as it is deflected,

then, if the focus coil is perfect, the electrons of the beam will converge

at a single point. When the beam cross section is distorted, those

electrons that are pulled out of the original circle will converge beyond,

and those electrons that are squeezed into the circle will converge on,

the near side of the original focal point. Thus, more information may
be obtained about the defocusing properties of a coil through a study of

the unfocused spot than by measuring spot size.

It is not easy to generate a uniform magnetic field with a small coil.

The magnetic field must, therefore, be shaped either with magnetic pole

pieces or by the distribution of turns in the windings. Of these two

methods, the latter is preferred because it gives a much finer control of

the field and is less cumbersome. A convenient way to determine the

proper winding distribution for a deflection coil is to divide the winding

into several sections, each of an accurately known number of turns, with

separate leads brought out. Then, with the deflection coil on a cathode-

ray tube, the currents through each section may be adjusted until the

underfocused spot can be deflected without altering its cross section.

From the values of the products of turns times current, the proper dis-

tribution of turns among the sections when they are connected in series

may be determined.

8*10. Methods of Producing Deflecting Fields.—The relationships

that have been indicated in the discussion thus far apply to deflection

coils of all types and sizes. In the following sections, some of the known

deflection-coil types will be treated in detail, but each of these types

falls into one or the other of two general classes. In the first class are all

deflection coils whose windings are placed so that they generate the

magnetic field in parallel, each winding contributing an equal share of

the magnetic flux. The second class contains all those coils whose

windings generate a magnetic field in series, each winding sharing the

same magnetic flux. Coil types that do not fit into these two classes are

unimportant because they are intrinsically inferior.

A pair of short solenoid windings placed side by side but sufficiently
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far apart to allow the neck of the cathode-ray tube to pass between them
will generate a magnetic field in parallel if the proper direction of current

is chosen. Such an arrangement together with the magnetic field is

Winding cross section

current out

(a)

Fig. 8-6.—Magnetic field surrounding a pair of parallel windings (electron beam per-
pendicular to paper), (a) Not joined by an iron core, (b) Joined by an iron core.

shown in Fig. 8 -6a. Because of the symmetrical arrangement of the

windings, the magnetic field is also symmetrical and is nearly uniform
in the region of the tube neck. However, a large part of the magnetic
field generated is not useful in deflecting

the electron beam. If an iron core is

used as shown in Fig. 8-66 it not only

increases the total magnetic flux but

also helps to guide the flux to the region

where it is needed. Although even

with the iron core only about 30 per

cent of the total flux generated is useful

in deflecting the electron beam, the

method of Fig. 8-6 is one of the most
efficient ways of generating a deflecting

field.

Deflection coils of the second class

have a pair of windings placed one

above the other on opposite sides of

the tube neck and are so connected

that they generate the magnetic field

in series. A pair of series windings

is shown in Fig. 8-7. With this type of coil, most of the flux generated is

useful in deflection, but the current required to set up this flux is so large

Fig. 8-7.—Magnetic field surrounding
a pair of series windings.
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that the deflection efficiency is very nearly the same as that of coils of

the first class. Nevertheless, the deflection efficiency can be considerably

improved if a tight-fitting magnetic iron shell is placed around the outside

of the windings. This iron shell provides a low-permeability return path

for the flux passing around the outside of the coil, and thereby increases

the deflection efficiency. Another useful characteristic of coils of the

second class is the fact that the magnetic-field distribution within the

coil is governed almost entirely by the distribution of windings. Figure

8-7 shows a coil with two lumped windings, but if the wires were distrib-

uted over a cylindrical surface, a much more uniform field would result.

IRON-CORE DEFLECTION COILS

The square iron-core deflection coil is a practical example of the class

of coil in which the magnetic field is generated by two coils in parallel.

8-11. Deflecting Field of a Square Iron-core Coil.—Two views of a

typical square iron-core coil together with its magnetic field are shown

in Figs. 8-66 and 8-8. The magnetomotive

force is in the same direction in both legs of

the core, and the top of the core is therefore

raised to a higher magnetic potential than the

bottom. This difference of magnetic poten-

tial causes flux to pass more or less uniformly

across the air gap within the core, but ap-

proximately two-thirds of the total flux

passes around the outside where it is of no

use for deflection. Although the square

iron-core coil therefore has a low deflection

efficiency, the efficiency of most other deflec-

tion-coil types used at the present time is no

better.

In a coil of this type, it is important that the core have a permeability

of 500 or more for the following reasons:

Fig. 8-8.—Axial

field distribution of

square iron-core coil.

magnetic-
a typical

1. To minimize the drop in magnetomotive force along the core

length, so that the top and bottom of the coil may be equipotential

surfaces and may thus set up the most uniform field in the air gap.

2. To minimize the effect of changes in the magnetic properties of

the core. All of the flux passing across the air gap also passes

through the core. If the permeability is high, then the reluctance

of the iron path will be negligible compared to that of the air path;

consequently, even large changes in the core permeability will not

affect the deflecting field.
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Not only should the core material have a high permeability but it

should also have a low retentivity so that the field of the coil will collapse

to zero at the end of a sweep. If the core retains its magnetism, the

residual field will tend to cause a shift in the origin of the sweep.

It is not difficult to find satisfactory core materials, since the flux

density in the core rarely is greater than 15 per cent of the amount needed
for sati'ration. Better grades of silicon steel, Hipersil, and Permalloy
all make excellent cores. The magnetic properties of these materials

depend upon the annealing process to which they are subjected in the

course of manufacture, and particular care must be exercised to prevent

magnetic "hard spots," which cause distortions in the magnetic field.

8-12. Eddy Currents in the Core.—Sweep currents induce eddy cur-

rents in any metal parts in or near the deflection coil. If the losses

associated with eddy currents are to be minimized, the iron core must be
laminated. These losses are all dissipative and have practically the

same effect as a resistor shunted across the windings. The value of this

effective shunt resistance increases as the thickness of the laminations

decreases and is approximately 100,000 ohms for laminations 0.014 in.

thick. Except in special applications, this value of shunt resistance will

not appreciably interfere with the coil performance; therefore, 0.014-in.

laminations are satisfactory.

Eddy currents in the core tend to slow the start of the sweep. When
the magnetic deflecting field starts to increase at the beginning of a sweep,

these currents oppose it and cause it to increase at a much slower rate,

but as time increases, the effect of the eddy currents becomes less signifi-

cant, with the result that the sweep is nonlinear. Additional power must
be supplied at the start of the sweep by the driving circuits in order to

counteract the effects of these eddy currents.

One type of lamination used in square iron cores is an L-shaped piece

stamped from 0.014-in. silicon steel. One leg is 2£ in: and the other is

2 in. long. These laminations are usually stacked, alternating the long

and short legs, to a height of 1^ in. If the joints are arranged on only

one pair of diagonally opposite corners, the core may be opened to permit
the windings to be slipped onto the legs. Another type of laminated
core occasionally used is made with Hipersil tape, 1£ in. wide and 0.002

in. thick. This tape is wound on a square form until a core thickness

of approximately i in. has been built up. After it has been wound, the

core is varnished to hold it together and then cut apart with a fine saw so

that the windings may be placed on it. The cut edges are etched and
finished so that they will fit together tightly. 1

Because of the excellent properties of iron-dust cores at high fre-

1 More information about these cores may be obtained from the Westinghoose
Electric and Manufacturing Co., Sharon, Pa.
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quencies, an attempt was made to use them in deflection coils. Unfor-

tunately, however, they did not prove satisfactory because of their low

permeability.

A ribbon-wound core exhibits stronger eddy-current effects than does

a core having L-shaped laminations. This difference occurs because the

laminations at the top and bottom of a ribbon-wound core are not in the

proper orientation to minimize eddy currents. The curves of Fig. 8-9

show how laminations affect the response of a deflection coil to a voltage

step. Each of these curves has an initial slope that is determined by the

magnitude of the eddy currents, but in a short time this effect disappears

and the curves become linear. If the linear portion is extrapolated back

40

§ 20 -

d-""^^^^
"^^c

^^^^ Sweep time 2.4 it sec

^"''^^^^ A 0.006 -in. ribbon •wound core

B 0.002 • in. ribbon -wound core

C 0.007 • in. L - type laminations

10 30 4020

Deflection in mm
Fiq. 8-9.—Effect of laminations on response of an iron-core deflection coil to a voltage step.

to the current axis, then the current at the point of intersection will be

inversely proportional to the resistance reflected into the windings by

the eddy currents in the core. This resistance, which is effectively

shunted across the windings, is about 100,000 ohms for the L-type

laminations but is only about 50,000 ohms for the 0.006-in. ribbon-wound

core. In most ordinary applications of deflection coils these differences

are not important, but, when very fast sweeps are used, the delay in the

start of the sweep may be objectionable enough to warrant care in the

choice of core laminations.

8-13. Windings.—The windings of an iron-core coil may be very

simple because the magnetic field is chiefly determined by the core.

Therefore, a multiple-layer solenoid may be wound on a base of rec-

tangular fiber tubing according to conventional coil-winding practice.

The dimensions of the fiber tubing are chosen so that the coil will fit

snugly on the core and so that it will extend over the length of the leg.

Similarly, the winding depth is also fixed by the core dimensions because
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Flu, 8- 10.—Connections for push-pull
deflection coil. Heavy line indicates wind-
ing adjacent to core.

the windings can occupy only the space between the core and the glass

wall of the cathode-ray-tube neck.

Deflection coils may be wound for either single-ended or push-pull

operation. For single-ended operation, two identical coils are fitted on

opposite legs of the core and con-

nected, usually in series, so that

their magnetic fields are in the

proper direction to produce a de-

flecting field. The series connec-

tion is preferred because the same

current will then flow through both

windings and small differences in

the resistance of the windings will

not be significant. A push-pull

coil, on the other hand, has two
windings on each leg, one wound on top of the other. The inside

winding of one leg is connected in series with the outside winding of

the other leg in the manner illustrated in Fig. 8-10. With this connec-

tion, the field due to the quiescent current of the push-pull tubes is

balanced out, but any differential

in the plate currents of these tubes

will produce a deflecting field and

the electron beam will be deflected

either to the right or left depend-

ing upon which tube is conducting

the greater current.

A deflection coil with windings

on only one pair of legs will be

able to deflect the electron beam
along one coordinate axis. If a

similar set of windings is placed

on the remaining two legs of a

square core (see Fig. 8-11), it is

possible to deflect the beam both

horizontally and vertically. The
set of windings giving horizontal

deflections need not have the same
number of turns as the set giving

vertical deflections. Each set of windings may be designed to fit the

circuits used to drive it, if the ratio of the turns is not greater than

3 or 4. It is important that the windings be accurately centered on

the core in order to minimise inductive coupling. It may be seen in

Fig. 8-6I> that the magnetic field generated by one set of windings is

Fig. 8*11.—Iron-core deflection coil with two
sets of windings.
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perfectly symmetrical if the windings are centered. If a second set of

windings is added to the legs at the top and bottom of the coil illustrated

and if these windings are centered, then the magnetic flux from the first

set will cut half the turns of the added set in one direction and half in the

other, so that the total emf induced in the second set will be zero. Practi-

cal coils, nevertheless, always exhibit some inductive coupling between the

• windings.

T
Fia. 8- 12.—Balanced winding.

Inductive coupling between

the two sets of windings causes

one set to oscillate at its natural

frequency while the other set is

being driven. The effect of this

oscillation appears in the sweep as

a wiggly line instead of the desired straight line. To reduce still further

the inductive coupling present in deflection coils having conventional

solenoid windings, a type of winding known as a "balanced winding" (see

Fig. 8-12) has been used. 1 In this case, the winding is divided in half;

one half is wound in one direction and the other in the opposite direction.

The inside leads of each half are connected together to form one terminal

of the balanced winding, whereas the two leads at the ends are connected

together to form the second terminal. With this type of winding, the

current enters at the middle and flows toward both ends. Since the ends

are connected together, the

balanced winding cannot oscillate

as does an ordinary solenoid and

consequently it is less sensitive to

a small asymmetry of the winding

with respect to the geometrical

center of the core.

8*14. Pie Windings.—Pie

winding offers the possibility of

reducing the recovery time of a

coil by reducing its distributed

capacitance. (See Sec. 8-8.)

A pie-wound iron-core deflection coil is illustrated in Fig. 8-13. Thi

windings of this coil are divided into eight sections or pies, each pie being

separated from the others by an insulating wall. All of the sections are

random-wound and all are connected in series. Such a coil is suitable

only for single-ended drive since the benefits of pie winding are lost hi a

push-pull coil. As is indicated by the curve of Fig. 8-14, the number of

sections directly influences the distributed capacitance. This curve

tapers off at 10 wf, indicating that no matter how many sections are

1 Mr. W. H. Pratt, Research Construction Co., personal communication.

Fig. 8-13.—An iron-core deflection coil with
pie windings.
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400

123456789 10

Number of pie sections

8-14.—Variation of distributed

capacitance with number of sections in

pie-wound coil.

Fig.

included the distributed capacitance for a 2400-turn winding will not

fall much below 10 ppi . Therefore, it is not worth while to use more than

the eight sections illustrated in Fig. 8-13 because the difficulties in winding

increase more rapidly than the capac-

itance decreases.

Pie winding is also particularly

well suited to the correction of high-

frequency sectional oscillations in

the windings of deflection coils.

Sectional oscillation is a descriptive

term applied to cases in which a coil

is oscillating in a mode higher than

the fundamental. The mode of

oscillation most frequently encoun-

tered is one in which the ends of the

coil remain at a fixed potential, but

the middle swings up and down in

much the same manner as a vibrat-

ing string. A damping resistor

placed across the ends of the coil will, in this case, have no effect on the

oscillation. However, if the coil is divided into two parts and if a resistor

is connected across each part, this mode can be effectively damped.

Similarly, by properly dividing

the coil, any mode of oscillation

can be damped.
8-15. Deflection-coil Shields.

In order to improve the deflection

efficiency by reducing the large

amount of the magnetic field that

passes around the outside of the

core and is not useful in deflecting

the electron beam, tight-fitting

copper or aluminum shields have

been placed around square iron-

core deflection coils. Eddy cur-

rents that circulate in the shield

oppose the "buildup" of the

magnetic field around the outside

of the core and effectively elimi-

nate it for the duration of the

sweep.

A type of copper shield commonly used is illustrated in Fig. 8-15.

This shield surrounds the deflection coil, but has two holes just large

Fia. 8-15.—Copper shield for an iron-core

deflection coil.
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enough to accommodate the neck of the cathode-ray tube. Normally,

the magnetic field that fringes out along the axis and beyond the ends

of the coil makes a substantial contribution to the deflection of the elec-

tron beam, but this field also is cut off to a large degree by the end plates

of the copper shield. The curves of Fig. 8-16 show the extent to which

the axial field distribution is affected. Because the shielding effect is

greater at the higher frequencies, the effective length of the deflection coil

6543210123
Distance from center of coil in cm

Fig. 8-16.—Axial field distribution of an iron-core coil with and without copper shield.

1. Coil without case. 2. With case—100 cps excitation. 3. With case—1000 cps

excitation. 4. With case—10,000 cps excitation.

is frequency dependent, as is the sensitivity, which decreases at high

frequencies to about 80 per cent of its value with direct current. Such a

variation of sensitivity with frequency causes nonlinearity in a sweep

whose duration is of the order of 200 Msec. Slower sweeps exhibit a slow

start, whereas very fast sweeps are linear but require a larger driving

current. It is possible to avoid all of the troubles caused by the end

plates if a shield similar to that illustrated in Fig. 8-17 is used. Stray

fields around the sides of the coil are then effectively shielded but the

fringing fields at the ends are relatively unaffected.

Since the magnetic field around a deflection coil is reduced by the

addition of a copper shield, the inductance is also decreased by an amount

that depends upon the frequency at which it is measured. The change
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in inductance affects the input-voltage waveform and may cause a

nonlinear sweep if the proper waveform is not supplied.

A typical inductance curve for an iron-core deflection coil fitted with

a copper shield of the type illustrated in Fig. 8- 15 is shown in Fig. 8-18.

At very low frequencies, eddy currents in the shield are not strong and
the inductance is therefore not much affected; but, as the frequency

increases, the eddy currents increase until the shielding is complete.

Fig. S-17.—Copper shield without end plates.
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8*18.—Variation of inductance of

typical iron-core deflection coil.

Fig,

100 1,000 10,000 100,000

Frequency in cps

8-19.—Variation of resistance of a
typical iron-core deflection coil.

In the frequency range where the shielding is complete, the inductance
is constant but is considerably reduced from its value at low frequencies.

For most ordinary coil shields the shielding is nearly complete at 1000

cps. Consequently, the inductance of a deflection coil will be almost

constant for all sweeps whose duration is 1000 fisec or less. If a longer

sweep time is employed, then the inductance will change during the course

of the sweep.

Eddy currents in the shield reflect an apparent resistance into the

windings as do the eddy currents in the core. However, since the mag-
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netic coupling between the windings and the shield is very much looser

than the coupling between the windings and the core, the effect is different

from that of a simple shunt resistance. The resistance reflected into the

windings grows in magnitude as the eddy currents in the shield increase

and finally reaches a maximum value as shown in the curve of Fig. 8-19.

The initial value of the resistance in this curve is the d-c resistance of the

wire in the windings. The increase in resistance corresponds at each

frequency to the decrease in inductance of the coil.

8*16. Equivalent Circuit of an Iron-core Deflection Coil.—The elec-

trical response of a deflection coil can be closely approximated at all

frequencies by an equivalent circuit composed of resistive, inductive,

and capacitive elements. Two such equivalent circuits are shown in

O

6
Circuit 2

Fig. 8-20.—Equivalent circuits of an iron-core deflection coil.

Fig. 8-20. Although they both present exactly the same impedance, the

arrangement of the elements is different. The first circuit is useful in

visualizing the coil behavior because the elements correspond closely to

the physical concept of a deflection coil. On the other hand, it is much
simpler to evaluate the elements of the second equivalent circuit although

these elements do not have physical counterparts in an actual coil.

For this reason, the relationships between the elements of Circuit 1 and

a physical coil will be described and then the elements of Circuit 2 will

be defined in terms of the elements of Circuit 1.

The elements of Circuit 1 are related to a physical deflection coil as

follows: Co is the lumped equivalent of the distributed capacitance of the

windings; Ro corresponds to the effective resistance of the core lamina-

tions and is the shunt resistance described in Sec. 8-12; L x is the self-

inductance of the windings; Ri is the resistance of the wire; L 2 represents
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the effective inductance of the metal shield surrounding the core; R 2

represents the effective resistance of the shield; M is the mutual induc-
tance between the shield and windings, and is equal to k -y/Ldrt where
k is the coupling coefficient.

Of the total input current to the coil, only the portion that flows
through L x is effective in generating a deflecting field. All the rest of

the current is either used to counteract losses or shunted by the distrib-

uted capacitance. Consequently, the deflection produced by a practical

coil will not be exactly proportional to the input current. Therefore,
in order to generate a linear sweep, either the proper waveform must be
supplied at the terminals of the coil or else the

deflection coil must be designed so that the dis-

tortions produced by its losses are negligible. 1

The latter alternative is the more practical.

The relationship between the elements of

Circuit 1 and Circuit 2 are: La = L x(l — k2
),

U = WLt, Co = Co, Ra = R lf Rp = k 2^ #2 ,

and R = R , where k = M/s/LJjz.
8-17. Measurement of the Circuit Constants.

Because an inductance bridge measures the induc-

tive reactance of a coil rather than its inductance,

the indicated inductance of a coil measured on
such a device will, in general, increase with the

measuring frequency. Although the assumption
that this reactance is caused by a pure inductance

is valid for low frequencies, is it not true at higher

frequencies where the effect of the distributed

capacitance becomes significant. If, however,
measurements are confined to the frequency range in which the assump-
tion is valid, then an inductance bridge will serve adequately for measur-
ing the variation of inductance with frequency of a deflection coil. In
determining the values of other circuit constants also, advantage is

taken of the fact that at certain frequencies the effect of all the other
elements on the one measured is negligible.

The impedance function of a deflection coil may be simplified by
examining the right-hand branch impedance of the equivalent circuit

(see Fig. 8-21). The impedance of this branch is

1 For derivation of equations for current through a deflection coil based on the
equivalent circuit, see Chap. 10.

Fig. 8-21.—Right-
hand branch of equiva-
lent circuit of iron-core
deflection coil.
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or

z
- - [*« + w^Li\ +* V- + sr$n} (24)

The impedance Za expressed by Eq. (24) may be regarded as an apparent

resistance,

R> - E« +*r& (25)

in series with an apparent inductance,

L
- = L-+wfh (26)

where both Ra and L are functions of frequency. The branch impedance

then becomes Za = Ra + jo>La .

As a result of the simplification, the impedance of the complete

equivalent circuit may be written in terms of the variables defined by

Eqs. (25) and (26). Then,

m _i_ ; t <> r^o(l-i^o^o) l
{Ra + j*LJ[

i + rfCtftl J

which reduces to

where

i- (721 + fl i2o + «2L2)

* ° B fl
2 M? <27a)

(1 - o,
2LaC )

2 + 2 jg + jg (1 + a,
2^2

) +^
and

y q)(L — CpRl — a?
2CoL2

) (27b)

(1 - a>
2LoC )

2 + 2 1? + |f (1 + u>CV!l)

Because an inductance bridge measures the inductive reactance of a

coil, the indicated reading will be

T = *^measured '

CO

where X is the actual reactance of the coil at the measuring frequency «.

Consequently, the measured inductance of a deflection coil will be

T
La - CpRl - rfCpLl

(1 - o>
2LoC )

2 + 2 2s + |f (1 + ^C%R%)
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However, in the frequency range from to 5000 cps, the capacitance Co is

usually small enough so that all terms containing it may be neglected, and
Ra <3C Ro. The measured inductance is then given by the approximate
equation

kmeaBured *» La (from tO 5000 Cps)

.

Values of L*, Lp, and Rp in the equivalent circuit can be determined
from a curve of La plotted against frequency as in Fig. 8-22. The curve
is flat and horizontal at low fre- ^.

quencies, then goes through an
.inflection, and again becomes flat

and horizontal at the higher fre-

quencies. The inductance La at

these flat portions of the curve is

labeled Lai and Lai. Now, from
Eq. (26), it is easy to see that at

low frequencies

La = La ,
*»

E
c

uc
ra

1 ^^-— |(La +La2 )

o !

LH
-

Frequency

Fig. 8-22.—Curve of the apparent
inductance La of an iron-core deflection
coil.

La + L/j,

and at the higher frequencies,

(28)

(29)La — Lai ^ La -

Also, at the frequency oj = Rp/Lp,

La = La + (i)Lp. (30)

Equations (28), (29), and (30) may be solved for L«, Lp, and Rp,

giving

Lda = i-Jatf

Lp = Lax — Lai ,

Rp = "0(Lai — L02).

After the inductance of a deflec-

tion coil has been determined, the

distributed capacitancecan be found.

The presence of this capacitance will

cause the coil, when driven by a
voltage applied to its terminals, to

antiresonate at a frequency deter-

mined by the relation

1 # 2

a>
2 = -4r - —°.

LaCo La

The shunt resistance Ro does not
If another condenser C of known

Fia. 8-23.—Connection for additional
condenser across deflection coil.

affect the antiresonant frequency.
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value is placed across the coil, as in Fig. 8-23, then the antiresonant fre-

quency will be changed to a new frequency given by

La(C + Co) Li

Rearranging this expression gives

1 Q 2

a>
2 Q 2 + 1

= La(C + Co), (31)

where Q = aLa/Ra . If several values of C are placed across the deflection

coil, there will be a separate antiresonant frequency for each value of C.

1 Q 2

Thus, when—im~, , is plotted against C the resulting curve will appear
w Q + 1

as in Fig. 8-24. As indicated in Eq. (31) the slope at any point of this

curve is La . At the higher frequencies,

La becomes constant; consequently, the

curve may be extrapolated as a straight

line until it intersects the axis of C.

The value of 1/co 2 at this intersection

is zero; therefore, from Eq. (31),

Co=—C. Generally, Q is high enough

so that the factor Q2
/(Q

2 + 1) is ap-

proximately 1. Then C may be plotted

against only l/a>2 .

The shunt resistance Ro may be

measured directly at the antiresonant

frequency of the deflection coil. At

this frequency the reactance of Eq.

(276) is zero, and the impedance of the

-C c

Fig. 8-24—Curve of F = (l/co«)

[Qi/iQ* + 1)] plotted against C, show-
ing the value of distributed capacitance

Co.

coil is therefore all resistive. Equation (27a) reduces to

Ro
+

RaCa

Table 81 .

—

Typical Values of
Iron-core*

Elements in Equivalent Circuit of an
* Deflection CoiLf

N,
turns/leg ohms

La,

mh.

Rfi,

ohms
L/j,

mh
Ro,

ohms
Co,

500

1000

1600

11.2

45

161

4.8

20.6

52.0

14.4

50

123

8.6

32.2

91.0

19,900

51,700

114,000

704

450

246

* Core—L-type laminations of 0.014-in. silicon steel.

t Windings on opposite legs are connected in parallel; copper shield as in Fig. 8- IS.
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and, except where Ra is very large, this equation reduces to

R ~ JU,

Typical values for the elements in the equivalent circuit of an iron-

core deflection coil are given in Table 8-1. These values were measured

according to the methods outlined above.

8-18. Toroidal Iron-core Deflection Coils.—A deflection coil, rotated

mechanically, has frequently been used to rotate the sweep in a radial-

time-base display (PPI), For simplicity in mounting, this coil should be

round. Although an iron-core coil can be made in this form, the winding

must be done on a toroidal winding machine and constructional dif-

ficulties are thereby considerably increased. A simplification results,

however, from the fact that only one pair of windings is required. In

Fig. 8-25, the general construction of a toroidal coil is shown.

Fig. 8-25.—Toroidal deflection coil.

If the required sweep speed is not so fast that the delay due to eddy

currents is objectionable, the cores of these coils can be ribbon-wound.

Otherwise, circular punchings may be used. A core thickness of \ in. is

adequate to carry the flux. It may be necessary to limit the core height

to 1 in. to allow space for the slip rings and bearings required for a

rotating-coil mount.

The winding of toroidal coils is rather critical and the number of

turns in each section must be accurately held to one turn. The windings

must also be positioned on the core as accurately as possible. If every

effort is not made to make the winding smooth (i.e., as nearly layer-wound
as is possible) the sweep produced is likely to be crooked. A photograph

of such a sweep is shown in Fig, 9-126.

For a coil 1\\ in. ID by l^ in. high, wound with a total of 4000 turns,
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a current of approximately 100 ma is required to produce a one-radius

deflection at 5-kv accelerating voltage 1 when the two sections are con-

nected in parallel. The inductance varies with the degree of shielding

afforded by the case in which the coil is mounted, but will be approxi-

mately 100 millihenrys.

Toroidal iron-core coils have been used extensively in the past few

years for radial-time-base sweeps. It is probable, however, that they will

be replaced entirely by air-core coils because the latter are less likely to

produce crooked sweeps. The focus obtainable with the air-core coil is

definitely superior to that obtainable with the toroidal type, and the

efficiencies of the two types are not very different.

AIR-CORE AND MOTOR-STATOR TYPES OF DEFLECTION COIL

Air-core deflection coils along with a few coils having iron cores,

notably the motor-stator type, form a class distinct from the parallel-

field type described in the previous sections, since their windings generate

a magnetic field in series.

8*19. Advantages of Air-core Design.—There are four important

advantages that may be gained through the use of an air-core deflection

coil. First, since an air-core coil has no iron, it will not interfere with

or distort the magnetic field generated by surrounding coils or magnets.

Therefore, it is possible to build a deflection system consisting of an air-

core coil surrounded by a larger, iron-core coil. The air-core coil may be

rotated mechanically to provide a radial-time-base display whereas the

larger coil may be used to set the center of the display at any point on

the tube screen. Second, an air-core coil, because of its low distributed

capacitance and also because it does not tend to produce sectional

oscillations, may be driven at much faster sweep speeds than an iron-core

coil. Third, the air-core coil is lighter; and fourth, the magnetic-field

distribution can be readily controlled by the winding distribution so that

a pincushion, barrel, or uniform field may be produced at will.

On the other hand, a good air-core deflection coil is difficult to build.

Techniques other than those used in standard coil-winding practice must

be employed.

8-20. Coils with Lumped Windings.—The simplest type of air-core

coil has lumped windings and has two separate but identical halves as

shown in Fig. 8-26. These halves are shaped to fit a cylindrical surface

and are made so that they will just pass over the neck of the cathode-ray

tube. A coil such as this can be made by winding two hanks of wire on

a rectangular form of the proper dimensions and bending it by hand into

the required cylindrical shape after wrapping each hank with silk or

cotton tape.

1 See Appendix B-l.
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M
®

W
Id)

(e)

Fig. 8«26.—Types of air-core coils, (a) Lumped winding, (b) Distributed winding,
(c) Semidistributed winding, (d) Distributed winding with bent-UD ends, (e) Semi-
distributed winding with bent-up ends.
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The magnetic field generated by a coil with lumped windings is

illustrated in Fig. 8-27. This field distribution, particularly the fringing

fields, applies not only to a lumped winding but to all air-core coils in

general. The fringing field of an air-core coil is entirely different from

that of the iron-core coil described in the previous sections because the

return flux passes down around the coil ends and is directed opposite to

the main deflecting field. Interference between the main field and the

X r 1

Fig. 8-27.—Magnetic field about an air-core coil with lumped windings.

fringing field creates a null at both ends of the coil, thus sharply termi-

nating the main field.

The variation of field intensity along the coil axis marked XX' in

Fig. 8-27 is shown in Fig. 8-28. This curve clearly shows the position of

the nulls and also shows the relative magnitudes of the main deflecting

field and the reverse fringing fields.

Because the fringing fields are

reversed with respect to the main

deflecting field, the electron beam

follows an S-curve as it passes

through the coil. When an air-

core coil is used alone, the serpen-

tine deflection is very slight since

the integral of the reverse field

along the axis is less than 10 per

cent of the main field. A small amount of reverse field does not interfere

with the deflection pattern on the screen of the cathode-ray tube, nor does

it cause any noticeable defocusing of the beam, but large amounts pro-

duce characteristic distortions.

The uniformity of the magnetic held throughout the central portion

of a lumped air-core deflection coil is governed to some extent by the

spacing of the two half sections. Because the sides of the coil are straight

and parallel, the field in the central portion is similar to the field between

Fig. 8-28.—Axial field distribution of an
air-core coil. Ends of the coil are marked
by dashed lines.
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four long parallel wires. This field will be most uniform if the wires are
spaced on the surface of a cylinder of radius C such that the distance
marked a in Fig. 8-27 is \C. The field in the central portion of a lumped
deflection coil will also be most uniform if the two half sections are so
spaced. Even with this adjustment, the main deflecting field is not
completely uniform since it is impossible to generate a uniform field

except with distributed windings. Consequently, a coil with lumped
windings always contributes to the defocusing of the electron beam.
(See Sec. 8-9.)

8-21. Distributed Windings.—A deflection coil of the type shown in

Fig. 8-266 will generate a very nearly uniform field in its interior if the
windings are properly distributed.

(a)

Fig. 8-29.—Field patterns about one-end of an air-core deflection coil, showing the effect
of bent-up ends, (a) Coil with flat ends, (b) Coil with bent-up ends.

If any surface is built up of plane loops of wire carrying the same
current 7, arranged parallel to each other and spaced so that the number
of loops per unit length along the normal to the planes of the loops is con-
stant, the magnetic field inside this surface will be uniform if the surface is

of the second degree. 1 An ellipsoid of revolution may be chosen as the
surface because the deflection coil is similar to the central portion of a very
long ellipsoid. The winding distribution on the deflection coil, in order to
approximate a uniform field, should be the same as the winding distribu-

tion in the central portion of the ellipsoid.

The winding distribution of a deflection coil can be more conveniently

1 E. Mascart and J. Joubert, Legons sur I'Electricite et le Magnitisme, Vol. I, Ma?
son, Paris, 1882, 1896, p. 545.
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expressed in terms of the angular position of the loops. If the number

of turns per degree at the circumference of the circular cross section is

made proportional to the sine of the vertical angle (Fig. 8-266), then the

winding distribution will be exactly as described above. Such a distri-

bution of turns will be referred to as a sine distribution.

Although the ends of the coil interfere to some extent with the uni-

formity of the internal field, their effect can be minimized by binding them

up at right angles as in Fig. 8-26d. This construction carries the strongly

curving fields farther away from the coil axis and consequently improves

the performance of the coil with respect to defocusing the electron beam.

Field patterns about the ends of two deflection coils that are identical

except that one has its ends bent up are shown in Fig. 8-29. These figures

indicate the extent to which the fringing field can be modified by a simple

change. It should be noticed that bending up the coil ends moves the

position of the null farther out along the axis and thus broadens the main

deflecting field.

If the windings of a distributed coil are gathered into four or five

separate hanks as in Figs. 8-26c or 8-26e no significant change will take

place in its magnetic field; the construction, 1 however, is tremendously

simplified by such an arrangement.

8*22. Coils with an Iron Return Path.—The deflection efficiency of an

air-core coil may be improved considerably by placing a cylindrical,

closely fitting, laminated iron shell around the outside of the coil. This

shell provides a low reluctance path for the flux passing around the out-

side, and thereby increases the ratio of the energy of the magnetic field

inside the coil to the energy outside. Although surrounding the coil by

an iron shell increases its inductance, the gain in deflection efficiency

allows a reduction in the number of turns on the coil so that the induct-

ance may be brought back to its original value.

An iron return path does not affect the magnetic-field distribution

inside the deflection coil, but it does change considerably the fringing

fields around the ends. The reverse field is eliminated for all practical

purposes and the strongly curving fields at the coil ends are withdrawn

from the axis as well as reduced in magnitude. These changes all improve

the deflection-coil performance with respect to defocusing the electron

beam.
8*23. Compound Coils.—Both horizontal and vertical deflection may

be provided by one unit if two air-core coils are mounted concentrically

and oriented at 90° to each other. This assembly may be equipped with

an iron shell to secure the benefits of an iron return path. Such a com-

pound coil is illustrated in Fig. 8-30.

1 The technique of constructing such a coil is given in Appendix B-2.
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A deflection coil of this type has several features that make it superior

to most other deflection coils and particularly suited to television. It has

a deflection efficiency of approximately 40 per cent, which is slightly

better than the efficiency of a square iron-core coil without a copper

shield. In addition, because of its concentric construction, it can be

adjusted to minimize or even eliminate the magnetic interaction between

the horizontal and vertical coils. As in the case of iron-core coils, any
inductive coupling between the horizontal and vertical coils will give

rise to transient oscillations that result in a wiggly sweep. Concentric

Fig. 8*30.—Compound deflection coil, extended to show construction.

construction allows one coil to be rotated within the other so that any
inductive coupling can be canceled. If the coils are well made, the can-

cellation is very sharp and the null occurs when the coils are oriented

at exactly 90°. A displacement from the 90° position by as little as

1/10° may be easily detected.

Even if all inductive coupling between the two eoils is balanced out,

there still may exist an interaction due to capacitive coupling. This
interaction is not serious at low sweep speeds but it becomes increasingly

important as the sweep speed increases. When the sweep duration is

approximately 10 jisec, wiggles again become noticeable. The operating

range of the coil may be extended if an electrostatic shield is placed

between the two windings. This shield must be designed so that it will

not support eddy currents that would lessen the deflection sensitivity of

the coil. It may be constructed by close-winding with a small-gauge
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enameled wire a single-layer solenoid on a cylindrical form whose diameter

equals the outside diameter of the inner coil. The length of the solenoid

should equal the length of the coil. After this solenoid has been var-

nished to hold it together it may be split along its length, creating a sheet

of parallel insulated wires that can easily be lifted from the form. A
connecting lead may be soldered along one side of the cut, thereby join-

ing all of the wires together at one end to complete the shield.

With its iron shell providing a return path for the flux, the compound

air-core coil preserves the focus of an electron beam far better than any

of the other coil types mentioned. It is possible to maintain good focus

when the electron beam is deflected because of the uniformity of the main

deflecting field and because the fringing fields are minimized by the iron

return path. Although the quality of the coil depends to a large extent

upon the care used in its construction, the defocusing for a reasonably

good coil is so slight that the diameter of the illuminated spot is only 1 or 2

per cent greater at the edge of the tube screen than at the center. The

corresponding increase for other coils is about 50 per cent.

Another advantage offered by the air-core design is the possibility

of altering the winding distribution to obtain any desired magnetic-field

distribution. Any departure from a uniform deflecting field will corre-

spondingly increase the defocusing action, but in some cases it may be

desirable to sacrifice focus in order to gain a particular deflection pattern.

For instance, Sec. 9-1 deals with the distortions caused by a flat-faced

tube, pointing out that a square deflection pattern is distorted into a

pincushion pattern. This distortion may be corrected if the deflecting

field can be made to increase in strength as the deflection angle increases.

Since the winding distribution directly determines the field of an air-core

coil, this distribution can be varied to determine experimentally the

proper function to correct a given distortion.

Each type of cathode-ray tube will require a deflection coil designed to

correct the distortion produced by that particular tube type because the

distance from the center of deflection to the screen, together with the

radius of curvature of the screen, changes with the tube type. A 7BP7

requires approximately a sine-squared winding distribution to correct

for a square pattern whereas a 12DP7 displays a square pattern with a

sine distribution. The proper distribution for other types can be judged

from these examples.

8-24. Deflection Coils Wound on Motor-stator Cores.—The idea of an

iron-return path may be extended to include motor stator cores as shown

in Fig. 8-31. The slots in the core receive the wires in much the same

manner as the slotted form described in Appendix B-2. The deflection

efficiency of such a construction is about 20 per cent higher than that of

other core types mentioned. A motor-stator coil owes its high efficiency
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to the short air gap inside. The pole pieces may be designed to come very-

close to the glass wall of the tube neck and therefore a large portion of the

magnetic field generated will be concentrated in the region where it is

most useful for deflection. Ordinary motor laminations are not of suffi-

ciently high quality for deflection coils so that special punchings from

highgrade silicon steel, Hipersil, or Permalloy are necessary.

Coils may be wound flat between a pair of winding disks and then

placed on the core. Both horizontal and vertical windings may be added

to the same core but there is no way completely to balance out the induc-

tive coupling. However, the windings are oriented by the position of

Fig. 8"31.—Motor-stator deflection coil wound for push-pull horizontal and vertical

deflection.

the slots so that the inductive coupling is small and is not serious except

at the higher sweep speeds. It is also possible to put push-pull windings

on the core, but the problem of finding room for the wire is difficult.

One serious difficulty encountered in motor-stator deflection coils is

the large amount of distributed capacitance, which is of the order of

millimicrofarads, as compared to the small value of 25 fifif for ordinary

air-core coils. Because the distributed capacitance shunts the deflection

coil, most of the input current is bypassed at the beginning of a sweep,

causing a slow start. However, the distributed capacitance can be

reduced by using insulation with a low dielectric constant between the

wires and the core. The high efficiency of a motor-stator deflection coil

justifies its further development.



CHAPTER 9

PATTERN DISTORTIONS ON MAGNETIC
CATHODE-RAY TUBES

By R. D. Rawcliffe

In order to produce a satisfactory pattern on a cathode-ray-tube

screen, the deflection coil must be carefully designed and the focus coil

must be carefully aligned with the tube. Otherwise, a number of distor-

tions occur, including the following: "pincushion," rhombic, or trape-

zoidal-shaped patterns; wiggly or bowed sweeps, and sweeps that are

split into two lines.

The causes of these distortions fall into several categories:

1. The cathode-ray tube itself tends to produce a pincushion pattern,

which can be largely corrected by the proper magnetic-field distri-

bution in the deflection coil.

2. Nonuniformities in the deflecting field also distort the pattern.

These nonuniformities may be due either to an improper distribu-

tion of the windings and poorly placed magnetic material in the

deflection coil, or they may be due to high-frequency effects such

as oscillations in the windings, coupling (cross-talk) between differ-

ent windings, or coupling to metallic parts of the mount near the

coil. The former cause distorts the pattern at all sweep speeds

but the high-frequency effects become increasingly worse as the

sweep speed increases.

3. Distortion may arise from the interaction between the deflecting

and focus fields.

9-1. Distortions Due to the "Flat"-faced Cathode-ray Tube.—In
order to facilitate making measurements on the faces of cathode-ray

tubes, these are made as flat as is consistent with the mechanical-strength

limitations. The distance from the center of the deflection coil to the

screen is then smaller than the radius of curvature of the screen by a

factor of between 2 and 5 depending on the tube type.

If these two distances were equal, the deflection distance (di in Fig.

9-1) would be proportional to the sine of the deflection angle. It has

already been shown in Sec. 8-1 that the magnetic field and hence the

current through the deflection coil are also proportional to the sine of the

338
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deflection angle. Therefore, the deflection would be directly proportional

to the deflection current. Since horizontal and vertical deflecting fields

combine vectorially when both are used, the deflection components would

also combine vectorially. Hence the horizontal and vertical components

of the resultant deflection would be independent of each other—that is,

a change in the vertical deflection would have no effect on the horizontal

deflection. Therefore, if the tube were viewed from far enough away so

that the spherical screen itself did not cause an appreciable distortion of

the image formed by the eye, the pattern seen would be undistorted.

With flat-faced tubes, however, the deflection distance (rf2 in Fig.

9-1) is proportional to the tangent, not the sine, of the deflection angle,

and

d = K tan = K sin al

VI - sin 2 VI - hF
= a(I + cP ),

where d is the deflection distance, K is the distance from the center of the

deflection coil to the screen, is the deflection angle, I is the deflection

current, and a, b, c are constants.

This equation may be rewritten

d = do + Ad% • • •
, (1)

Deflection

coil

where do is the deflection that

would occur if it were proportional

to the current, and A is a con-

stant. Because of the cubic term

the deflection increases somewhat
faster than the current. If both

horizontal and vertical fields are

used, the fields add vectorially as

before but the deflection com-

ponents do not. The two deflec-

Fig. 9-1.—Pattern distortion due to flat-

faced cathode-ray tubes: A, Spherical face of

radius equal to k; B, plane face; C, spherical

face of radius equal to 3fc; di = ft sin 0;

dz = k tan 6; k tan > d» > k sin 0.

tion components are no longer independent of each other, and increasing

the horizontal deflecting current causes the vertical deflection to increase

also. The result is the familiar pincushion distortion shown in Fig. 9-2

in which a straight line, y = yo, a constant, becomes distorted into a

parabola y = y [l + A(x 2 + y
2
)], where x and y are the two deflection

components. A circular pattern with center at the origin remains a circle,

but its radius is enlarged from r = r to r = r (l + Arl).

In actual cathode-ray tubes the faces are not perfectly flat but have a

rather large radius of curvature. The deflection (ds in Fig. 9-1) is then

proportional to a function whose values lie between the sine and the

tangent of the deflection angle. This function can be approximated by
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decreasing the constant A in Eq

K
Pequal to O-fX-f)

(1). This constant is approximately

©'
where p is the radius of curvature of the

screen. Approximate values of K/p for various tube types are 0.19

(5FP7), 0.28 (7BP7), and 0.57 (12DP7). For these values, A becomes

0.024, 0.014, and 0.0023 respectively.

If centered radial sweeps (PPI) are used,

the distortion caused by flat-faced tubes is

of the same sort as that produced by
nonlinearity in the driving current, and it

can therefore be corrected by making the

current properly nonlinear. If, however,

an off-centered radial sweep or a rectangular

scan with independent x and y sweeps is

used, it is impossible to correct the pattern

distortion by adjusting the sweep current

waveform. In such a case the correc-

tion is effected by making the deflecting

field itself nonuniform in the proper manner. Although nonuniform

deflecting fields tend to defocus the electron beam, the amount of nonuni-

formity needed is small, and the little defocusing produced is outweighed

by the advantage of an undistorted pattern. The deflection pattern pro-

duced by a deflection coil is associated with the distribution of its mag-

Fig. 9-2.—Typical pincushion
distortion produced by flat-laced

tube.

(a) (b)

Fig. 9-3.—Pincushion and barrel field distributions, (a) Pincushion, (b) Barrel.

netic field. This distribution is measured in a plane passing through the

coil center and perpendicular to its axis. A pincushion-shaped field distri-

bution tends to correct the distortion produced by a flat-faced tube, and
a "barrel-shaped" distribution has the opposite effect.

The action of the field in controlling the pattern shape is illustrated

in Fig. 9-3. In both field distributions shown, an electron beam entering

the paper would be deflected toward the upper left corner. Since the two
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fields in Fig. 9 -3a make an oblique angle in the region into which the

electron is deflected, their vector sum is less than it would be if the fields

were perpendicular to each other. Hence the electron will be deflected

less in the case illustrated in Fig. 9 -3a than in the case of a uniform

rectangular field. In the case of a barrel-shaped field, illustrated in

Fig. 9-36, the two fields make an acute angle in the region into which the

electron is deflected, and consequently this field shape deflects the electron

more in this region than in the case of the uniform rectangular field.

In addition, if one component of the pincushion field (for example, the

horizontal component) becomes equal to zero at some time, the electron

beam will be deflected to the left along the center line into a region of

greater field strength, and its deflection will be greater than it would have

been in the case of a uniform field. The net result of a pincushion field

on a nominally square pattern is that the centers of the sides are pushed

out at the same time that the corners are pulled in. The reverse is

true for the barrel field.

Although it might be expected that pattern correction by means of a

nonuniform deflecting field would distort circles into squares, experiment

shows that with the amount of correction needed for standard tubes the

distortion of the circles is very small.

With a square iron-core coil the amount of correction is very simply

controlled by the length of the windings on the legs of the core. If the

windings extend over the full length of the legs, the field will be nearly

uniform in the cross section through the center of the coil. As the wind-

ing length is shortened, the field becomes more and more pincushioned.

Measurements of the amount of distortion for various winding lengths

are shown in Fig. 9-4. The distortion plotted is the maximum deviation

from a straight line of one side of a "square" pattern as projected on a

plane perpendicular to the axis of the tube. The lengths of the sides of

the squares are 3 in. for the 5FP7, 4£ in. for the 7BP7, and 7 in. for the

12DP7. These lengths correspond approximately to the largest usable

square area on each tube. The coils were assembled on a core with a

2£-in. inside window and a 1^-in. stack height.

Thus far in the discussion, it has been assumed that the axial field is

uniform along the length of the coil, and zero elsewhere. Actually the

fringing fields are important, and they cause the cross-sectional fields

near the front and rear of the coil to be more pincushion than the field in

the center. In some cases, as illustrated for the 12DP7 in Fig. 9-4, the

field behaves as if it were pincushion even when the longest possible wind-

ing is used. In practice it is not possible to wind the full length of the

core because the windings on adjacent legs interfere at the corners, and

hence a simple layer-wound coil will not correct the pattern on a 12DP7.

Approximately the same effect as lengthening the winding can be
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obtained, however, by omitting a section of the winding from the center

of the leg. The winding then consists of two separate sections. A better

coil can be obtained with the pie-sectional construction shown in Appen-
dix B. Different numbers of turns are then used in the various sections

to obtain the proper pattern correction. With the coil dimensions shown
in Fig. B-3, lines are straight if viewed from a point directly in front of

the line. If the whole pattern were viewed from a point on the axis of

the tube at the normal viewing distance from the screen, the lines would
still show an outward bowing because of the curvature of the screen.

Correction of this bowing would require a large change in winding dis-
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-Pattern distortion plotted against winding length on a square iron-core

deflection coil.

tribution, with perhaps some sections in the center wound in the reverse

direction, and would therefore probably result in considerable deteriora-

tion of the focus.

For a 7BP7, a uniform distribution of turns in the pie-section form

gives a corrected pattern.

Although the curves of Fig. 9-4 cannot be converted to other core

sizes by a simple scaling process, they can be used as a rough guide, so

that the proper distribution may be obtained after a few trials.

9*2. Precentering.—If a nonuniform deflecting field is used to correct

for pattern distortion, it is essential that the undeflected electron beam
pass down the central axis of this field. Otherwise, the pattern will be

overcorrected on one side and undercorrected on the other. Because the

electron guns are not always perfectly aligned, however, the electron

beam may not always initially be directed toward the center of the screen.
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On a type 12DP7 tube, for instance, the beam may hit anywhere within

a 2-in. diameter circle about the center of the screen. Therefore, if it is

assumed that the focus coil does not deflect the beam axis, the beam may
enter the deflecting field approximately ^ in. from its center.

A simple device for correcting for the misalignment of an electron gun

is illustrated in Fig. 9-5. * The small circular magnet A is magnetized

to give a transverse field similar to that of a deflection coil. It is mounted

on a cylindrical brass support E on which it can be rotated to adjust the

F
Fig. 9-5.—Precentering assembly. A, the magnet—GE "Cunife" alloy 0.120 X 0.050

strip, rolled into 2-in. ID circle; B, brass ring; C, brass clamping ring; D, soft iron shunt
to be soldered into rear end of supporting cylinder; E, brass supporting cylinder; F, mount-
ing flange.

direction of its field. It also can be moved parallel to the axis of the

supporting cylinder. Inside the rear half of this cylinder is a soft iron

shunt D. If the magnet is located over this shunt, practically no field

reaches the interior of the tube. Hence the position of the magnet con-

trols the field strength.

The precentering assembly is mounted over the cathode-ray tube so

that its field passes through the tube just ahead of the electron gun.

The direction of the electron beam as it leaves the gun can thus be

adjusted at will, thereby correcting for gun misalignments. If the elec-

tron beam starts a small distance from the tube axis, the precentering

field can deflect it back toward the axis. The beam, as it enters the

1 R. B. Gethman, General Electric Co., personal communication.
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focus field, then, is heading toward the axis and is probably never more
than ^ in. from it. If, by some such means as that described in Sec.

3-6 and Fig. 3-15, the focus coil can be adjusted so that the axis of its

field coincides with that of the electron beam, then the focus field will

cause no deflection of the electron beam, and the beam will still be
approximately in coincidence with the tube axis when it enters the deflec-

tion coil. If the deflection coil is centered on the tube, as it easily can be,

the deflecting field nonuniformities are symmetrical about the beam, and
pattern corrections may then be applied to optimum advantage.

Another significant advantage that arises from the use of precentering

is the possibility of employing longer deflection coils. It was shown in

Sec. 8-2 that the axial length of a deflection coil is limited by "neck
shadow," which occurs because the electrons are deflected too soon by a
long coil, and they therefore cannot be deflected to the edge of the screen

without hitting the tube neck. If the electron beam entering the deflect-

ing field is displaced from the tube axis, then, when the beam is deflected

in the same direction as this displacement, neck shadow occurs earlier

than it would if the beam were coincident with the tube axis. However,
if the beam is precentered so as to enter the deflecting field along the

tube axis, neck shadow occurs symmetrically and a longer coil can be
used before the shadow appears. The energy saving resulting from the

use of the longer coil may amount to 20 per cent.

9-3. Pattern Rotation Due to Focus-deflection Interaction.—

A

rotation of the whole pattern on the screen can arise from an interaction

of the focus and deflecting fields. The deflection of the electron beam
then starts before the focusing is complete, and the electrons are given

a radial component of velocity. The axial component of the focus field

then causes the electrons to spiral through a small angle around the axis.

Fortunately this angle is very nearly independent of the deflection dis-

tance—that is, a straight sweep remains a straight sweep, and the pattern

as a whole is merely rotated through an angle without much distortion.

The deflection coil is mounted in such a way that it may be rotated

through the same angle but in the reverse direction to bring the pattern
back to its original position. The amount of rotation varies with the
focus-field strength; hence it varies by a small amount as the focus field

is adjusted. Therefore, the position of the deflection coil should be
determined after the focus has been attained.

The magnitude of the pattern rotation depends on the distributions

of the focus and deflecting fields and also on the amount by which the two
overlap. If a focus coil such as that shown in Fig. A-l and a square iron-

core deflection coil are used in their customary positions (Fig. 16-3) on a
tube such as the type 7BP7, the pattern rotation is about 12°. Because
the coils are usually mounted considerably further apart on the type
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12DP7 tube, the rotation with this tube is considerably smaller. The

rotation is also somewhat smaller with an air-core deflection coil because

of its different field distribution. If a focus magnet such as that shown in

Fig. 3-17 is used, the rotation is approximately equal to that produced by

a coil; whereas, if a shielded magnet (Fig. 3-20) is used, the rotation is

only approximately one degree. Because the rotation reverses when the

focus field is reversed, a simple method of determining the angle of

rotation is to measure the change in the direction of the sweep (twice the

rotation angle) when the current through the focus coil is reversed.

Determination of this angle with a focus magnet is much more difficult

because the field cannot be reversed. The magnet must be removed

from the tube without disturbing the deflection-coil alignment. The

angular position of the unfocused sweep can then be roughly measured

and compared with the position of the focused sweep.

The pattern rotation is not in itself a pattern distortion because it can

be compensated by adjusting the deflection coil. However, if the rotation

is affected by the magnitude of the deflection, by the sweep speed, or by

the direction of the sweep, definite pattern distortions arise, which can

frequently be traced to this focus-deflection interaction. The effects are

complicated and not too well understood, and similar effects can be

produced by distortions of the deflecting field itself. In the next sections

two of these effects, "jump" and "line splitting," will be discussed as

they both arise from focus-deflection interactions and deflecting-field

distortions. Variations in the rotation with the magnitude of the deflec-

tion would cause the sweep to be curved rather than straight. 1

9-4. Jump.—Jump is measured by the change in sweep direction with

sweep speed. Factors causing jump are of universal occurrence but

fortunately they frequently cause no trouble because they tend to cancel.

The residual amount of jump can be as much as 5°, although this value is

exceptional. The jump must be very nearly eliminated if the bearing

readings on a PPI pattern are to be accurate to 1° or even less. The

toroidal PPI coil described in Sec. 8-18 has caused a great deal of trouble

because of the difficulty of reducing the jump below 1°.

Both types of jump frequently exist simultaneously, but they can

easily be distinguished because reversing the focus field reverses the focus-

deflection interaction but does not affect the deflecting-field distortions.

From the change in magnitude and sign of the jump when the focus field

is reversed, the relative magnitude of the two general types of jump can be

roughly determined.

The simplest type of jump arises from the use between the deflection

and focus coils of a shield made of nonmagnetic material such as copper.

1 This is probably a contributing factor to the errors in the off-center PPI pattern

discussed under Sec. 12-5.
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The effectiveness of this shield increases with frequency and, therefore,
the faster the sweep the more effective is this shield in preventing the
deflecting field from penetrating the focus field. As it is this interpene-
tration that causes the pattern rotation, faster sweeps are rotated through
a smaller angle than are slow ones. If the nonmagnetic shield is replaced
by iron, the jump is in the opposite direction—that is, slower sweeps are
rotated through the smaller angle. This effect is probably produced by a
combination of magnetic and eddy-current shielding with hysteresis
effects playing an important role. If both iron and copper shielding are
placed between the coils, the two shields produce jumps in opposite direc-
tions which tend to counteract each other. In practice, iron-core deflec-
tion coils are enclosed in cases of copper or aluminum, whereas the focus
coils are enclosed in iron. Therefore, both types of shielding are present
between the coils. The magnitude of the resultant jump depends on the
position of the shielding—that is, the separation of the two coils. Experi-
ments show that if the cases are of the types shown in Fig. 16-3 the two
effects balance and there is no jump when the two coils are about 0.3
in. apart.

Although the shielded focus magnet of Fig. 3-20 causes a pattern
rotation of only about 1°, a jump of over 2° is often produced; whereas
the unshielded magnet of Fig. 3-17, which causes about 12° of pattern
rotation, produces only a few tenths of a degree of jump. This differ-

ence is due to the characteristic field distribution (Fig. 3-21) of the focus
magnet. This field has three sections. It is positive in one of these
sections and negative in the other two. The net rotation of the pattern
is the algebraic sum of the three rotations in the individual sections.

The region of deflection is toward the left in Fig. 3-21. Because the
deflecting field is cut off rather sharply at the front of the focus magnet
(indicated by the tick-mark) by the shielding action of the iron, the focus
field to the right of the tick-mark has little effect on the pattern rotation.
The positive and negative contributions of the focus field to the left of the
tick-mark are essentially balanced in the case of the shielded magnet A,
and therefore a very small pattern rotation results. Since they are
unequal in the case of the unshielded magnet B, the pattern rotation will

be considerably greater. Jump occurs as a result of changes in the dis-

tribution of the deflecting field with change in sweep speed. These
changes are due to the shielding action of the front face of the focus
magnet, which alters the field distribution in its vicinity. In this

region the average field strength of the magnet's field is considerably less

when the shield is not used, and consequently the jump observed will be
less in this case.

Jump arising in the deflecting field itself is probably due entirely to

asymmetrical shielding about the coil. A toroidal coil, for instance, is
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customarily mounted in a cylindrical copper or aluminum case. If the

coil is not accurately centered in this case, the shielding will be asymmetri-

cal. The effective inductance of the section of the coil more tightly

coupled to the case will be lower than that of other sections. Current

will therefore tend to build up faster in that section, and a change in

sweep direction will result. Because this shielding effect varies with

frequency, the change in sweep direction depends on sweep speed, i.e.,

the sweep jumps.

Asymmetrical shielding whether due to copper or iron is likely to cause

other undesirable effects such as crooked sweeps and distortion of the

rectangular scan. Hence it is important to reduce asymmetries to a

minimum.
9*5. Line Splitting.—If an alternating current is passed through a

deflection coil the resulting sweep should be a straight line, the forward

Field emerges . .

here W
Un rotated

(c) sweep
direction

Fig. 9-6.—Line splitting as caused by hysteresis effects in the focus-coil case.

sweep being accurately superimposed on the return sweep. Frequently

these two traces are separated so that the straight line is distorted into an

approximately elliptical figure. Even if the return sweep is blanked out,

the remaining sweep appears as an elliptical arc. Under normal circum-

stances the minor axis of this ellipse is not more than about 3 per cent of

the major axis, but it is easily possible to produce ellipses that are nearly

circles. Line splitting is caused by a number of factors including unbal-

ance in the windings of the deflection coils, asymmetrical shielding around

the deflection coil, and hysteresis and eddy-current effects in the focus-

coil case. A few of the factors of this complicated problem which can be

isolated are presented here.

The pattern rotation due to the overlapping of the focus and deflect-

ing fields is the underlying cause of line splitting. Figure 9-6a shows the

general contours of the field set up in the front face of the focus-coil case

by the deflection coil. The field remaining after the deflecting field has

been removed is shown in Fig. 9-6&. This residual field is in the direction
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opposite to that of the field that caused it. Consequently, as the deflect-

ing field decreases from its maximum value, it is further weakened in

the vicinity of the focus coil by the residual field of the case, and the
rotation of the sweep is therefore reduced. As the deflecting field reaches
zero and increases in the opposite direction, the residual field aids the
deflecting field so that the rotation is now larger than normal. In a
complete cycle the pattern shown in Fig. 9 -6c is obtained. Because
hysteresis is independent of frequency, at least for reasonably low fre-

quencies, this splitting also should be independent of frequency.

If the iron of the focus-coil case is replaced by a piece of copper or other
nonmagnetic material, line splitting occurs in almost the same manner,
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Fig. 9-7.
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-Line splitting vs. frequency, for uncased focus and deflection coils separated by
0.15 in., with a copper shield between coils.

but is due to eddy currents that act to maintain the existing flux within

the metal. If the sweep frequency is low the eddy currents are too small

to cause an appreciable splitting. If the frequency is high the shielding

action of the metal is so complete that only a small amount of the deflect-

ing field gets beyond the metal to interact with the focus field, and once

again the line splitting is small. At intermediate frequencies of the same
order of magnitude as the reciprocal of the time constant of the metal,

however, the eddy currents lag about 90° behind the impressed field and
cause a maximum amount of splitting.

Measurements of line splitting due to a YB-in.-thick copper washer
between the deflection and focus coils follow the general behavior shown
in Fig. 9-7. The splitting measured in this figure was the maximum
separation of the two sides of the ellipse, i.e., its minor axis. The deflec-

tion coil used was a square iron-core coil with windings on only two of the

legs. No cases were used on the coils nor was there any other shielding in
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the neighborhood. The deflection coil was driven by a variable-fre-
quency oscillator whose output voltage was adjusted to maintain a
3f-in. sweep on a 5FP7 tube. The maximum splitting occurs at about
200 cps. It is interesting to note that copper deflection-coil shield

M 0.5

3 10
10,000

Fig. 9-8.—:

100 1,000
Frequency in cycles per second

Line splitting vs. frequency with an iron case around the focus coil, and 0.15
in. between coils.

cases have a time constant for the decay of eddy currents of about
vhr sec.

A similar curve illustrating the line splitting obtained with an iron
case around the focus coil instead of the copper washer between the coils
is shown in Fig. 9-8, the splitting being due to a combination of eddy
currents and hysteresis. At low
frequencies the amount of line

splitting is about 0.75 mm. This
amount of splitting is caused by
hysteresis, upon which is superim-
posed the line splitting caused by
eddy currents. The frequency of

maximum splitting is higher for

iron than for copper by a factor of

about 4, which is roughly the ratio

of the resistivities of iron and
copper.

The magnitude of the splitting

also falls off as the distance between

Fig. 9-9.-

10 2.0 3.0
Distance between focus and
deflection coils, in inches

-Line splitting for various focus-
coil positions.

the coils is increased as shown in Fig. 9-9 in which the splitting at 1000
cps is plotted for various positions of an iron-cased focus coil. If the
splitting were plotted against the distance between the centers of the
gap and the deflection coil, the curve would very nearly follow an inverse
square law.

A second simple type of line splitting arises from cross coupling
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between the horizontal and vertical windings on the deflection coil. If

this coupling is not balanced out, a net voltage is induced in one set of

windings from the current in the other. If a reasonably low impedance

path exists for current flow, this voltage causes a current that has in-phase

and oui>of-phase components to flow in the winding. The m-phase

component causes a rotation of the sweep line—i.e., the sweep jumps

—whereas the out-of-phase component causes a splitting of the sweep

line into an ellipse. These effects are shown in Fig. 9-10 for a badly

misaligned deflection coil. Measured values of line splitting are shown

as triangles near the calculated curve A . The circles are measured values

10 100 1.000 10,000

Frequency in cycles per second

Fig. 9-10.—Line splitting and rotation due to coupling between the two sets of windings

on a square iron-core deflection coil plotted against frequency. Curve A, line splitting.

Curve B, sweep-line rotation.

of the rotation of the sweep line whose calculated values are shown in

curve B. A voltage applied to one pair of windings from a variable-

frequency oscillator was adjusted as before to maintain a 3£-in. sweep on

a type 5FP7 tube. The other pair of windings was short-circuited.

Splitting due to the focus coil was eliminated by removing its case. In

the calculation it was assumed that the distributed capacity in the short-

circuited winding had a negligible effect. Both calculated curves were

adjusted in amplitude to match the experimental curves. The frequency

for maximum splitting in the calculated curves was set at 60 cps to

coincide with the measured peak. This is also the frequency for a rota-

tion of half the maximum amount. The calculated curves depart from

the measured points at the higher frequencies, at which the distributed

capacity becomes important.

Since the misalignment of the windings of the deflection coil used in
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these measurements was much more severe than that normally en-
countered, the splitting and rotation are larger than might be expected
from this cause alone. However, coils can be unbalanced by other
factors as well. One such factor is the joints in the core when L-shaped
laminations are used. The fields produced by the two sets of windings
are not perpendicular to each other because of the air gaps introduced
in the magnetic circuit by the joints; hence, coupling between the wind-
ings can cause a certain amount of splitting. Other effects of these joints
are discussed in more detail in the next section. Unsymmetrical shielding
can also produce a large amount of splitting. A piece of iron, for instance,
if properly placed along one corner of the core, can produce a splitting so
severe that the ellipse approaches a circle. A similarly placed piece of
copper also produces a splitting but of considerably smaller magnitude.

Line splitting in itself is not often a serious distortion. However,
the unbalance that causes the worst splitting is also an important cause
of other more serious types of distortion.

9-6. Other Distortions Due to Asymmetries in Iron-core Coils.—In
addition to the line splitting and jump described in the previous sections,
other distortions due to asymmetries in the deflection coil take on two
general aspects: (1) that in which a square pattern or "raster" is distorted
into a figure resembling a rhombus, trapezoid, or some other sort of
irregular quadrilateral, and (2) that in which the sweep lines are crooked.
If the sweeps are very slow, the line will usually be straight, except per-
haps for a gentle bowing such as might be due to the flat-faced tube, but
the raster as a whole may be badly distorted. As the sweep speed is
increased, the raster distortion is usually not much affected, but the sweep
lines themselves develop irregularities, known colloquially as "wiggle,"
"hook," or "dog leg," which are caused by oscillations in the individual
windings or cross-talk between windings. The raster distortion is usually
relatively simple to understand, although it is not always easy to rectify,
whereas the oscillations that can occur in a deflection coil are often com-
plex, and they become more and more difficult to deal with as the sweep
speed increases.

One of the more troublesome asymmetries to correct is that caused by
the method of stacking square iron cores. These cores are customarily
stacked of L-shaped laminations in such a way that lap joints are formed
at two diagonally opposite corners and the iron pieces at the other two
corners are continuous. At each of these joints there is inherently a gap
in the magnetic laminations whereas there is no such gap at the other
two corners. The effect of this asymmetrical reluctance is to rotate the
deflecting field through an angle of about one degree toward the diagonal
joining the two joints. Because both the horizontal and vertical fields
are rotated in this manner, they are no longer perpendicular but are
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approximately 88° apart. A square raster is distorted into a rhombus

by this rotation. The rhombus diagonal that is parallel to the line join-

ing the joints in the core is about 2 per cent shorter than the other

diagonal.

Although the core would be symmetrical if I-shaped laminations

stacked to give a lap joint at each corner were used, it would not then be

mechanically rigid because there would be four joints instead of two, and

it could itself be squeezed into a rhombus. It is so difficult to maintain

the squareness of the core when it is made of I-shaped laminations that it

is not feasible to construct cores in this manner.

A second scheme 1 for eliminating this distortion consists of stacking

the L-shaped laminations in such a way as to distribute the joints, "half
"

a joint occurring at each corner. In order to do this, the laminations are

assembled within two windings that are to be opposite each other in the

finished coil. Into each of these windings short legs of the laminations

are pushed alternately from the opposite sides of the winding so that each

section when completed is U-shaped. The other two windings are next

placed over the two bare legs on one of the U's and the two U's are then

pushed together to complete the assembly. In this final operation it is

necessary that the laminations of the two U's be interleaved simultane-

ously on both sides. Because the loose ends of these laminations do not

interleave easily, and because the laminations on one U are nearly covered

by windings, this final assembly is extremely tedious.

A third method of correcting this distortion consists of punching the

L-shaped laminations with the two legs at an angle somewhat greater

than 90°. The square core itself then becomes rhombic by a small,

accurately controlled amount. This shaped coil causes distortion of the

fields in a direction opposite to that produced by the joints, and the joint

distortion can therefore be balanced out by properly designing the lamina-

tion The angle between the legs is determined by the effective air gap

at the joints—that is, by the amount of insulating material on the

laminations.

Because the positions of the windings on the legs of the core have an

analogous effect on the pattern, the distortion introduced by the joints in

the core could be corrected by off-centering the windings by the proper

amount. Unfortunately the required displacement is larger than is

acceptable as the windings interfere with each other in the corners; hence

this simple correction method is ruled out.

Accurate winding alignment is important in maintaining pattern

precision. In order to illustrate the effects of misalignments in the

windings, the windings on a coil were purposely displaced, and the

resulting distortions were photographed. In Fig. 9-11 the displacements

1 R. B. Gethman, GE, private communication.
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of the windings together with the resultant field distributions are indi-

cated in the sketches (1) at the left. In the first set of photographs (2),

distortion produced in a rectangular scan is shown. To obtain these
patterns, a 60-cps current was passed through one set of windings on the
coil while a 400-cps current was passed through the other. The second
set of photographs (3) shows, by the amount of line splitting present the

relative amounts of coupling between the windings in each case. A 60-

Winding

(«} (b)

. Winding

Winding
fl>) w

Fig. 9-11.—Distortion in sweep and pattern produced by misplaced windings.

cps current was passed through one winding while the other winding
was short-circuited. The third set of photographs (4) was obtained with
a fast sweep (30 /xsec) applied to one winding while the other winding
was either open-circuited (a), or short-circuited (b). The crookedness of

these sweeps is accentuated, but they are typical examples of sweeps
frequently produced by inaccurately wound coils.

The coil used to obtain the pictures shown in Fig. 9-11 had a single

winding on each of the four legs of the core. When two windings are

used on each leg, another type of distortion sometimes occurs (Fig. 9- 12a)

in which the sweep oscillates and the peak of each oscillation is out of
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focus. This distortion is caused by oscillations in segments of the second

set of windings. This type of oscillation can often be reduced by chang-

ing the interconnections between windings within the coil, the best con-

nections being found by experiment.

A somewhat similar oscillation (Fig. 9-126) frequently occurs in the

sweep produced by a toroidal coil (see Sec. 8-18). In this case the defo-

cusing does not occur. The remedy again is accurate winding.

(a) Q>) W
Fig 9-12.—Typical sweep distortions, (a) Defocusing and curvature due to sectional

oscillation of the deflection coil. (6) Curvature produced by oscillations in a toroidal

deflection coil, (c) Sweeps showing effect of insufficient recovery time.

9-7. Distortions in the Start of the Sweep.—The sweep should start

smoothly from a given starting position—that is, from a given base line

in a rectangular scan, or from the center of the tube in a PPI.

Sufficient time must be allowed for the recovery of the deflection coil.

To minimize the recovery time the coil is usually critically damped (see

Sec. 8-8) so that the current in the coil dies down exponentially after

the sweep is terminated. No matter how accurately the coil is con-

structed, oscillations in the windings or segments of the windings cause

a "hook" in the start of the sweep if the allowed recovery time is too

short. Then the current has not decayed to zero by the start of the next

sweep and the sweep does not start from the designated point. These

effects are illustrated in Fig. 9- 12c, which shows photographs of the

sweep at a series of different repetition rates. If, now, the repetition

rate is unstable, as it might well be if a blocking oscillator or a free-running

multivibrator were used to trigger the sweep, the time between sweeps

is not fixed, but varies in a random manner. Therefore, the starting

position of the sweep also jumps around at random—that is, the sweep

"jitters." This jitter and the hook previously mentioned are the two

most serious difficulties encountered in attempting to increase the repeti-

tion rate or the sweep duration to the limit.

In a rectangular scan, if the sweep current does not get back to zero,

this shift in the start of the sweep can be corrected with the "centering"

adjustment if the shift in center does not vary. In a PPI it cannot be
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corrected so easily because it causes a "hole" in the center of the pattern
which cannot be removed by shifting the whole pattern.

Factors other than the sweep shift resulting from insufficient recovery
time for the coil may cause the hole in the PPI pattern. One of these
factors is traceable to the fact that a rotating coil must be supported on
bearings that, if made of magnetic materials, can become magnetized
by the stray field of the deflection coil itself or by other stray fields. It
is not easy to substitute nonmagnetic bearings because the latter are
difficult to make, are expensive, and are not nearly so good mechanically
as steel bearings. 1 If the inner race of a bearing is magnetized, it deflects
the electron beam in the same manner as does the coil itself. The bear-
ing rotates with the coil, and the start of the sweep therefore traces out a
circle that is perhaps a half-inch in diameter on a 5-in. tube. Since this
magnetization may be in any direction relative to the sweep field, the
sweep may start out tangent to this small circle. As the outer race does
not rotate, any field it produces displaces the pattern as a whole, but this
displacement can be corrected. The balls in the bearing are small and,
therefore, they cannot produce a large deflection. However, the field

they produce is very unsatisfactory because the balls rotate much faster
than the coil, with the result that little irregular waves are superimposed
on the markers on the sweep.

An effect similar to that due to the magnetization of the inner race
is produced if the core of the deflection coil becomes magnetized. To
minimize this, any iron used in the core (or in the return path if an air-

core coil is used) should be well annealed to produce minimum retentivity.
A similar effect is produced if the deflection coil is mounted off-center so
that it rotates eccentrically. The iron of its core alters the field distri-

bution of the focus coil in such manner as to cause a small deflection of
the beam. This deflection rotates with the coil and causes, in the center
of the pattern, a hole that will probably never exceed r^-in. in diameter.

Because of persistent eddy currents or of magnetization, metallic
parts near the deflection coil may also cause a hole in the PPI pattern.
These effects can be minimized by careful placement of parts. Iron
and copper shielding sometimes act in opposite directions, copper pro-
ducing an open center and iron producing a hole that is inverted—i.e., a
hole with a "negative" radius; therefore if iron and copper are properly
placed together their effects can be balanced.

1 For available nonmagnetic bearings, see Sec. 16-3.
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SWEEP AMPLIFIERS FOR REACTIVE LOADS

By C. W. Sherwin, Robert M. Walker, and F. N. Gillette

10*1. Deflection Coils.—In display circuits the reactive load most

commonly encountered is the deflection coil of a magnetically deflected

cathode-ray tube. The coil is employed to create across the tube neck a

magnetic field that varies with time in some stipulated way, and that,

in turn, produces a proportional deflection of the electron beam. The

complete equivalent circuit of the coil (see Fig. 8-20) contains elements

that represent leakage flux, iron losses, coil resistance, stray capacitance,

eddy-current losses, and self-inductance. If the values of these elements

are known, it is possible to calculate the

voltage waveform that must be applied across

the deflection coil in order to produce a given

current waveform. If a voltage waveform of

this shape can be generated, it may be used

as the input wave for a voltage-feedback

circuit that drives the coil.

The accuracy with which the assumed

Fig. 10-1.—Simplified equiv- current wave is duplicated depends upon (1)

alent circuit of a deflection
the correctness of the equivalent circuit used

in the calculation, (2) the precision with

which the waveform generator duplicates the calculated wave, and (3)

the distortion introduced by the feedback amplifier. This method can

be made very accurate.

Usually extreme accuracy is not required and the problem may be

simplified by deleting from the equivalent circuit all elements that con-

tribute only second-order effects. The circuit that remains is shown in

Fig. 10-1. An external damping resistance, not part of the coil, is repre-

sented by R.

For a linear sweep, it is required in the equivalent circuit of Fig. 10-1

that

iL = kt. (1)

Then e, the voltage across the deflection coil, must be

e = L ^r + Ri.it. = Lk + RjJct. (2)
at

350
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which is a step-plus-sawtooth waveform. This voltage causes a current
Ir to flow in the shunting resistor R,

Lk + RLkt
*» - g > (3)

and a current ic in the condenser C,

ic = LW[8(t)] + kRLC, (4)

where 5(0 is a delta or impulse function of infinite amplitude and infin-
itesimal duration. This function can only be approximated in practice
since all practical sources of the required voltage waveform e have a
limited current capacity. The total input current to the deflection coil
is, from Eqs. (1), (3), and (4),

i = k ^LC [8(f)] + RLC + | -f (l +^ t
}. (5)

Impulse Step Sawtooth

Equations (2) and (5) give the input voltage e and the input current
i necessary to cause a linear sawtooth current iL = kt to flow in the
inductance of the equivalent circuit.

Because the impulse function is difficult to simulate in practice it
may be useful to determine what iL will be with this impulse term missing.
It is then required that the current * have the form

From this equation iL can be calculated. From Fig. 10-1 it is evident
that the following equations are true:

i = ic -j- iB _|- iL ^
^ de

%c = C
dt (8)

*«
=
I (9)

~dl
+ LtL = e'

(10)

All currents and voltages are required to be zero when t < 0. The
solution of these equations involves a third-order differential equation1

in iL and t. Oscillatory terms in the solution are small and are critically

» For methods of solving such equations see Philip, Franklin, Differential Eqw*.
hons for Electrical Engineers, Wiley, New York, 1933.
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damped under certain conditions that can be approximated by putting

R = i y/Z/C. They will be neglected. The remaining terms give

iL = kt (1 - e Vic). (11)

For large values of t compared with \/LC, h = kt, and consequently

there is no extrapolated delay in the start of the sweep. At t = VLC
there is a maximum deviation of 0.7k \/LC between the actual value of

h and the ideal value kt. Equation (11) is plotted in Fig. 10-2, which

illustrates the general shape of the current waveform in the inductance.

If a short pulse of current charging C occurs at the start of the sweep,

it can greatly aid in reducing the temporary lag in ih . This short pulse

may be either artificially generated or automatically obtained by driving

the deflection coil from a low-

impedance generator that has its

source voltage given by Eq. (2).

Deflection coils should be de-

signed with as short leads and as

low distributed capacity as practi-

cable to make the resonant fre-

quency as high as possible at the

required deflection sensitivity.

The resonant frequency can be

made high by reducing thenumber

of turns, but the deflection sensi-

tivity is thereby reduced. This

solution to the resonant-frequency problem requires large deflection cur-

rents that cannot be cheaply obtained directly from vacuum tubes.

Transformers may, of course, be used, but they have limitations at both

high and low frequencies. Because sensitive coils can be used for very

slow sweeps, the driving power can also be kept low in this case. How-

ever, many displays will involve a wide range of sweep speeds and duty

ratios. It is in such cases that driving the sweep becomes expensive.

The supply voltage and coil inductance are determined by the fast sweeps,

the peak current by the maximum displacement, and the average current

by the long-duty-ratio sweeps. Thus a driving stage consisting of several

807 tubes in parallel is not uncommon.

Table Bl, Appendix B, lists the principal operating characteristics of

some typical deflection coils used in radar applications. The sweep

speeds obtainable with these coils range from about 20 to 50 /xsec/diam-

eter to several seconds per diameter of the cathode-ray-tube screen.

Faster sweeps can be obtained by reducing the number of turns on the

coils and increasing the current. In obtaining fast-starting linear sweeps

i

Fig. 10-2.—Current in a deflection coil.
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free from wiggles, raising the applied voltage is not so effective as reduc-
ing the number of turns and increasing the current.

10-2. Amplifiers for Applying a Given Voltage Waveform to a Deflec-
tion Coil.—One of the simplest ways of driving a linear sawtooth current
through a deflection coil is to connect it to a low-impedance generator
that produces the step-plus-sawtooth input voltage required by Eq. (2).
Several amplifiers of this type will be described in this section.

The Cathode Follower.—Figure 10-3 shows a cathode follower driving
an inductive load. The output impedance of a cathode follower is

approximately l/gm . The condenser current flows through the cathode-
follower output impedance, but this current is unimportant in practice

Fig. 10-3.—Cathode follower driving an inductive load.

except during the "step" part of the voltage. The step across the
inductance is really a fast-rising exponential of time constant approxi-
mately equal to (l/gm)C. This time constant is very short compared with

the time constant of the inductance and its series resistance,
L

0-/gm) +Rl
therefore, the current in the inductance is only a small fraction of its
final value at the time (l/gm)C. Thus almost all the voltage drop in
the cathode-follower output impedance during and shortly following the
step is due to the condenser alone. This time constant (l/gm)C is
approximately equal to the delay in getting a linear sawtooth current
started in the inductance.

In computing the sawtooth part of the generator source voltage, Eq.
(2), it is necessary to add l/gm in series with RL . The condenser current
through l/gm is unimportant after the step is completed, and there is no
damping-resistor current.

The "overshoot" of the voltage across the inductance following time
t 2 is necessary since the average voltage across an inductance with series
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resistance Rl must be Bl(*l).v. The voltage Rtfa)*, is small compared

with the size of the applied voltage waveform in most practical cases.

The overshoot actually causes the cathode follower to continue to

conduct during the time following U, and the current in the inductance

decays with a time constant of
(1/

, +^ This slow recovery makes a

circuit of this type useful only for those cases where adequate recovery

time is available. Because of the damping action of the continuously

conducting cathode follower, no extra damping resistor is needed.

If the step-plus-sawtooth waveform on the grid of the cathode follower

in Fig. 10-3 is followed by a large negative signal, the cathode follower

will cut off after time tz . If the

inductance is almost critically

damped, a fairly rapid recovery of

the inductance to the quiescent

Rl current point (zero, in this case)

will be possible. A rather large

negative signal is needed, however,

Ut / \^ to do much good.
' -s- The simple circuit in Fig. 10-3

is very useful for fast-starting low-

duty-ratio sweeps. It is capable

of good linearity provided that the

input waveform is accurately gen-

erated and the cathode follower is

not too heavily loaded. An addi-

tional cathode follower inserted in

the grid of the deflection-coil

driver permits it to produce higher peak currents in the condenser at

time h and thus aids in speeding up the start.

Amplifiers Using a Series R-C Circuit in the Feedback Loop.—Another

simple circuit that applies a predetermined voltage waveform to a deflec-

tion coil is shown in Fig. 104. If the amplifier 72 is assumed to have

an infinitely large gm so that the output voltage ep across any finite load

can be obtained by an infinitesimal grid signal e„, the operation of the

circuit is as follows. At time h a constant current, i = (E + EBg)/Rt,

starts to flow into Ci and Ei because the clamping circuit is opened at

this instant. The negative feedback from plate to grid of F2 keeps the

grid at an essentially constant voltage level. The output voltage ep

must therefore be the voltage across R\ and Ch

-Voltage feedback for driving a

deflection coil.

--(g+*4 (12)
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which is a step voltage Rii plus a sawtooth voltage (io/Ci)t. The over-
shoot following t2 is as shown-if R is set for critical damping. It is now
required that the current iL in the deflection coil be equal to kt. Equa-
tion (2) gives the step-plus-sawtooth voltage waveform,

e = - [LA; + RLkt],

needed across the deflection coil to produce this current. The -voltage

waveforms in Eqs. (2) and (12) must be identical for all values of t.

Then Lk = Rii and i /Ci = RLk. A combination of these expressions
gives the condition for operation of this type:

«.C -
jfc

(13)

Thus if Eq. (13) is satisfied and an infinite gm is assumed for the amplifier
tube V2 , a constant input current i will cause a current iL — kt to flow
in the inductance L, where

k =
cyT,

=
T' < 14>

Ri

Because of the finite gm and limited maximum output current from F2 ,

the step voltage is not perfect but rises as rapidly as the circuit can
deliver charge to the distributed capacity that is always present across
a practical coil.

To make the best possible use of the limited output current cap-
abilities of Vt, an inductance Ls, shunted with a resistance R„ may be
inserted in series with R L and C\. The resistance Rs has such a value
that, at time h when the sweep starts, the grid of 72 goes to zero bias
rather than only part way. The voltage across L, and Ra starts out
with the value i R, and exponentially approaches zero with a time con-
stant L„/Rs . The value of the inductance should be experimentally
adjusted for the best-appearing start as seen on the cathode-ray-tube
display.

Very large values of effective gm can be readily obtained by using
several tubes in parallel, or better, by interposing a voltage amplifier in

the grid lead to F2 . However, a single tube is often used in the circuit

shown in Fig. 104 and the effective gm is not very great. It is therefore
of interest to determine the conditions that must be satisfied if gm is not
infinite. The effect of capacity across the deflection coil can be neglected
because the current to the capacity is small after the initial step is com-
pleted. A damped inductance in series with R x and Ci may be added to
aid in speeding up the start of the sweep.

An analysis, similar to that given for the ideal case, gives to a good
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approximation the following values of the feedback elements Ci and Ri

which cause %l to be a sawtooth wave:

e
' = ^( 1 + Zr) + ?-' (15)

i0 \ QmR) dm

c
' ~ -TT7 ¥^\ T

(16)

where, as before, i = ^ + E<^ and where g'm = .

Qm
p ,

the effective

transconductance of 72 with the cathode resistor Rk in place. As gm

approaches infinity, Eqs. (15) and (16) approach the values of Ri and Ci

given by Eqs. (13) and (14). Since in all practical cases Rl is much

smaller than R, Eq. (16) becomes, solving for k,

lo
k « —_^> ^-

(17)4-t)-^
Thus the slope k of the current in the inductance is independent of (fm only

if g'mR L/(l + R1/R2) » 1. If (/™ = 6X It)"3 mhos, RJR* = 0.3, and

RL = 650 ohms, a 20 per cent change in g'm will cause a 5 per cent change

in the slope k. It is important always to have RL and R 2 as large as is

practicable in order to get the greatest possible independence of k from

the effective gm of the amplifier. Usually a resistance is added in series

with the inductance to make the value of Rl large enough. Besides the

desired effect, this resistance causes some additional delay in the start of

the sweep because the distributed capacity of the coil is charged through

this extra resistance.

A deflection amplifier of the type shown in Fig. 10-4 is very useful.

The circuit is simple and fairly independent of the driver-tube character-

istics if the tube does not operate too close to cutoff. The cathode

resistor Rk is added to stabilize the quiescent current level with respect

to changes in heater voltage. It has the advantage, over the cathode-

follower driver shown in Fig. 10-3, that at the termination of the sweep

the deflection coil is free to execute a damped oscillation and to recover

rapidly, One disadvantage of this circuit is the fact that any ripple or

other disturbance on Ehb is coupled to the grid of V2 through Ri and Ci

during the time the clamp is open and causes a noticeable fluctuation of

the display.

10*3. Amplifiers for Applying a Given Current Waveform to a Deflec-

tion Coil.—In order to cause a sawtooth current waveform to flow through
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Slope -J-

the inductive part of the deflection-coil equivalent circuit, the total input
current must be as specified by Eq. (5). A voltage waveform that
approximates the shape of this current waveform can be generated
(by a circuit such as the one shown in Fig. 10-5), and an amplifier using
feedback may then be used to convert this voltage into a similar current
waveform.

It is convenient to distinguish between two types of feedback ampli-
fier, the distinction depending upon
whether the deflection coil is in the

cathode or the plate circuit of the

output tube. In both amplifiers

the feedback signal is obtained

from a current-sampling resistor R .

The output tube has transconduc-

tance gm ,
plate resistance rp , and

amplification factor /x. The gener-

alized formula for the gain of a feed-

back amplifier is 9 = Ct/(1 — jSCt),

where g is voltage gain with feed-

back, (J is voltage gain without feed-

back, and /? is the fraction of the

output voltage fed back into the

circuit.

When the deflection coil is in the

cathode circuit, as in the circuit shown in Fig. 10-11,

Fig. 10-5.—Circuit for generating a
waveform eo which has the approximate
shape required to produce a linear current
in an inductive load.

a
Ra

M+ 1

s = to-Ro M+ 1
+ ZL + R

l - /?a
Re

M+ 1

M+ 1
+ z L 4- n,

(18)

an expression which can be solved for n (using /x = rpgm) as follows:

dgm 1
to = et

1 - pagmR<,
1 + M + 1 Z L + R

H 1 - pQLgmRa

(19)

If to is to be independent of gm and a, it is required that {fiOgnRol yf> 1.

(In a typical case a = 200, gm = 5 X 10~ 3 mhos, R = 100 ohms,
= _

i; hence \^(XgmRo\ = 50.) Then using the approximation

M + 1
= 1,
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the last term becomes ——~—j—5- Since ZL varies with frequency,

paR
t will not be proportional to e< unless

\paR \y>zL . (20)

(In the example above paR = — 10 4 ohms.)

When the deflection coil is in the plate circuit,

_ ioRo rp -\- Zl -\- Ro /01 n

g = __ = = , ^1;
1 + /8CIm

rp -\- ZL -\- R

and

. Ctffm 1

10 " 6i
1 + iSCtg^o

1
,

£z + ^0
(22)

r,(l+ pagmR )

As for Eq. (19), it is required that |j8etgfmJBo|» 1. The last term is

independent of Zh only if

Ir^Oflr^ol» Zh . (23)

This requirement is much less stringent than Eq. (20), and indicates that

a plate-driven coil will give results more independent of amplifier changes

than those obtained with a cathode-driven coil. The cathode drive is

preferable, however, in those cases in which the capacity of the line to

the coil is large, or in which ripple in the plate supply voltage becomes

noticeable with plate drive.

Both Eq. (19) and Eq. (22) reduce to the simple form

*--m (24)

when the condition |j8etgwR
|
2> 1 and the restrictions of Eqs. (20) and

(23) are satisfied. The usual stability requirements (see Vol. 18) for

feedback amplifiers must be met so that oscillations will not occur.

Generation of Sweep Waveform as a Voltage.—Figure 10-5 shows a

typical circuit useful for generating a waveform that has a " spike "-

plus-step-plus-sawtooth voltage. An essentially constant current i is

obtained from the large voltage -\-E. (The end of Ry connected to E
may be "bootstrapped" to maintain u almost exactly constant. See,

for example, Fig. 10-7.) The cathode-follower-diode switch circuit

(Vi and V2) opens at time h. A rectangular wave, differentiated by C 2

and R* and applied through diode V% to R 2 ,
produces a "spike" at the

start of the sweep. The step-plus-sawtooth part of the waveform is
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formed by #0 and d. At time h, the cathode follower cuts off and
thereby allows a very smooth return of e to its quiescent level since Ci
discharges principally through R2 , R3, and the diode resistance, all in

series. The negative "spike" at h is prevented from getting through
to Rz by the diode Vs.

It is often very important that there be no overshoot or "spike" at

time U since in some circuits the feedback in the amplifier disappears

after time h (because of the cutting off of the output tube Vi in Fig.

10-7). The overshoot or "spike" is then greatly amplified and charges
the coupling condensers ; this situation is very undesirable. The cathode-

Eu

"^
jr if

2 JVM
Fig. 10-6.—The simple tetrode deflection coil driver with cathode degeneration.

follower-diode switch is ideal for use in generating waveforms of the
required type since the closed impedance is low and constant. There
is no overshoot whatever. A simple triode or pentode switch has some
overshoot at time t2 and this condition causes serious difficulty in many
cases.

The operation of several types of amplifier, which force a given cur-

rent through a deflection coil, will now be examined.

The Simple Pentode or Tetrode Amplifier.—A simple one-tube amplifier

that has been widely used in radar applications is shown in Fig. 10-6. As
long as the plate of the tetrode (or pentode) stays above the "knee" in

the plate-characteristic curve (i.e., above 50 to 80 volts), the screen takes
approximately a constant fraction of the cathode current. For thie

condition, the circuit operates in accordance with the following equation

:

«o « et
9*

1 + gmRo
(25)

where gm is the transconductance of 72 and the capacity C2 is neglected.
The grid voltage et is generated to have the step-plus-sawtooth form

of Eq. (2), and it will cause a linear sawtooth current to flow in L after a
time large compared with the resonant period of the deflection coil.

Faster starting sweeps may be produced by adding a condenser C2
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across Ro. The time constant R C2 should have a value that is of the

order of magnitude of \/LC, but it will usually have to be adjusted for

best results.

If Ro is made larger, the effective transconductance

[(gm)e = 0m/(l + gmRo)]

becomes smaller and larger grid signals are needed to produce the required

output current i . Large signals on the cathode of Y% also reduce the

plate-to-cathode voltage. Therefore, En must be higher than would

otherwise be necessary. If Ro = 500 ohms, and when 72 is a 6L6, good

linearity results. This linearity is further improved by operating in

Fig. 10-7.—Three-stage feedback amplifier.

push-pull two amplifiers like the one shown in Fig. 10-6. A deflection

coil that has a separate winding for each of the amplifiers is then required,

and push-pull grid signals are needed. The second-harmonic distortion

in the amplifier tubes is canceled by this process.

Three-stage Feedback Amplifier with the Deflection Coil in the Plate

Circuit of the Output Tube.—A widely used sweep amplifier circuit is

shown in Fig. 10-7. The clamp circuit consisting of Vx and 72 is opened

by a rectangular voltage waveform on the grid of Vi at time h. The

step-plus-sawtooth voltage is generated at the grid of 74 . The amplifier

causes this sweep signal to appear across the sampling resistor Ri in the

cathode circuit of the output tube. The sampled voltage is fed back to

the cathode of 74 and there it is compared with the input signal. The

feedback operates to make the generated waveform and the sampled

waveform across Ri as nearly identical as possible. A compensation net-

work in the amplifier loop may be necessary to stabilize the circuit.
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If the plate of V 7 stays at least 50 to 80 volts above the cathode, the
screen current is essentially a constant fraction of the cathode current.

For higher accuracy, however, the effect of changes in screen current
should be compensated. (See Fig. 10-8 for one method of doing this.)

The value of Ego is set for cutoff of V 7 . The ability of this circuit to
operate with V7 conducting only during sweeps is one of its chief advan-
tages. Diode V6 causes the grid waveform always to start from the
fixed level of —Egg for sweeps of any duty ratio. The voltage EK must
be large enough to supply the required step voltage, Lk, as well as the
sawtooth voltage, RLkt.

The feedback to the diode V3 serves to "bootstrap" the positive end
of the sweep-generating resistor R i, and thus to keep the voltage across

Ri constant during the entire sweep (if condenser C2 is sufficiently large).

An alternate method for bootstrapping the sweep generator is to omit F3

entirely, and to connect the positive end of R i to a selected point on R 4

which has a sawtooth voltage of approximately the correct amplitude.
This method is not so flexible or so accurate as the one shown, but it is

cheap, and is good enough for many applications.

The effective transconductance of V 7 is approximately

9m -
1 + w,b; (26)

where (gm) 7 is the transconductance of V 7 with no cathode resistor. Thus
if ft is the voltage gain without feedback from the grid of Vt to the grid

of V7, the effective transconductance of the amplifier in Fig. 10-7 is

(gm) e = agm . (27)

To determine the value of /3, the feedback-network transfer charac-

teristic, it is necessary to take into account the difference in the gain of

the first tube V4 with a signal e, on the grid as compared with the gain
with a signal ek inserted in series with the cathode circuit. With the feed-

back loop broken by connecting the lower end of R3 to ground rather than
to the cathode of V7 , e< and ek produce identical currents in V4 only if

e.i = — ek 1 where /x is the amplification factor of V 4 . Thus the

feedback signal from the cathode of V7 can be considered to be added to

the input signal on the grid of V4 only when multiplied by — I
M

)•

Thus,
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When the values of gm and are substituted from Eqs. (26) and (28) in

Eq. (22), the output current io into resister Rt is

a
to — —fy

f (y,)> 1

Li + (g^Ril

1 - \^) B*a
[i +%Xr]

(29)

The dependence of Eq. (29) on (gm) e [Eq. (27)] and on n can be calcu-

lated. For M
J? 4(gf„,)e» 1, to is directly proportional to ^ • This

dependence is not a serious defect of the amplifier since n is very nearly

constant and is large. For the circuit shown in Fig. 10-7, GL « —60,

i {
+300 v

30 k

= Clamp

Fig. 10-8.—Method of compensating the feedback signal for screen current.

gm of 77(6L6) varies from up to 5 X 10~3 during the sawtooth wave (for

computation a value of 4 X IO"8 is taken), 22 4 = 100 ohms, n = 20; and

M "*" R A(gm) e « — 16 = loop gain. A 17 per cent change in the loop
M

gain will change i by only 1 per cent.

Only a fraction of the cathode current i goes through the deflection

coil because part of the current is screen current in 77 . This effect is

usually not serious because the screen current is a small and essentially

constant fraction of the plate current as long as the plate voltage is high

enough. However it is possible to cancel the effect of changes in screen

current by use of the circuit shown in Fig. 10-8. A resistance R 6 is

inserted in the screen circuit so that the signal that appears at the screen
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and is due to screen current is —10 times that part of the signal that

appears at the cathode and is due to screen current. The divider con-

sisting of R 6 and R-i samples both signals in such a manner that the net
contribution of the screen current is zero, and a signal proportional only
to the plate current is used for feedback. The d-c level of the cathode
of Vi is set at the correct operating point by means of R 8, a large resistor

(compared with R 7) returned to a negative d-c source.

In the circuit of Fig. 10-7 or Fig. 10-8, the current to the plate-circuit

output capacity (which may include the capacity of a cable and be rather

large) goes through R t and must be compensated for by an extra "spike"
just as must the distributed capacity C of the deflection coil.

Another modification of the amplifier shown in Fig. 10-7 is shown in

Fig. 10-9. For an amplifier having a very large effective transcon-
ductance, the input voltage e< to the amplifier is very small compared

clamp

Fig. 10-9.—Three-stage feedback amplifier.

with the signal across R . The constant current i , starting at time t lf

causes a step-plus-sawtooth voltage to appear across R because of the
action of the feedback. The step voltage is approximately equal to ioR*
and the sawtooth voltage is approximately equal to i t/C. Because of
the large voltage gain of the two-stage amplifier, the effective gm is large
enough to make these simple calculations accurate. Allowance for finite

amplifier transconductance can be made by using an analysis similar to
that applied to the circuit of Fig. 10-4 (which resembles that of Fig. 10-9

except that a current sample rather than a voltage sample is used for
feedback purposes).

This circuit has the advantage that the current to C3 does not appear
in Ro and thus the feedback amplifier automatically corrects for the pres-
ence of C3 . Also the screen current does not flow through the sampling
resistor R .

Figure 10-10 shows another circuit of the same general type as Fig.
10-7. The pentodes may be 6AC7's or 6SJ7's. The current
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*o
ei

V+i)
1 — (igmRo

(30)

where

0-1,

lm ~ a 1+ R (gm) 3

' (31)

d = voltage gain from the grid of F2 to the grid of V3 with the grid

of Vi fixed, and

H = grid-screen amplification factor of Vi.

Since there is only one .RC-coupling in the feedback loop, the circuit is

particularly easy to stablilize against oscillations due to feedback.

Three-stage Amplifiers with the

Deflection Coil in the Cathode Cir-

cuit of the Output Tube.—A current-

sampling feedback amplifier with

a cathode follower in the final

stage is shown in Fig. 10-11. The
operation of this circuit is described

by Eq. (19) where = - ^ti as

in Eq. (28). The voltage gain

(with the lower end of R 3 grounded)

from the grid of V\ to the grid of

V3 is given by Ct. Resistor Ri is

made equal to l/(gm) 3 where (gm) 3

is the transconductance of V3 .

When the clamp opens, the

feedback forces a sawtooth current

to flow in L, and the necessary

voltage across the deflection coil is

thus generated. At time h, when the clamp closes, the inductance over-

shoots but the rapidly decreasing input signal on the grid of Vi causes a

signal to go through the amplifier. This signal turns off V3 and allows the

current in the coil to recover at a rate governed by its L/R time constant.

The current feedback thus removes one of the difficulties associated with

the simple voltage-feedback cathode-follower circuit of Fig. 10-3. The

current to C8 does not go through R , and both the screen and plate

currents contribute to the deflection current. Tube V3 operates from

cutoff.

10-4. Direct-coupled Amplifiers for Producing a Given Current

Waveform in a Deflection Coil.—Often it is desirable for amplifiers

Fig. 10-10.—Another variety of feed-

back amplifier that causes a current wave-
form of the same shape as e» to flow through

the deflection coil.
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driving deflection coils to pass direct current. 1 The coil acts like a
resistor for very slow sweeps since the induced voltage in the inductance
is negligible. The distinction between amplifiers that apply given volt-

+E +300v

-z*- Gnd.

+300v

Fig. 10-11.—Feedback amplifier with deflection coil as cathode load.

ages and those that apply given currents to the deflection coil disappears.

In these circuits the feedback network must operate at zero frequency.

Although the simple output

amplifier shown in Fig. 10-6 has

almost constant feedback for all

frequencies to zero, it may not be

linear enough or have constant

enough effective gm to be satis-

factory. An improved amplifier

is shown in Fig. 10-12, where an
extra tube with feedback is added

to increase both the effective gm
and the linearity. A sweep volt-

age may be inserted at one input

terminal and a d-c off-centering

voltage at the other. By means
of a switching circuit, the sweep

wave-forms can be forced to have

a fixed d-c level during the " wait

"

time. They can then be directly

-300v
Fio. 10*12.—Direct-coupled feedback cir-

cuit for producing an output current to pro-
portional to ei + ei. R 2> Rt.

added to the off-centering voltages at the input terminal of the amplifier.

The following equations can be derived

:

to « (ei + e2) CI

Rq l - a
or

to 1 a
ei + e2 /2o 1 — Cfc

(32)

1 The circuits discussed in Sec. 11-3 and Sec. 13-7 exemplify this need.
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and

81 gmRoa
3 1+ Rug.

(33)

Here, Q, is the loop gain of the amplifier, gm is the transconductance of F2 ,

and Si is the voltage gain from the grid of Vi to the grid of V 2 . The

quantity (1 — fit) is the factor by which nonlinearities or spurious signals

introduced inside the feedback loop are reduced. 1 An example of this

type of circuit is the case where Vx is a 6AC7, Si = -50, F2 is a 6L6 with

+ 300v

+ 300v
Fig. 10-13.—Direct-coupled feedback circuit to produce an output current difference

(ii — it) proportional to (ei + ei) . i2 <5C Ro.

gm = 5 X 10"3 mhos, andflo = 200 ohms. Equation (33) gives a « -8,

The effective gm « 4.5 X 10-3 mhos, and depends very little on a. To

maintain high-frequency response, small condensers may be added

between the plate of Vi and the grid of Vi, and also, if necessary, across

the mixing resistors R.

Figure 10-13 shows an extension of the circuit shown in Fig. 10-12, in

which a push-pull output signal can be obtained with a single combined

input signal. The deflection is proportional to ii — ii} and

ti — *2 =
ei + e2 Ct

.Ro a
(34)

1 Feedback Amplifiers, Vol. 18 of the Series.
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where

a = I r 9i _
3 L 2 1

(0m)2-Ro + 92 {gm)iRo

i (35)+WA '21 + (gJtRo.

in which equation

9i = voltage gain from grid of V\ to grid of V2 with the cathode

of Vi fixed in potential;

92 = voltage gain from grid of Va to grid of V\ with the cathode

of Va fixed in potential;

(^m) 2 = transconductance of F2 ; and

(ffm)4 = transconductance of Vi.

If, for example, 9i = 9z = —50, {gm)i = (grm) 4 = 5 X 10-8 mhos, and

jBo = 200 ohms, the value of ft is —8 and the effective gm = 4.5 X 10-3

mhos as in the case of the example for Fig. 10-12. There is one important

difference between the two circuits,

however. In the first the effect on

the operating point of F2 of drift in

the values of the resistors at the plate

of Vi and the grid of F2 is reduced

by the factor (1 — GL). In the push-

pull circuit, however, the feedback

does not act to stabilize the operating

points of Vi and Vi although it does

act to stabilize the effective gm of

the circuit. As a result, it is

necessary to adjust R\ carefully so

that Vi and Vi operate at the desired

quiescent level.

The push-pull circuit does have an advantage that is apparent from
Eq. (35). If (<7m) 2 or (gm)t should go to zero, the value of Ct changes by
only a factor of 2 and the change in t\ — i2 [Eq. (34)] is small if Ct is large.

Thus there is no discontinuity of operation when one of the output tubes

cuts off but only a relatively small change in the effective gm of the

amplifier.

Cathode-coupled Push-pull Amplifier.—A simple but not very accurate

direct-coupled amplifier is shown in Fig. 10-14. The relation between

the input signal e» and the difference of the cathode currents (which is

proportional to the deflecting magnetic field except for small screen-

current corrections) is

Fio. 10-14.—Cathode-coupled deflection-

coil-driver circuit.

ii — is = ei(gm)i

l+2#**-±i(fiu) s

'[1 +fiJ (gm)i + + 1
(36)

(gm)i
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where

((7m) 1 = transconductance of Vi,

(gm)i = transconductance of Vi,

H = grid-to-screen amplification factor of Vi, and

Rk = common cathode resistance.

When Rk is large compared with l/(gw)i and l/(gm)i, and when n 2> 1,

Eq. (36) reduces to

; ~ * 2(y»)i(fl»)a ,„
7 \

(0m) 1 + (0m) 2

Therefore, there is a strong dependence of the effective transconductance

\ (n \ „ 2(gro)i(gm) 2 1

L^
m;e ~

(<7m)l + (<7m) 2J

on both (grTO)i and (gu)2. There is no effective feedback, and the non-

linearity of both Vi and V2 causes important errors. For example, if

either (gm)i or (0m) 2 approaches zero, (gm) e approaches zero. Making

Bj Li-M L 2-M r 2

—AAA/ HTIRP—t

—

nswp VSA

—

E

*i-*2 \atM T c

Fia. 10-15.—Equivalent circuit for a synchro.

Rk large does not appreciably affect the accuracy, but merely causes the

two currents i\ and i2 to have more nearly the same magnitude.

Another disadvantage of the circuit of Fig. 10-14 is the power lost

by dissipation in Rk. Resistors inserted in the cathode leads to each of

the tubes will improve the linearity of each at the expense of a lower

value of (gm) e and the necessity of a larger value of Rk if the same ratio

of ti/ta is required.

10-5. Transient Response of a Synchro.—An equivalent circuit 1 for

a synchro, simplified to include but one stator winding, is shown in Fig.

10-15. Other stator windings would be represented by adding identical

circuits, with all the circuits connected in parallel at their input terminals

and ground. A linear sawtooth voltage waveform E applied to the

rotor would produce at the stator output terminal a waveform distorted,

1 This is a circuit synthesized for transformers with constant components and

sinusoidal voltages. The equivalence is not exact, especially at high frequencies, but

it will serve in calculating first-order correction terms for the input and output

voltages of a synchro.
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as shown in Fig. 10-16, and having an amplitude depending on the sine

of the shaft angle. Although

the delay varies as a function of

the shaft position, and hence

This "droop" is

due to loss of

low frequencies

cannot be corrected uniformly for

all angles, it is not an important

factor except for a very-fast-rising

sawtooth waveform.

Low-frequency Response.—If

the distributed capacity C is

neglected, the input voltage E
required to produce a linear saw-

tooth output voltage e — kt is

readily calculated. All voltages

and currents are zero up to t = 0.

4-*-

Damped
oscillation

of stator

Delay
in start

Fig. 10-16.—Distortion of sawtooth volt-

age waveform when transmitted through a
synchro.

The voltage across M in Fig. 10*15 is

Since

then

and

M jt

(it - it) = (L2 - M) —2 + BA + kt.

R~~R'

"§-¥ + $* + *

E = R 1i 1 + (Lx -M)i£ + M^{ix - it).

(38)

(39)

(40)

(41)

(42)

In practice, R is usually very much larger than Ri or Rv>', hence Eq
(42) reduces to

UU - M*
E k [Rjt 2

Ml 2
+ LJ + R (43)

The rotor-stator coupling coefficient is ko = M/y/LiLz. It varies with

angle from to a maximum of about 0.9 for the types of synchro suitable

for resolving sawtooth waveforms. Putting this term in Eq. (43) gives

M
\RiP + t +

L2(l - k\

R
3)1. (44)

The first term, in t
2

, is required to prevent the "droop" in the response at

large values of t For a sawtooth voltage of short time duration, or for a
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synchro with extremely low rotor resistance, it can be omitted. The
last term is a step voltage that is required to reduce the delay. For a

sawtooth wave of long duration and for large R, it can be omitted. A
large value of R, however, may reduce the permissible duty ratio because

of the time required for oscillations set up by the termination of the saw-

tooth wave to die away. The expression I/2 (l — kl) is the stator leakage

inductance. It varies from L2 for the rotor position of zero coupling to

approximately 0.2L2 for the position of maximum coupling.

High-frequency Response.—At high frequencies the effect of the dis-

tributed capacity is appreciable, and it must be left in the equivalent

circuit. As shown by Eq. (44), R x may be omitted. For an output

voltage e = kt, the stator current is then

kt
t2 = in + ic = p + Ck. (45)

Since t2 — for t < 0, its derivative involves the impulse function 8 (t),

^ - | + Ckd(t). (46)

The voltage across M is

M jt

(i x - U) = (L« - M) ^ + R*t + kt. (47)

From Eqs. (45), (46), and (47)

§=Fte+^+(f +i
)
<+L2H- (48)

E = (Li - M)^ + M~ (n - *,). (49)

From Eqs. (46), (48), and (49), with L2 (l - kg) set equal to L,

E = Li s[l + R2° + (ji + ' + LCw] w
This equation is the same as Eq. (5) derived for the current through

a deflection coil, except that it is for a voltage rather than a current

waveform, and that L is not constant. If the impulse function is omitted

from the input voltage, the output voltage will be of the same form as the

current in Eq. (11) plotted in Fig. 10-2:

t

e = kt (1 - e Vlc). (51)

The damping resistor and the step voltage are usually chosen to

match the condition of maximum coupling. As the coupling is reduced,
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+E,

the value of L increases and the point h moves to the right. Finally, for

the condition of zero coupling, h reaches a value equal to a little more
than twice its original value. Since the change in delay is different for

the resolved phase components from the synchro, it leads, for a short

time after the start of the sawtooth wave, to angular distortion of the
vector sum of the components, as well as to waveform distortion. After
a time long enough for the exponential term to vanish, there is no longer
any distortion.

10-6. Circuits for Driving Sweep Waveforms through a Synchro.—
Some of the circuits used for deflection coils are suitable, with short- and
medium-length sawtooth wave-
forms, for applying voltage

waveforms to a synchro. One
precaution must be observed.

The rotor-winding insulation in

many synchros is not sufficient to

withstand the plate supply volt-

age; hence condenser or trans-

former coupling must be used if

the load is in the plate circuit of

the amplifier. There will then be

a loss in frequency response.

Slight modifications make possible

the addition of the t
2 term of Eq.

(44) required for a long sawtooth

waveform.

Reasonably linear output volt-

ages may be obtained with the

circuit shown in Fig. 10-17. The slope of the sawtooth voltage on the

plate depends primarily on Eo, R, and C, and is largely independent of the

voltage gain of Vi and therefore of the plate load impedance. 1

After every sweep, the energy is dissipated in the damping resistors

across the synchro windings. A clamp circuit (such as the one shown in

Fig. 4-35) must hold the grid of Vi to the bias voltage —Egg after the

sweep is completed, even though the plate is executing a damped oscil-

lation. The bias is so chosen that the tube passes a small quiescent

current. Since the series resistance of L\ is small, the average voltage

across Lx must be very nearly equal to zero. Therefore, the positive

overshoot must have an amplitude that is large enough and a duration

long enough to ensure that the area of the waveform above Epp is the

same as the area below Epp . This characteristic of an inductance is

used in generating balanced waveforms (see Sec. 13-10). If the stator
1 See Sweep Generators, Vol. 19 of the Radiation Laboratory Series.

Fig. 10*17.—Miller-rundown sawtooth-volt-
age driving circuit for a synchro.
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leads of the synchro in Fig. 10-17 are applied directly to the plates of an

electrostatic cathode-ray tube and if there is time enough between

sweeps for the damped oscillation to reach a negligible amplitude, the

sweep on the cathode-ray tube will rotate about the point corresponding

to T\. The time required for damping can be estimated by the rate at

which a transient is damped out in a circuit where Lh Ri, and C are in

parallel. If Ri ^ i s/Li/C, the value for critical damping, the ampli-

tude of the oscillation decreases with e 2RlC
. Thus at a time large

compared with 222 iC, the voltage at the plate equals Epp . In practice,

a value of i?i slightly greater than the value for critical damping returns

the synchro rotor to its quiescent state in the shortest time. The ampli-

tude of the overshoot may be very great if C is small and if the period of

Fio. 10-18.—Voltage and current in an inductance driven by an ideal cathode follower.

oscillation is short. In fact this reverse overshoot voltage may reach

an amplitude greater than the plate supply voltage and may need to be

reduced in order to prevent insulation breakdown. If extra capacity is

added across Li to reduce this amplitude, the period of the damped

oscillation is increased.

Another simple circuit for applying a sweep voltage to a synchro is a

cathode follower shown in Fig. 10-18 with voltage and current waveforms.

In this circuit the energy is not extracted from the synchro rotor after

each sweep as in the circuit of Fig. 10-17. Because of the low resistance

of the inductance L, the average value of the voltage waveform applied

to the synchro rotor is about equal to ground potential. The current

through the synchro has a constant average value I for all sweeps no

matter what fraction of the recurrence period is used for the actual sweep.
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Thus there is actually a small average voltage E = IoRL, which appears
across L.

The voltage across L is e = L -^ (neglecting E ). At U, e = and

therefore L-rr- = 0, and iL is a minimum. The areas B and A of the

current waveform must be equal. Since the cathode follower must
always have some current flowing through it in order to maintain damp-
ing action across L, it is necessary to draw an average current 7 large

Switch opens
w '

j__ J

"*" 500mh synchro
att,mer

Voltage feedback amplifier vj V. F5 = |6SN7

K6 =6L6G
Fia. 10-19.—Typical circuit for applying a voltage waveform such as that of Fig. 10-5,

across a synchro. The output tetrode can handle peak currents of about 160 ma at
maximum waveform voltages of about 150 volts. Rz and C\ are chosen to give respectively
the step and slope desired for the sweep waveform. Ra also adjusts the sweep slope. fi»
controls the correction for low-frequency losses in the synchro.

enough to keep Imin always positive. In order to design the amplifier
output circuit so that it has adequate quiescent current-

J

and is capable
of delivering IBMX without drawing grid current, it is useful to know the
values of I and /„„«. The following symbols will be used:

T = period of repetition,

r = fraction of total time during which sawtooth is rising,

E = amplitude of sawtooth voltage across L.

The average current is

ErT /r2 r , l\ ,

Io = -£- \s ~ 3
+ y +

The maximum current is

/mm may be set equal to zero.

r + 1 J + In

(52)

(53)
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A circuit that provides low output impedance with the aid of voltage

feedback is shown in Fig. 10- 19.

The midfrequency loop gain of this amplifier is about 10, and the

normal output impedance of the 6L6G (about 200 ohms) is therefore

reduced to less than 20 ohms. Nevertheless, there are appreciable low-

frequency losses due to the finite resistance of the rotor. Therefore the

circuit using the bootstrap principle has been designed to generate a saw-

tooth voltage of constantly increasing slope (i.e., with a t
2 correction term)

by causing the voltage of the positive end of Ri to increase faster than

that of the negative end. It may be shown by calculating the value of

ec, the voltage across C x , as a function of time that this inserts the t
2

term necessary for a linear output voltage. If the step resistor R 2 is zero

and the current through J?i is iR lf

=
k L iRi dt. (54)

But

iBi
. * + g, - *

(55)

where 9, the voltage gain of the amplified signal being applied to the

positive end of the resistance R lt is greater than one. When Eq. (55) is

substituted in Eq. (54) and the resulting equation is solved for ec , under

the conditions that e« = when t = 0,

When the exponential is expanded to a power series,

Eq . ,
-ffo(8 — 1) /2 i . . . <"vnee== jm t+

2R\c\
l +

•

(57)

Thus, to a first approximation, the correction term added by the extra

gain in the feedback signal to the positive end of R i produces the required

i
2 term. For any given Rh Ch and E

, 9 can be adjusted by means of

potentiometer Rs to produce the desired magnitude of the t
2 coefficient.

The resistor R 2 forms a step of amplitude „ ,' E ,
which can be

adjusted to form correctly the constant term in Eq. (44).

The switch circuit, which uses a diode and a cathode follower, has an

advantage over the simple triode or pentode switch; namely, that there

is no negative "spike" following the sawtooth waveform. When con-

denser coupling is used, this "spike" may otherwise be caused by the

exceptionally low triode or pentode switch impedance at the time when
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the grid waveform ends and large grid current is flowing. Furthermore,

the capacity "feedthrough" of the switching rectangular wave through V2
is in the right direction to aid the start of the sweep waveform.

Another circuit capable of performing the same function is shown in

Fig. 10-20. Here all the low-frequency correction and some of the high-

frequency correction to the sweep waveform is introduced directly 1 by
the feedback circuit. An extra winding on the rotor samples the flux in

very nearly the same manner as the stator windings sample it. The
feedback circuit causes the voltage on this extra winding to be a step-

plus-sawtooth voltage identical with the input voltage. This method

T

r I Resolved
\ voltage

This winding

used only for ,=. -_,_ .

feedback " " 7 sy"ch/°
I with two
\ rotor

windings

Fig. 10-20.—Method of correcting output-voltage waveform for low-frequency losses

due to the finite output impedance of the amplifier and the resistance of the rotor.

corrects almost exactly for low-frequency losses, but corrects for only

part of the high-frequency losses because the coupling coefficient of the

two rotor windings is higher than that from the rotor to stator, and the

distributed capacities are different. The voltage on the stator winding

has the same appearance as was shown in Fig. 10-19. Some compensa-

tion for the frequency response between the two windings on the synchro

rotor is usually necessary to prevent instability. The Re, C% network in

the plate circuit of F5 (see Fig. 10-19) performs this function.

A third method of correcting for low-frequency loss in the synchro is

shown in Fig. 13-10. Here an .RC-network is inserted in the feedback

lead from the synchro rotor. This network peaks the low-frequency gain

of the amplifier by reducing the negative feedback at low frequencies.

10*7. Synchro Driving a Deflection Coil.—In some applications,

deflection-coil currents are obtained directly from a synchro. The input
1 Personal correspondence from General Electric Company, Receiver Division.
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waveform to the synchro is of the same form as that used when a voltage

output waveform is desired, but the coefficients of the various terms are

different. Figure 10-21 shows the equivalent circuit for a synchro and

deflection coil with the distributed capacity transformed to the rotor

winding. In order to produce a linear deflection current ii = kt, the

voltage across M must be similar to Eq. (38)

:

M jt

(ti - u) = (L 2 - M + L.) ^
2 + (R s + R»)t2. (58)

Neglecting the effect of C, the rotor current i\ calculated from Eq. (58) is

ix = ^ [(L, + L s)t + (^j^-
3

) t>] (59)

under the conditions that i\ = when t = 0.

R. L
x
-M L 2-M r 9 r2 n 3

e—v\a—^nr>—t

—

rws^—wv-
i2 ^c

-AAAr-

Fia. 10-21.—Equivalent circuit of a synchro driving a deflection coil Lt, R%.

The input current, therefore, must be a sawtooth waveform plus a t*

term. The t
2 term is small compared with the t term only when

t<<2
(R 2 + R 3y

With the types of synchros and deflection coils available, this condition

is not fulfilled for sweeps of more than 500 to 1000 jusec in length. The

circuit shown in Fig. 10-19 is an example of a circuit providing correction

of this type. In general, the same types of sawtooth amplifier circuits

already discussed are applicable here.

Since there is some capacity, often as much as about 0.001 pi, across

the synchro rotor and stator, there will be a delay in the start of the out-

put waveform and it is usually necessary to damp out transient oscilla-

tions initiated by changes in input current. In practice, damping

resistors must be added across only the rotor of the synchro. An approxi-

mate value of the rotor damping resistor may be determined by assuming

the synchro to be an ideal transformer. Then the stator capacity may

be transformed to the rotor. If L is the total deflection-system induc-

tance as measured at the rotor, and C is the total equivalent capacity at
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the rotor, the value of damping resistor needed for critical damping may
be calculated from

^critical
=

9 \/7t* ("0)

If Li = L2 = 13 mh, and Ls = 5 mh, then L « 5 mh. If there is a
capacity of 0.001 ni on both rotor and stator, identical = 800 ohms. This

value is approximately what is required in an actual circuit (for Diehl

synchro type FP). These damping resistors are sometimes added not

across the rotor itself, but on the primary of the transformer driving the

rotor (see Fig. 13-22). It is not desirable to have the damping resistors

across the deflection coils because, in that case, their current would have
to be supplied through the leakage inductance of the synchro, and an
additional delay in the start of the sweeps would result.



CHAPTER 11

RECTANGULAR-COORDINATE DISPLAYS

By L. D. Ellsworth

Rectangular-coordinate displays include three general types: the

B-scan, the C-scan, and the television scan. The B-scan is characterized

by a plot of the time interval against an independent variable; the C-scan

gives a plot of two independently controlled variables, and the television

scan presents two synchronized time-base sweeps. Signals are presented

on the display by means of intensity modulation. For reference and
increased accuracy in reading the graph, electronic markers may be used.

The same results may be achieved by means of an overlay on the tube

face, but care must then be taken to keep a fixed dimensional relation-

ship between the electronic presentation and the overlay.

In order to obtain a display that has both low power consumption and
a small number of circuit elements, an electrostatically focused, elec-

trostatically deflected cathode-ray tube may be used. A tube of this

type may also be employed wherever an extremely fast sweep, such as a

fast-time-base sweep, is desired. If, however, better contrast, greater

luminescence, and more nearly orthogonal traces are required, electro-

magnetically deflected tubes are superior.

THE B-SCAN

11-1. General Characteristics.—The B-scan display is a plot of time

interval against an independent variable. Basically, a B-scan unit

consists of a cathode-ray tube and of some associated circuits having, in

all, three input terminals. One input signal, a synchronizing trigger,

which usually occurs at regular time intervals, initiates the time-base

sweep. This sweep is generally oriented vertically on the tube face

(display units made with the time-base sweep horizontal have been

designated as E-scans). Another input signal is a voltage proportional

to a function f(x) of an independent variable x. It controls the horizon-

tal sweep, and hence the lateral position of the vertical sweep. In order

to obtain a recurring pattern, f(x) must be periodic. The period of the

function of the independent variable is, in general, much greater than the

time interval between synchronizing triggers. In fact, the vertical sweep

is obtained from a-c-coupled circuits whereas the horizontal sweep,

because of its relatively low periodicity and because of the possibility

384
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that it may assume a stationary value, is obtained from direct-coupled

circuits. Under these circumstances, the vertical traces are straight

lines and are sufficiently close together to give an essentially solid picture

(Fig. 6-1). The signals and reference marks that intensity-modulate

the scan are applied to the third input terminal.

The independent variable x may be any physical quantity, such as

an angle, a distance, or a voltage. In radar displays the quantity x is

an angle, and/(x) is equal either to x or to sin x. The resultant display

of angle against time maps in rectangular coordinates an area that has
been scanned in polar coordinates as shown in Fig. 11-1 (see Chap. 13).

Here distortion is introduced as shown in Fig. 11-2, and vectors between

I 2

(a)

Fig. 11-1. -Distortion of a sector when presented in a B-scan
on a true sector and (6) on a B-scan.

-30 -20 -10 0+10 +20 +30
Angle

(b)

Equal areas present (o)

points are changed both in magnitude and in direction; nevertheless,

signal position may be determined by interpolation between angle and
time indices such as those shown in Fig. 11-1. The simplest B-scope
unit has the following features: (1) The time-base sweep begins at zero
time (time is measured from the synchronizing trigger)

; (2) the speed of
the vertical sweep may be fixed or variable; (3) the value of f(x) at the
center of the tube, /(a), is arbitrarily chosen and fixed; (4) the horizontal
sweep represents a fixed or a variable range of f{x) centered about f(a).

A more flexible unit may be designed by adding to these features a
circuit to delay the start of the time-base sweep, which then includes the
time interval between h and t2 , where ^ h < t2 and h is the maximum
value of time to be plotted. As h becomes greater, the distortion of a
B-scan that represents a polar-coordinate sector decreases (Fig. 11-3).

Additional versatility is obtained from a movable display in which



386 RECTANGULAR-COORDINATE DISPLAYS [Sec. 11-2

any value of f(x) may be centered on the tube. This feature is partic-

ularly useful if successively different intervals of the complete cycle of

f(x) are to be plotted.

(a) (b)

Fig. 11-2.—Distortions produced by a B-scan used as a map sector: (a) shows grid

squares which may be superimposed on a true map ; (6) shows the corresponding squares as

distorted by a B-scan.

(a) (6)

Fig. 11 -3.—Pattern of a B-scan with no range normalization, (a) 50-mile B-scan, zero

delay, (b) 50-mile B-scan, 4-unit delay.

11*2. Methods of Producing a 8-scan.—A block diagram of a typical

B-scope is shown in Fig. 114. In the time-base-sweep block, a trigger

is applied to a selective buffer amplifier that is intended to prevent any

other information that may be present on the same transmission line

from also acting as a trigger signal. The output signal of the buffer
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amplifier triggers a time-delay circuit, which furnishes a delayed trigger

to the master multivibrator. This circuit produces positive and negative

square waves having the desired time duration. The positive square

wave, applied to the first anode of the cathode-ray tube, brightens the

trace during the time of the sweep. The negative square wave opens

the electronic switch associated with a voltage-sawtooth-waveform gen-

erator. By means of the amplifier and sweep driver, a similar current

waveform is driven through one of the vertical deflection windings.

Vertical positioning of the trace is controlled by the direct current through

a second vertical deflection winding.

The horizontal-sweep block contains a source of voltage proportional

to the value of the function of the independent variable f(x), and sweep

drivers that produce currents through the horizontal deflection windings

proportional to this voltage. The voltage source may be any of those

mentioned in Chap. 5. A movable display may be made if some mechani-

cal or electrical means of orienting the voltage source with respect to the

input shaft is available. This orientation may be done mechanically

either by rotation of the potentiometer, condenser, or synchro-stator

frame, or by the insertion of a mechanical differential between the driving

shaft and the voltage source; or it may be done electrically by the use

of a differential synchro.

The choice as to whether potentiometer, synchro-carrier, or condenser-

carrier methods of obtaining voltage information should be used depends

upon the desired horizontal-sweep speed, the permissible phase lag in

/Or) (especially important when scanning back and forth over an interval

of f{x) or when scanning at variable rates), the required filtering of ripple

voltage, and the expected life of the equipment. For high scanning

speeds (about 10 cps) the condenser-carrier method is most suitable

because (1) the condenser can be operated at higher rotational speeds

than the potentiometers and synchros now available, (2) the carrier

frequency may be relatively high (1 Mc/sec or more) requiring little

filtering of the detected output and hence small phase lag, and (3) the

life is quite long. Synchros may be operated at slower speeds (up to

about 1 cps) and lower values of carrier frequency (maximum of 25

kc/sec) . Advantages of this method are that the data are free from noise,

and the life is long. On the other hand, the potentiometer method is

certainly the easiest and cheapest, and recently developed potentiometers

have long lives (10 million revolutions). However, the data tend to be

noisy; sufficient filtering minimizes this effect but phase lags may then

become excessive.

The signal and marker amplifiers included in the complete circuit are

usually fairly wide bandpass circuits (1 to 10 Mc/sec) in which the

selection of the pass band depends upon several factors (such as resolu-



Sec. 11-2] METHODS OF PRODUCING A B-SCAN 389

tion, sweep speed, and tube spot size) discussed in Sec. 4-8; and in which
the gain depends upon the voltage level of the input signals. It is

desirable to apply signals of at least 35 to 40 volts to the cathode-ray
tube. Sometimes the markers are mixed with the signals, but often it

is found much easier to insert them on different elements of the tube.

If more than one type of electronic marker is to be shown on the tube
face, they are mixed first.

The cathode-ray-tube block includes the tube itself, deflection and
focus coils, and intensity and focus controls.

If the scanner rotates continuously in one direction, the horizontal

sweep must be blanked out during its return time or the return time must

(6)

Fig. 11-5.—Pattern of B-scan with range normalization, (a) 50-mile B-scan, delay.
(6) 50-mile B-scan, 3-unit delay, range normalization.

be so short as to leave no visible trace on the tube. Otherwise two sets

of data will be presented for two different values of /(a;). For an oscil-

lating scanner it is necessary only to insure that f(x) is a single-valued
function of the scanner angle.

One variation of a B-scan should be considered in connection with
the reproduction of a sector of a polar-coordinate sweep with a radial

time base (in radar, a map sector). If the vertical sweep is delayed in

time so that later time intervals may be presented, the conventional
B-display preserves nearly constant spacing between angle indices with
increasing delay. This effect increases the lateral-distance scale factor
with increasing time as is evident in Fig. 11-3 where the lateral spacing of

angle marks is much less in b than in a. At times it is desirable to preserve
the lateral scale factor. This can be done if the horizontal sweep speed
is increased in proportion to the time delay of the start of the sweep, a
process known as "range normalization." The vertical time sweep must
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be fairly short because only an average normalization can be introduced.

In Fig. 11-5 the average distance between angle marks with range

normalization is more nearly the same for a and b than is the case with-

out normalization shown in Fig. 11 -3a and 6. With a range-normalized

scan, an overlay using a fixed scale factor may be placed over the display

to determine distance between points with a reasonable degree of

accuracy.

11-3. Examples of B-scopes.—A typical B-scope is described in block

form in Fig. 11-6, and the corresponding circuit diagram is shown in

Fig. 11-7.

The independent variable controlling the horizontal sweep is the

angular position of a scanner; the voltage supplied to the sweep drivers

is proportional to the sine of the scanner angle, as measured from a fixed

reference point. This particular B-scope includes a movable sector

obtained by employing two synchros so that, by adjustment of the rotor

of the type 1CT synchro (Fig. 11-7), any angle may be set at the center

of the cathode-ray tube.

A 1500-cps carrier of 200 volts peak-to-peak amplitude is generated

by the oscillator circuit, consisting of Vi and the tank circuit, a 0.05-juf

condenser Ci in parallel with the rotor of a size-5G synchro that rotates

synchronously with the scanner. If the size-5G synchro is rotating at

constant angular velocity, and if the shaft of the type 1CT synchro is

stationary, the rotor output from the 1CT synchro is a modulated

carrier such that the modulation envelope consists of two symmetrical

sine waves, 180° out of phase, in which the period T is the same as that

of the variation of angle (2 to 10 rpm), (refer to waveforms on block

diagram, Fig. 11-6). The output waveform of the 1CT synchro, after

passing through a cathode follower Vi, is demodulated by a phase-

sensitive rectifier V3 in such a way as to obtain only one of the sine waves

making up the envelope. This rectified voltage, applied to the cathode-

coupled horizontal-sweep drivers F4 and Vs, controls the current through

the horizontal deflection coils.

Except for the known voltage change in the cathode follower, the d-c

voltage level placed on the modulated carrier by the potentiometer R i

(which is also the voltage at points A and B on the waveform shown in

Fig. 11-6) is maintained through the following circuits and applied to

the input grid of one of the horizontal drivers. The voltage of the other

driver grid is adjusted by potentiometer R2 so that the two drivers are

drawing equal currents at angles corresponding to the null points A and

B of the modulated carrier. Because the deflection coils are connected

in push-pull, the trace is then centered horizontally.

The null points are determined by the orientations of the rotors of

the 5G and 1CT synchros relative to their respective stators. By turning
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the 1CT rotor, the null positions are changed, and accordingly the
azimuthal angles appearing at the center of the tube are changed. It

must be noted that the null points are located at two azimuthal positions,

180° apart. Furthermore, the slope of the voltage curve at one null is

positive, whereas that at the other is negative and gives rise to sweeps
in different directions at each 180°. Since the scanner rotates continu-
ously in one direction, it is desirable to blank out one of the two sweeps,
the "reverse azimuth sweep," to avoid presenting two sets of information
on the scope.

During the time of the reverse

azimuth sweep, the "flop-over"

V& provides positive blanking

pulses on the cathode of the

cathode-ray tube. The output

voltage of the phase-sensitive rec-

tifier is applied to one grid of 78,

with the result that only one sec-

tion conducts at a given time.

The section that conducts is deter- ro ,

«* i i

mined partly by the value of the Non-conducting
|

Period of rotation

of antenna ,1

(b) I

I

I

i-t

J+250V

I +150v

Y8a

Conducting

Non-conducting

Fig. 11-8.—Method of blanking return
azimuth sweep in a B-scan. (o) Azimuth
voltage sine wave applied to grid of azimuth
sweep-blanking tube Vsa. (b) Square-wave
blanking pulse on plate of Vs.b which is used
to blank the cathode-ray tube during the
positive interval, EF, corresponding to the
time of the reverse sweep control about B.
Dashed portion of (a) represents reverse
azimuth sweep.

input grid voltage, but mostly by *L
the sign of the slope of the voltage Conducting

curve at that point. Figure 11-8

makes this clear.

The vertical sweep, or range

sweep, uses no feedback to line-

arize the current through the

vertical deflection coil; the sim-

plicity is permitted by the rela-

tively slow time sweeps (250 to

1000 /zsec) that were needed and
by the low requirements on
linearity. A more complicated circuit, using current feedback for

increased linearity, could be used for the range sweep (see Chap. 10).

The synchronizing trigger, about 40 volts positive, is buffered by a
trigger discriminator tube Vu, which is so biased that only the inverted
trigger will appear on the output terminal. A time-delay " flip-flop " 712

is used to delay the time of the start of the sweep by an arbitrary amount.
The positive rectangular wave from the delay circuit is differentiated,

and the resulting positive and negative pulses are applied to the master
flip-flop, which is fired only by negative triggers. Hence, the sweep
flip-flop is triggered only by the falling edge of the delay gate. To
eliminate jitter of the time-base sweep, it is important that the delayed
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trigger represent a stable time delay, with a minimum of pickup. For
this reason the VR-150 voltage-regulator tube V13 is used to supply d-c

voltage with very low ripple to the cathode-coupled delay flip-flop. The
master flip-flop, producing negative and positive rectangular waves of

the desired time duration, supplies the positive rectangular wave to the

first anode of the cathode-ray tube to brighten the trace during the time
of the sweep. The negative rectangular wave operates the switch tube

Vua to provide in the plate circuit a voltage sawtooth waveform. The
positive sawtooth voltage is a-c coupled, and d-c restored to the proper
bias level, to the grid of the single-ended vertical sweep driver F16 to

give an approximately linear current through one vertical deflection

winding. Direct current through the other vertical deflection winding,

controlled by Rs, determines vertical positioning of the trace. The sweep
driver Vi6 is biased nearly to cutoff between sweeps so that, without
centering current, the vertical sweep will begin at about the center of

the tube.

Video signals, 6 to 10 volts in amplitude, are amplified in one stage,

V6 , and a-c coupled to the cathode of the cathode-ray tube. The cathode
is d-c restored to a selected bias controlling the brightness of the trace.

Angle and time indices are mixed nonadditively in a cathode-follower

and inserted on the grid of the cathode-ray tube. The focus is controlled

byRt.
An extremely simple B-scope may be designed by combining the

vertical sweep circuit in the preceding unit with the horizontal sweep
circuit used in the example of a C-scan (Sec. 11-5).

A block diagram of another typical B-scope is given in Fig. 11-9 and
a circuit diagram in Fig. 11-10. Particular features of this instrument
include: (1) a very fast time-base sweep, 15 fisec in duration, which may
start at zero time or at any accurately controlled delayed time; (2) a fast

azimuth sweep (16 sweeps per second), which is greatly expanded (cover-

ing about 5° in azimuth) and in addition is range-normalized so that
distances on the scope will be preserved regardless of the time delay; (3)

Table 11-1.

—

Additional Information Regarding Parts Included in Fig. 11-10

Part no. No. of turns Wire size Form, in.

u 50* #18 2

u 50 #28 *

u 51 #28 i
u 55 #32 \

u 52 #28 A
u 55 #28 A

* Tapped 9} turns.
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Osc.
coil

Time sweep circuit

Fig. 11-10.—Circuit diagram of B-scope. See
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-150v 250k lw~
Time indices

amplitude

Va
6SN7

Time and
angle mixei

Indices and
video mixers

and amplifiers

+300v-
2w 5% 25 k 2w 2w 5*

~
Intensity of cathode-ray tube

Table 11-1 for additional information.
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three accurate 1° electronic angle markers centered in the display; and

(4) blanking of the cathode-ray tube by means of a photoelectric-cell

switch at all azimuth angles except those to be presented on the tube.

Voltage for driving the horizontal sweep is obtained by the condenser

method of data transmission. The sweep condenser is effectively geared

to the scanner so that 320° rotation of the condenser corresponds to 10°

variation in azimuth. During the remaining 40° rotation of the con-

denser, the azimuth sweep is restored to its initial position (see Fig. 11-11).

The output from a 1-Mc/sec oscillator Vi (Fig. 11-10) is applied to a

voltage divider, consisting of C\ in series Avith the sweep capacitor C2

whose capacity varies linearly with the angle of rotation. The values of

the two capacities at all angles are such that the fraction of the carrier

voltage that appears across the

sweep condenser is proportional to

the angle of rotation of the con-

denser rotor. This modulated
carrier voltage is then detected by
V^, and the demodulated carrier

is filtered and inserted into a

cathode-follower stage V2& to lower

the driving impedance. Because

the azimuth sweep is relatively

fast compared with the one used

in the B-scope previously de-

scribed, the azimuth voltage from

the cathode follower is a-c coupled

to the driving stage. Potentiometer R^, the scale-factor control, con-

nected across the azimuth voltage, determines the amount of that

voltage to be supplied to the driving circuits and therefore determines

the azimuth scale. To compensate for the change of lateral scale

factor with time delay of the vertical sweep, the range-normalization

potentiometer R s is added. This potentiometer is mechanically con-

nected to the manual control that determines the time of delay of the

start of the vertical sweep, so that, as the time delay is increased, the

amount of available azimuth voltage at the brush of R 3 to be supplied

to the sweep drivers is proportionally increased. The range-normalized

azimuth voltage is split into two phases, 180° apart, by the phase inverter

V3, to provide push-pull voltages to the two horizontal sweep drivers Vt
and V&. The horizontal deflection coils are driven in push-pull from the

plates of these tubes. By proper adjustment of the tapped resistor

(potentiometer i? 4) between the two cathodes of the drivers, the tubes

are made to draw equal currents when their grids are at the same poten-

tial, thereby centering the horizontal sweep.

320 360 640 720
Degrees rotation of condenser

Fig. 11-11.—Relation between rotation

of the azimuth sweep condenser and azimuth
position.
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Time for slotted disk to
rotate through 32° cor- J
responding to actual

\

1° azimuth rotation.

The "stabilization sawtooth" voltage, which is coupled into the

azimuth sweep voltage at the junction of Cs and R 1} is added to the hori-

zontal sweep voltage only at the three positions where angle indices are

to appear on the tube. 1 At these positions, this superimposed waveform
stops the horizontal sweep always at the same voltage for a given mark
just long enough to ensure that

the angle marks will be located at

the same positions for successive

scans.

The azimuth-mark circuit per-

forms two functions: (1) It pro-

vides the three azimuth marks to

intensity-modulate the tube; and

(2) it supplies the stabilization

sawtooth waveform. A disk,

rotating synchronously at 16 cps,

intercepts the light to a photocell

V 7 except when one of the three

slots that are effectively 1° apart

in azimuth is passing through the

beam. Positive impulses gener-

ated at these three points are

applied to a cathode follower V%
and are then inverted and ampli-

fied in Vs. The negative output

signal from the amplifier is clipped

by Vwa and used to trigger the flip-

flop multivibrator, Vu and V10b.

To the other input terminal of the

flip-flop is applied a negative range

gate 4000times a second (since the

repetition rate of the trigger is 4

kc/sec) . This gate coincides with

the time interval of the vertical

sweep. The flip-flop is insensitive

to these negative pulses except for the first one that occurs immediately
after an angle pip has "triggered" the flip-flop. The net result is

that there appears on the screen of the Vu section of the flip-flop

a positive square wave, which begins with the azimuth-mark pulse and
ends at the beginning of the range sweep (see Fig. 11-12). This positive

square wave is differentiated, inverted, and clipped to produce a leading

negative pip and a lagging positive pip that occurs at the time of start

1 See Sec. 6-2, Fig. 6-8, sweep-stopping circuit.

Time of first delayed
time sweep trigger

after photocell pip

Time of initial pip

from photocell circuit

Increasing time

Fig. 11-12.—Production of azimuth mark
and stabilization of azimuth sweeps at the
time of the mark. Shaded area in (e)

represents time interval of azimuth mark
during which the azimuth sweep voltage
is practically constant. The horizontal
scale is greatly compressed as compared with
the vertical scale, (a) Positive square wave
on screen of Vu. (b) Waveform (a) differ-

entiated, (c) Inversion and amplification
of (b). The positive square wave is the
angle mark that coincides with a range
sweep, (d) Stabilization sawtooth voltage
generated on plate of Vu. (e) Stabilized
azimuth voltage.
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of the vertical sweep and that is about 16 Msec wide. The information is

applied to a mixer stage F2 2, which is sensitive only to the positive pip,

and there it is mixed with time indices and ultimately with the video

signals to intensity-modulate the cathode beam of the cathode-ray tube.

The stabilization sawtooth waveform is produced on the plate of the

Fn section of the flip-flop. Actually it ends right at the time of the start

of the intensified vertical sweep corresponding to the angle mark, but

the azimuth sweep voltage returns to its normal level so slowly in com-

parison with the 16-/xsec time duration of the sweep that the shift is not

noticeable. The RC sawtooth circuit consists of i2 7 and C4 ; the amplitude

of the stabilization sawtooth waveform is controlled by potentiometer R s .

A cathode-follower driver Via is used to mix the sawtooth waveform with

the normal azimuth sweep voltage.

The azimuth blanking circuit prevents a positive gate, coincident

in time with the vertical sweep, from raising the grid of the cathode-

ray tube to conduction level during the time of the reverse azimuth sweep.

Whether or not the positive brightening pulse is transmitted to the tube

through the part of the blanking circuit consisting of the coincidence

tube Vi6 and the amplifier Vn depends upon the voltage on the sup-

pressor grid of Vi6. During the 320° when the associated blanking disk

is interrupting the' light to the photocell Vi 3 , this grid is at ground level,

the brightening pulse is transmitted, and a sweep is visible on the tube.

This 320° is the angle through which the sweep condenser rotates to

produce the normal 10° azimuth sweep. During the remaining 40°

rotation, the suppressor grid of the coincidence tube is sufficiently nega-

tive (because of the impulse received from the photocell) to cut off Vit.

Therefore, the reverse sweep is blanked.

In the vertical sweep circuit, the time-sweep multivibrator Fi8 is

triggered by the delayed trigger from a timing unit. A positive time

gate from the plate of Visa is coupled to the coincidence tube Vie. A
negative time gate from Vim is amplified and inverted by Vi9 to supply a

positive pulse to the two grids of the vertical sweep drivers V20 and F2 i

operating in parallel. It is necessary to apply a large rectangular wave

of voltage across the deflection coil to produce the fast vertical sweep.

Voltage feedback from the deflection coil to the grids of the sweep drivers

acts to start the vertical sweep faster, and to make it more linear. 1

The vertical position is determined by the direct current through the

other vertical deflection coil; rheostat R5 is used to control this current.

The focus-coil current is adjusted by rheostat R 6. The first anode of

the cathode-ray tube is tied to a fixed potential.

Another part of the complete circuit includes marker and video

mixers and amplifiers to intensity-modulate the cathode-ray tube.

1 For a more complete discussion of this type of feedback, see Sec. 10«2.
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Time and angle indices and video signals are mixed in the two halves of

^22, and in Vi3 , respectively, since these three sections contain a common
plate load.

THE C-SCOPE

11*4. General Principles.—A C-scan is a rectangular display in

which each of the two coordinates is a function of an independent vari-

able. The points are plotted on this coordinate system by applying an
intensifying signal to the cathode-ray tube whenever the values of inde-

pendent variables are such that the phenomenon under investigation

occurs. The two coordinate axes are generated by the horizontal and
vertical sweeps from voltages proportional to the desired functions of

the two independent variables.

To emphasize the general fea- -0v E» +300v

tures of this display, an example

will be cited which illustrates its

fundamental graphical properties

more clearly than does the radar

example. In order to obtain a

plot of the characteristics of a

triode vacuum tube, a deflection-

modulated display (Chap. 7) could

be used to show the variation of ip

with either eg or ep ,
provided that

one of these variables was held

constant. However, with a

C-scan, a plot may be obtained of

all the combinations of eg and ep

which correspond to a given value of ip . The vertical position of the

cathode-ray-tube beam could be controlled by e whereas the horizontal

position could be controlled by ep . Then, the proper circuits could be set

up to give an intensifying pip any time that ip reached a given value

such as zero.

Figure 11-13 shows the resultant display. The line ip
— (the cut-

off point for the tube) is shown as a solid line. Similar plots of ip = Ii,

or ip = I2, could also be presented. In order to give continuous informa-

tion, it is desirable for one of the independent variables to go through

its range of values much more rapidly than the other.

Figure 1144 illustrates the advantages of this method of proportion-

ing sweep speeds. To develop the display of Fig. 11-13 it would be

simplest to vary the grid voltage through its range of values while the

plate voltage changed slightly.

In radar, the C-scope is used to present azimuth vs. elevation angle

-30
Fig. 11-13.—Curves of variation of

plate current with plate voltage and grid
voltage.
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of a radar beam that is sweeping systematically (in azimuth and eleva-

tion) through a given sector of space. At certain combinations of the

two variables, targets are located and appear on the screen as intensity-

modulated echoes.

If this were the whole story, designing a C-scan would involve only

altering the vertical sweep of a B-scan so that it, like the horizontal

sweep, would be controlled by an independent variable. But a compli-

cating factor is added in pulsed systems, including radar, because of the

time factor that must be considered. The time-base sweep, which nor-

mally resolves signals and noise, tends to add a third dimension to the

two-dimensional display of azimuth vs. elevation angle. To be consist-

+ 300

(a) (6)

Fig. 11-14.—Effect of increasing vertical sweep speed relative to horizontal sweep
speed, (a) Horizontal sweep speed about $ vertical sweep speed. The vertical sweep
is shown at 1 ; the intensity modulated signal at 2. (6) Horizontal sweep very slow com-
pared with vertical sweep.

ent with the constraints imposed by the two dimensions, the time-base

line must be compressed to a dot, and all the information appearing along

that time-base line integrated to make up the total intensity of the dot.

However, if the information of interest occupies but a small time interval

of the total time-base line, as is usually the case in pulsed systems, its

signal contributes but a small incremental effect to the integrated

intensity. Physically this means that it would be very difficult to

differentiate between a spot in which the signal occurs and one in which

only noise occurs.

The only effective way to gain the needed contrast between a position

in azimuth and elevation containing a signal and one without a signal is

to locate in range a small pedestal on the target, and to bias the cathode-

ray tube so that only during the short time interval represented by the

width of the pedestal is the screen of the cathode-ray tube brightened,

regardless of the azimuth-elevation position of the antenna. The noise
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and signal are integrated only over the brief time corresponding to the

pedestal. This, then, is a condition for satisfactory operation of a
C-scope in pulsed systems to distinguish signals from noise. To fulfill

the condition, it is almost a necessity to operate simultaneously another

type of display, such as an A-scope, in which the time base is resolved

into a line on which the pedestal may be located over the target. This

range pedestal restricts the space area that can be presented on the dis-

play; therefore the C-scope is a plot of azimuth and elevation only over

a small interval of range. The size of this range interval must be kept

small if weak signals are to be recognized in the midst of noise.

Horizontal

sweep
circuits

Currents prop. f
to f{x) J

Vertical

sweep
circuits

Currents prop. f
tof(y) |

J
Hor. defi. coil

Vert. defl. coil

/(*) Controls the horizontal sweep

f(y) Controls the vertical sweep

Time
selector t_t

Time syn-

chronizing

trigger

Time-delay

circuit

Delayed
time-interval

multivibrator

6.3 v A-c

Indices and
signals

mixer and
amplifiers

Indices in

o

o
Signals in

Fig. 11-15.—Simplified block diagram of C-scope.

A simplified block diagram of a C-scope is shown in Figure 11-15.

The horizontal and vertical sweep circuits are similar to those used for

the horizontal sweep of a B-scope; in fact, they may be identical. The
signal-amplifier and marker-mixer block and the cathode-ray-tube
block also resemble corresponding parts in a B-scope. The only addition
in the case of the C-scope is a time-selection circuit, which provides for a
time pedestal to brighten the cathode-ray tube only during the time
interval occupied by the signal of interest. This time-pedestal feature
is necessary only for pulsed systems. For a simple system, in which one
is interested in plotting only the variation of a phenomenon with respect
to two independent variables regardless of a time consideration, a C-scope
may be extremely simple and may involve no electronic components
except for signal amplifiers and the cathode-ray tube.

The time-selector circuit consists fundamentally of a time-delay
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circuit that gives sufficient delay to locate the pedestal on the signal and

a delayed-time-interval multivibrator to produce a delayed square wave.

This delayed waveform may be connected directly to some element of the

cathode-ray tube to brighten the tube, or it may be inserted into the

signal amplifier so that signals will be transmitted to the tube only during

the time interval of the pedestal. It is important to remember that

the time-selection pedestal is operating no matter what the values of the

two independent variables may be.

11-5. Example of a C-scope.—The circuit diagram of atypical C-scope

is shown in Fig. 11-16.

The azimuth and elevation sweep circuits are identical, and of the

type that could equally well be used to provide the horizontal sweep of a

simplified B-scope. Each circuit consists only of a deflection coil con-

nected directly across two contact arms (180° apart) of a full-circled

potentiometer (see Chap. 5). The potentiometer is connected from the

+24-volt d-c source to ground as shown. When the contact arms are

each at the half-way voltage point between 24 volts and ground, no

current flows through the coil, and the trace is centered. Rotation of

the contact arms in one direction or the other from the central position

deflects the beam in the corresponding direction from the center of the

tube.

There are some objections to this method. If the winding of the

potentiometer is linear, then the current drawn by the potentiometer

from the power source must be large compared with the current through

the deflection coil. Otherwise, the deflections would not be linear. To
obtain a low-resistance potentiometer, the wire used must be rather

large, and, consequently, poor continuity of data transmission or large

potentiometer noise will result. Although the linearity may be improved

by properly tapering the winding, the current taken from the potentiom-

eter by the deflection coil will usually still be sufficient to require wire

size large enough to cause considerable noise and short life. These

factors must be balanced against the accompanying circuit simplicity to

determine whether the potentiometer method, as used in this circuit, is

suitable for a particular case.

Control of the horizontal and vertical positioning is obtained by two

air-core coils on the same form, placed inside of the focus coil. Dual

potentiometer JF2 3 determines the vertical centering and dual potentiom-

eter Ri determines the horizontal centering. The current through the

focus coil is controlled by R 5 .
1

1 Alternatively, the centering coil may be a square coil similar to the deflection coil,

but with a stack height of only \ in., interposed between the focus and deflection coils.

Neither of these methods of centering is so satisfactory from the standpoint of per-

formance as that of centering by means of extra windings on the deflection coil itself.
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The circuit used to obtain the delayed time-selector gate could be
simplified for some applications by omitting some of the clipper and
buffer stages. In this circuit, a positive trigger is amplified and inverted

by Via, and the negative output pulse is used to trigger the time-delay

flip-flop consisting of V2 and V 3 . The amount of delay is controlled by
the value of the variable condenser d. The positive rectangular wave
from this flip-flop is buffered from the gate circuit and amplified by Va.
The output of the buffer is a positive pulse at the delayed time (end of

flip-flop waveform). This pulse is differentiated and applied to a clipper

tube Vi, which is so biased as to transmit only the positive differentiated

pip. By transformer coupling to the plate of the buffer tube, the delayed

positive trigger is applied to a cathode-coupled multivibrator, the time-

selector gate generator V5 . Part (Ri) of the plate resistance of the sec-

tion that gives a positive gate is common with the limiter section F 7 of

the video-amplifier circuit; thus a video signal that occurs during the

time interval of the time-selector gate is placed on top of that pedestal.

The mixed output of the time-selector gate and the video signal is then

applied through cathode followers V$ and Vg to drive a low-impedance

cable. Before this information is applied to the grid of the cathode-ray

tube, it is connected through C2 to a d-c restorer that restores the voltage

level to a value set by R% so that only the video information will intensify

the tube.

The cathode of the cathode-ray tube is held at ground potential

during the normal sweep intervals because Si is closed. At the time of

the return sweep, however, Si is opened to put the cathode at a positive

level and, therefore, to blank the tube. The first anode is held at a fixed,

positive potential.

TELEVISION DISPLAYS

11-6. General Principles.—The third type included under rectangu-

lar-coordinate displays is the television scan. Here the two sweeps are

functions of time, and both are synchronized to give a stable and recur-

ring pattern. The sweeps are usually linear with time. The horizontal

sweep, the fast sweep, is kit, and the vertical sweep k4, where ki/k2 is

a constant. If ki/k% is an integer, the pattern is exactly duplicated for

each complete vertical scan. If ki/k 2 is a half integer, the pattern

requires two vertical scans to give a complete picture. In television,

this latter case is known as "interlacing."

The use of the television display in radar has been limited to that of

producing rasters on cathode-ray tubes for testing and checking such

characteristics of the tubes as light output from the screen, decay time

of the phosphors, buildup factor of the phosphor, and spot size. 1

Except for the need of a unit that synchronizes the triggers to the

1 These factors are discussed in detail in Chap. 18.
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vertical and horizontal sweep channels, the problems in designing a

television scope are similar to those encountered in designing the time

sweep in a B-scope. Since, in both cases, it is very desirable to produce

sweeps that are linear, the same types of coils and driving circuits are

applicable. There is one important feature of the fast horizontal sweep

of a television scan, however, that requires more attention, and that is

the very short recovery time between the end of one horizontal sweep

and the start of the next. In B-scans, and in fact in all time-base sweeps

used in radar, it has been customary to let the deflection coils fully

12kc/sec
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Fia. 11-17.—Block diagram of the sweep circuits used in television display.

recover between sweeps. In this way, it has been possible to avoid the

sweep "jitter" that would be present with any variation in the timing of

the trigger if successive sweeps started at varying initial flux conditions

in the deflection coils. This practice has meant that, for the types of

deflection coils commonly used, at least 200 usee is allotted for coil

recovery, and that the time between synchronizing triggers must be

enough greater than the longest time sweep desired to give the 200-Msec

difference.

By contrast, the 525 horizontal sweeps per scan, occurring 30 times a

second according to present television standards, require a time interval

between horizontal triggers of 65 jusec. Of this time, \, or about 10 /tsec,
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is allotted to the return time. It is necessary, therefore, to resort to

special methods of damping the oscillations that tend to occur in the

deflection coil after the horizontal sweep is terminated. Furthermore,

the sweep coil does not completely recover to its initial flux condition,

instead, since the triggers occur at exactly spaced time intervals, the

horizontal sweep is always started at the same flux intensity of the coil.

11*7. Methods of Obtaining a Television Display.—A typical circuit,

used in cathode-ray-tube test equipment, is shown in Figs. 11*17 and

Retrace time

B+ minus
IR drop
in plate

circuit

Fig. 11 -19.—Waveform of horizontal television sweep circuit, (a) Switching square
wave to input (grid Vi) of horizontal sweep generator. (6) Voltage input to grid of hori'

zontal sweep driver Vi. (c) Voltage waveform on plate of sweep driver, (d) Current
through deflecting coil.

11 18. A positive 12-kc/sec horizontal synchronization pulse is put

through two stages of amplification V\ and differentiated by R\ and Ci

to give a switching waveform to the horizontal sweep generator F2 .

The sawtooth voltage from the plate of V2 is applied to the grid of the

horizontal sweep driver Vs. In the plate circuit are connected three

units in parallel: (1) a large choke of low distributed capacity, (2) Vi,

and (3) the deflection coil. The combined action of the sawtooth

voltage waveform on the grid of F3, acting through the tube, and of Vi,
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with the special network connected between the grid and cathode, is to

provide a fairly linear sweep through the deflection coil. Tube F4 also

serves to damp the free oscillations initiated in the inductances and
associated distributed capacities, as shown in Fig. 11 -19. After the

horizontal sweep driver is turned off at the end of the input sawtooth

voltage, the voltage on the plate returns quickly to B-+- and overshoots

above B+ ; F4 acts as an open circuit and thus does not tend to decrease

the Q value. When the voltage on the plate returns to a value just below

B+ (because of the IR drop in the plate circuit), F4 becomes conducting

and damps out the oscillation.

In this case, horizontal positioning of the trace is accomplished by a

method not previously discussed. A simplified, but not complete,

explanation of this method is that the deflection coil is effectively a-c

coupled to the driving circuit so that the sawtooth waveform of current

passing through it is centered about zero average current in the coil.

Accordingly the current is negative at the start of the sweep and the

beginning of the horizontal trace is shifted about as far to the left of the

center as the end of the sweep is to the right.

Actually, some direct current flows through the deflection coil, but
it is only a small amount because of the relatively low resistance of Li
and Vi in parallel with the deflection coil. The value of this small direct

current may be controlled by rheostat Rz which, therefore, is the hori-

zontal centering control.

The vertical sweep is so slow that the load of the plate circuit of the

drivers V6 looks almost like a resistance load. In this case, the vertical

deflection coil is transformer-coupled to the sweep driver tubes so that

negative centering currents may be supplied, as shown by Fig. 11-18.

The centering is controlled by the rheostat Rz.



CHAPTER 12

SPECIAL DEFLECTION COILS FOR OFF-CENTERING

By R. D. Rawcliffe and R. W. Dressel

Frequently, it is desirable to locate the origin of a display at some
definite position with respect to the center of the cathode-ray-tube

screen. The process of setting the origin accurately at the center of the

screen is called "centering"; whereas the process of locating the origin

of the display at some position other than the center is termed "off-

centering." Usually, centering involves only the small deflections

necessary to correct inaccuracies in the electron-gun alignment, but off-

centering requires large deflections since the origin may be off-centered

by one or more radii. The usual methods for centering cannot, as a rule,

be used for off-centering because of this difference in the magnitude of

deflection.

The large deflections for off-centering may be achieved by a separate

deflection coil, permanent magnets, special driving-circuit design, or a

special winding on the deflection coil itself. The particular method

chosen will depend upon the requirements and limitations of the system

in which it is to be used.

12«1. Centering Systems Using Separate Coils Displaced Axially

from the Sweep Coil.—One of the simplest arrangements for centering

consists of a thin, square, iron-core coil inserted between the standard

focus and deflection coils. The focus coil must be pushed back from its

optimum position to make room for this coil, and therefore an increase

in spot size, which can be estimated from the curves of Fig. 3-6, results.

The core-lamination stack thickness of the centering coil should be less

than £ in. to minimize the focus-coil displacement.

Defocusing can be reduced if the centering coil is mounted inside the

focus coil. An air-core centering coil should be used and the inside diam-

eter of the focus coil must be enlarged to accommodate it. This change

considerably increases the power required for focusing; however, such a

centering system operates satisfactorily with the additional advantage

that it requires very little room.

A separate centering coil can be placed between the screen and the

sweep coil on tubes such as types 7BP7 or 12DP7. The glass envelope

of these tubes is so shaped that there is room for a large centering coil

in this position. Such an arrangement may also be used for off-centering

411
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by a limited amount, the limit being approximately one-quarter radius

of the tube screen. If the display is off-centered a distance greater than

one-quarter radius, the electron beam will be intercepted by the tube neck

in the course of its complicated deflection, and a portion of the screen

will be left in shadow. The magnetic-field distribution of this coil

should be strongly "pincushion" to preclude pattern distortion. 1 A
large toroidal deflection coil having two sets of windings for both hori-

zontal and vertical deflection works well in this application. To produce

the necessary pincushion field each winding should cover an arc of only

80° on the toroidal core. Within their limits of deflection, these coils

give satisfactory performance and require very little current.

12-2. Off-centering Field Provided by a Separate Winding on the

Deflection Coil.—The field for off-centering a display may be generated

by a separate set of windings on the core of the deflection coil. These

additional windings are similar to the push-pull windings described in

Sec. 8-13, and, in fact, a push-pull coil may be used for this purpose.

However, the presence of the extra winding significantly affects the per-

formance of the windings used for deflection.

The two sets of windings are tightly coupled magnetically since they

are wound one over the other on the same core. As a result, the dis-

tributed capacitance of the off-centering winding, multiplied by the

square of the ratio of the off-centering to deflection turns, is reflected

into the deflection winding. Since the distributed capacitance of a

layer-wound solenoid is large, the off-centering winding should have

fewer turns than the deflection winding to avoid enormous values of

shunt capacitance. Another reason for keeping the turns ratio at unity

or less is to prevent large induced voltages in the off-centering windings.

These limits on the number of turns make it necessary to have an off-

centering current rather large compared to the average deflection current.

In addition, the windings are sensitive to oscillations, the effects of which

appear as crooked sweeps. For these reasons, an off-centering system

of this type should be used only for slow sweeps where the effects of dis-

tributed capacitance and oscillation are small.

12*3. Permanent-magnet Off-centering with an External Magnet.—
One arrangement 2 for permanent-magnet off-centering consists of an
air-core sweep coil surrounded by a square yoke, two legs of which are

permanent magnets. The other two legs are of soft iron or some high-

permeability alloy, as shown in Fig. 12-1. The field of this magnet is

almost equivalent to that of a square iron-core deflection coil and is

essentially uniform if the magnets extend the full length of one side of

the square. Shortening the length of the magnets and replacing the

1 See Chap. 9.

2 A. M. Skellett, Bell Telephone Laboratories, personal communication.
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sections removed with soft iron causes the field to become pincushion in
the same manner that the field in a square iron-core coil becomes pin-
cushion if the winding length is decreased. The amount of off-centering
can be adjusted by changing the

degree of magnetization of the bar

magnets, or by the use of adjusta-

ble soft-iron shunts placed par-

allel to the magnets along their

outer surfaces. These shunts can
be mounted to swing back from
the magnets to vary the field

strength. In this manner, a var-

iation in the off-centering by a
factor of about 3 can be achieved.

The deflection coil used with
this off-centering yoke is neces-

sarily of the air-core type. The
only iron return path permissible

around this coil is that provided
by the permanent-magnet yoke,

Magnet

Fig. 12-1.

Magnet
Air-core coil

—Permanent-magnet off-centering
with external magnet.

which adds very little to the efficiency of the deflection coil. It does,

however, tend to distort the field of the coil if the coil is not accurately
aligned in the yoke. Because of the poor return path, the deflection coil

requires nearly twice asmuch driving

power as it would if there were a
close-fitting soft-iron return path
around it.

The permanent magnet provides

an off-centering field in only one

direction . Off-centering in any other

direction must be provided by pass-

ing a current through the deflection

coils.

One of the disadvantages of this

type of off-centering is the pattern

distortion produced. Iron-filing

patterns of the fields produced by
permanent magnets nearly always
indicate a nonuniform magnetiza-
tion. In particular, if two magnets

are placed so that their fields oppose as is the case of the magnet yoke
considered here, one magnet seems always to be sufficiently stronger than
the other to reduce the uniformity of magnetization of the weaker magnet.

N N
Fig. 12-2.—Typical field distortion in per-

manent-magnet off-centering yoke.
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One typical field distortion is shown in Fig. 12-2. The resulting pattern

distortion is small, but it is large enough to be troublesome in precision

systems. The distortion varies in a random manner from unit to unit,

and hence it cannot be easily corrected. The field distortion is usually

not abrupt enough to cause noticeable defocusing.

A better off-centering yoke could probably be made if the magnets

were used only to produce a magnetomotive force in such a way that

they did not determine the field distribution. Soft-iron pole pieces

could be used to shape the field.

kS\\^\yv\\^W

-Magnet

^\\\\\\^W^
j

Soft iron

return path

^\\^\\\\\\\S\^\\

J

1
\\\\^Vs\V\^

Fig. 12-3.- -Improved permanent-magnet off-

centering yoke.

One possible arrangement of per-

manent magnets is shown in Fig.

12-3. It has the fundamental

advantage that the two magnets

furnish fields that aid instead of

oppose each other. Slight un-

balances in the strengths of the

two magnets have negligible

effects on the field. Because the

magnets are small, they must have

a large coercive force. Alnico II is

one of the best materials now

available for this purpose. The

obvious disadvantage of an off-

centering yoke of this type is its

large physical size, but this

difficulty may well be offset by its improved performance.

12-4. Permanent-magnet Off-centering with Internal Magnets.—

A

permanent-magnet off-centering field can be produced by small magnets

inserted in the core of a square iron-core deflection coil. As shown in

Fig. 12-4, two small magnets are required in each of two opposite legs of

the core to produce the off-centering field. The windings are placed

over these legs covering the magnets as well. An additional set of wind-

ings may be placed on the remaining two legs of the core.

The field produced by the magnets, also shown in Fig. 12-4, is similar

to that produced by a coil. However, fringing fields around the short

magnets distort the field somewhat, so that it is not uniform, and cause

a small amount of pattern and focus distortion. In order to prevent

extremely nonuniform fields the magnets need not be uniformly mag-

netized but the effective strength of the four magnets must be

equal.

The field distribution is controlled by the separation A between the

magnets. By adjustment of A, the field can be made very pincushion-

or slightly barrel-shaped. This distance plays the same role as the wind-
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ing length on a square coil. The field distribution required for minimum
pattern distortion will depend on the type of cathode-ray tube used.

The field produced by the windings over the magnets should be care-
fully matched to that of the magnets since the net deflecting field is the

Magnet
^Laminated iron

Fig. 12-4.—Core of deflection coil with permanent-magnet off-centering, showing the
field of the magnets.

10 20 60 70 8030 40 50

Deflection in mm
* FlQ# 1

J*
5-—Deflection versus deflection current for deflection coils with permanent-

magnet off-centering. Curve A, slow sweep; Curve B, 200-/isec sweep; Curve C, 50-usec
sweep; Curve D, 12-/jsec sweep.

vector difference between these two fields. If the two fields have dif-

ferent distributions, the net field will be distorted, particularly when
the two fields are nearly equal. Serious irregular pattern distortions
result, accompanied by a deterioration of focus. The winding distribu-
tion needed to match the fields is best found by trial. Pie winding (see
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Sec. 8-14) should be used for this winding because of the ease and accuracy

with which the winding distribution can be controlled. Adequate control

of the magnetic field is not possible with simple layer windings.

The core of a deflection coil using internal magnets is cut into four

pieces, two I -sections and two U-sections, and the magnets are inserted

at the cuts. A ribbon-wound core (see Sec. 8- 13) is satisfactory, but U-

and l-shaped lamination punchings may be stacked to form a core. The

windings cannot be separately

wound and slipped onto the core

because of the shape of the U
pieces; instead they must be

wound directly upon the core sec-

tion held in a winding machine.

The magnets themselves sup-

port stronger eddy currents than

does the ribbon-wound core.

These eddy currents act to slow

the start of the sweep and to pro-

long the recovery time when the

sweep has been completed. The

series of graphs in Fig. 12-5 shows

the effect of these eddy currents

upon the input current to the coil.

The voltage waveforms in Fig.

12-6 illustrate how the magnets

retard by approximately 30 Msec

the recovery time of the coil at the

end of a sweep. The magnets

also reduce the peak of the oscilla-

tion by a factor of 2.

Since the current in the coils

tends to demagnetize these small

30 60 90
Time in microseconds

Fig. 12-6.—Recovery of permanent-
magnet off-centering deflection coils. Time
measured from end of sweep—Curve A, no
magnets in core; Curve B, with magnets.

magnets, they must be made of a material having a high coercive force if

they are to produce a sufficient and steady off-centering field. There

are a number of suitable magnetic materials that have a coercive force

high enough to withstand this demagnetizing action if it is limited to

that produced by the sweep current. However, if the plate end of the

coil should be accidentally short-circuited to ground, as might frequently

occur during testing, thus connecting the whole power supply directly

across the coil, a much larger current will pass through the coils. No

known magnetic material will withstand this current surge, but the best

available is the type 426 alloy. l Alnico V has a very much higher energy

i Type 426 alloy magnets are manufactured by the General Electric Co., Schenec-

tady, N.Y. G.E. Drawing No. K-71D730.
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content but is less satisfactory, as shown in the curves of Fig. 12-7.

The operating point is at such a low flux density that the demagnetizing
force for the 426 alloy is considerably larger than that for the Alnico V.

After the fields #i or #2 of Fig. 12-7 have been applied, any weaker
field will not disturb the magnetization, but a stronger field will further
reduce it. The current that can safely be passed through the coil is

therefore limited. The current can be limited to this value in case the
plate side of the coil is short-circuited to ground by inserting a small
resistance in series with the coil on its positive side. Because the 426-
alloy magnets can stand about ten times the demagnetizing field pro-

1400 1200 800 H2 H
t

H in Oersteds

« i/
IG

"
1

.

2-]'-—Demagnetization curves of Alnico V and 426 alloy. Demagnetization
nelds needed to attain desired operating point are shown as Hi (Alnico V) and Ha (426
alloy). (These curves are not quantitatively to scale.)

duced by the sweep current, the current-limiting resistor may be small
so that the voltage drop across it during the sweep may not be serious.

The magnetization of the magnets must be done in such a manner
as to attain the maximum possible stability. First, they must be
thoroughly saturated in the direction in which the field is desired. The
magnetization must then be reduced to the desired operating point by
passing current through the windings themselves. The saturating
operation can be satisfactorily accomplished with the field of a strong
electromagnet. The "knockdown" or partial demagnetization cannot,
however, be so accomplished. Because it is usually most convenient to
do both operations with one setup, an electromagnet need not be used
at all. Frequently magnets are magnetized by discharging a condenser
through a coil, but this method is not advisable in this case because the
voltage rises so rapidly when the condenser is connected across the coils
that the distributed capacity shunts out most of the winding at the start
of the pulse. The first few turns then take all the load for an instant and
burn out.
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The circuit shown in Fig. 12-8 will force the necessary current through

the coil without allowing such a steep wavefront as to damage the

winding. The inductance of the Variac and transformer in series with

the coil prevent this steepness. The current through the coil consists

of a pulse of rectified half cycles of the 60-cps voltage, and the length of

this pulse is determined by the length of time the push button is held

down. Since a very few half cycles are adequate, the push button should

be given only a short tap. The amplitude of the current is set to the

desired value by the Variac. Approximately 5,000 ampere-turns through

each leg of the coil are required for saturating the magnets. For reducing

the magnetization to the operating point, approximately a third of the

above field is required in the reverse direction.

Reversing switch

Type 100AQ
Variac

45 v •••!

battery L

Fig. 12-8.—Magnetizing circuit.

The thyratron must be capable of standing surge currents of about

25 amp (for a 200-turn coil) and a voltage of about 1500 volts (for coils

with about 1000 turns). A GE Type 3C45 tube was found to operate

very well for coils within this range. The required grid voltage for this

tube is supplied by the 45-volt battery shown.

The voltage required across the coil is essentially equal to the IE-drop,

which is proportional to the number of turns. A stepup transformer is

needed for coils with more than about 200 turns. This transformer

need be rated for only a fraction of the peak current required, but its

resistance should be small compared with that of the coil being magne-

tized. It should have adequate insulation to allow for surges that may

occur when the thyratron circuit opens. For coils with 200 turns or

less, the transformer should be omitted.

A permanent-magnet off-centering deflection coil of this type is

useful principally for the production of a rectangular scan, one sweep of

which is fast (10 to 50 Msec) and the other slow. The obvious advantage

is the large saving in off-centering power, which might amount to more



Sec. 12-5] OFF-CENTERING FOR A RADIAL-TIME-BASE DISPLAY 419

than 100 watts in coils wound for fast sweeps. The disadvantages
include somewhat poorer focus and a small amount of pattern distortion.
Eddy currents in the magnets cause a small amount of sweep distortion,
but the over-all performance at higher sweep speeds is probably at least
as good as that of the conventional square iron-core coil although not as
good as that of an air-core coil. It is much cheaper to operate than
the air-core type of coil.

12-5. Off-centering for a Radial-time-base Display.—Two deflection
coils combined as in Fig. 12-9 may be used to off-center a radial-time-base
display. The larger of these two, a square iron-core deflection coil,

generates a fixed magnetic field that serves to set the origin of the display
at any desired position, whereas
the inner air-core coil carries the

sweep currents and is rotated

mechanically to provide the radial

display. Sweep power may be
applied to the rotating coil through
a pair of slip rings.

If the magnetic fields of the

two coils were identical, it would
be possible to move the sweep
origin any number of radii from
the center of the tube screen.

However, it is impossible to build

two coils so widely different in

shape and achieve identical field

distributions. For this reason,

the origin may be off-centered a maximum distance of about three radii

by this scheme before the focus deteriorates and the pattern distortion

becomes unacceptable.

Axial field distributions of the sweep coil and off-centering coil,

together with the resultant field distribution when these two are super-
imposed, are shown in Fig. 12-10. Because of its large size, the field

from the off-centering coil is broad, whereas that of the sweep coil is

comparatively narrow. Consequently, the resultant field of these coils

in combination is complicated, having two reversals along the coil axis.

An electron in passing through such a field is dehccted first in one direc-

tion and then in another, following the peculiar serpentine path illustrated

in Fig. 12-11. An idea of how scanning occurs may be gained by examin-
ing the three electron paths shown. When the off-centering system is

in operation, the field generated by the off-centering coil is fixed while
that of the sweep coil (here assumed to be stationary) increases linearly

with time from zero to its maximum value. In Fig. 12-11, the field due

Fig. 12-9.—Off-centering coil and air-core de-
flection coil in combination.
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to the sweep coil is in a direction opposite to that of the off-centering

coil. Accordingly, the resultant field

distribution passes through all values

between the limits marked a and c in

the diagram. Deflection paths for

three particular values illustrate the

progressive deflection of single

electrons.

A beam of electrons is deflected in

a similar fashion, but because of the

complex field distribution with its at-

tendant nonuniformities, the beam

becomes defocused. The defocusing

action of the deflecting field increases

more and more rapidly as the sweep

origin is carried off the screen, three

radii off-center representing a practi-

-10 +10
Distance along coil axis

(a)

Fig. 12-10. Fig. 12-11.

Fig. 12-10.—Axial field distribution of coils used in off-centered display, (a) Field of

sweep coil, (b) Field of off-centering coil, (c) Resultant field when sweep and off-centering

fields are in opposition: (1) no off-centering, (2) 1-radius off-centering, (3) 2-radii off-

centering.

Fig. 12-11.—Electron paths (A, B, C) through field distribution (a, b, c), showing how

scanning takes place.

cal limit. Not only does the illuminated spot on the screen become

defocused, but it also is distorted in shape as shown in Fig. 12- 12.

These distortions are characteristic of the field distribution because

they do not occur if the fields of the two coils are identical.
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The deflection pattern also is distorted in the manner illustrated in

Fig. 12- 13. This diagram shows four views of a cathode-ray tube in
which the sweep origin is off-centered 0, 1, 2, and 3 radii. These four
views are joined together so that the whole length of the sweep may be
seen as one continuous line. Solid lines indicate the actual sweep, and
the dotted lines indicate the position that the sweep would have had if

Fig. 12-12.—Distortion of spots and sweep with off-centering of 0, 1, 2, and 3 radii.

it were straight. A distortion as great as this may be serious if accurate
measurements are to be taken directly from the tube face, but the
pattern in any one of the off-centered positions is not objectionably
distorted in appearance. A better idea of the appearance of such a
display may be obtained from the series of photographs in Fig. 12-14.

Since the magnetic field generated by the sweep coil in this deflection

system is four times as great as that generated in ordinary deflection,

eddy currents induced in surrounding metal parts can become much more
troublesome. These currents continue to circulate for 2000 to 5000
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Msec after the sweep has ended. Moreover, they have sufficient strength

in metal partB close to the tube neck to cause a small deflection of the

beam. Consequently, the time required for the decay of eddy currents

in the tube mount may limit the sweep repetition frequency in a manner

Amount of

off-centering

in radii.

Fiq. 12-13.—Composite showing traces for four conditions of off-centered radial sweep.

similar to the limitations imposed by the recovery time of the deflection

coil. The only remedy is to replace the offending parts with nonmetallic

material.

Strong magnetic fields that tend to magnetize permanently any iron

parts of the mount are set up by the off-centering coil. This permanent

magnetism is particularly undesirable when the radial display is shifted

Fiq. 12-14.—Radial-time-baso display in various off-coiitered positions

to various off-center positions because it may cause an error of as much

as 1 in. in the location of the origin. The cure for this condition is again

to remove the iron parts. In addition, the iron core of the coil itself

tends to become permanently magnetized, and care should therefore be

exercised to select a core iron having low retentivity.
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The physical construction of the air-core coil is discussed in Appendix
B. A semidistributed coil with bent-up ends (as illustrated in Fig.
8-26e) fits this application better than any other air-core coil because of
its comparatively broad axial field distribution, its uniform field, and
its reduced fringing fields.

The problem of construction of the large off-centering coil, however, is

unique because of the requirements of the coil. Since this coil is external
to and encloses the sweep coil, its aperture is much larger than that of
the sweep coil. Thus, the number of ampere-turns required to produce
a given deflecting field is higher. Further, since the currents that must
be maintained in the off-centering coil are essentially constant, the power

Fig. 12-15.—Motor-stator type of off-centering coil.

required to hold the origin of the trace several tube radii off-center may
be high. Usually, then, in order to reduce the current required, one
would like to use as many turns of wire as possible on this coil. Unfor-
tunately, this method increases the magnetic coupling between the fixed
and rotating coils, and causes difficulties to be described later. The
stack height of the core should be short in order to keep the axial field

distribution as narrow as possible, but here again a short stack height
requires a large driving power. About one inch is a good compromise
height. 1 Even if the off-centering coil carries only direct current, the
iron core should be laminated because of its proximity to the sweep coil.

Windings may be center-tapped and placed on four legs to give both
horizontal and vertical deflection. With this type of winding the origin
of the radial display may be located in any of the four quadrants. An
alternative design is to build a mount rotatable through 360° and capable

1 For constructional details see Fig. B-4.
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of holding the large, square coil. A mount of this type is illustrated and

discussed in Sec. 16-3. Single-ended windings may be placed on all four

legs and connected in series to give a magnetic field directed across one

diagonal of the coil. In this case the origin may be located in polar

coordinates. 1

An off-centering coil may also follow the motor-stator type of design

illustrated in Fig. 12-15. Such a coil is twice as efficient as the square-

core coil and otherwise equals its performance in every respect. How-

ever, the windings require considerably more wire than the square-core

type, and thus weight and size are significantly increased.

Two-coil deflection systems are limited in compactness by the mag-

netic coupling between the two coils. If the coupling coefficient is

greater than 0.2, the off-centering coil will absorb enough power to reduce

the sensitivity of the sweep coil by a significant amount. Since the

coupling between the coils varies as the sweep coil rotates, the sensitivity

of the sweep coil will also vary. As a result, circles in the sweep pattern

are distorted into ellipses, the major axes of which lie along the direction

corresponding to minimum coupling and the minor axes of which cor-

respond to maximum coupling. The best remedy for such coupling

is a larger separation between the two coils.

Because of this same magnetic coupling, the rapid decay of the deflect-

ing field at the end of a sweep induces a high voltage in the off-centering

coil, which then oscillates until its energy has been dissipated. Conse-

quently the sweep-repetition rate in a two-coil system is usually limited

by the recovery time of the off-centering coil. Even with the relatively

efficient (40 ma/radius per leg) bulky coil illustrated in Fig. 12-15, the

recovery time is approximately 800 /usee. The recovery time may be

reduced by one or all of three different methods. First, the efficiency

of the off-centering coil may be increased. This method is not always

practicable in view of the restrictions upon inductive coupling and upon

the physical length of the coil. Second, the coil may be critically

damped. This method is a simple and effective improvement; in

some cases, however, it may be necessary to resort to sectional damp-

ing. Third, if a coil is_already critically damped, the time constant will

be proportional to s/LC, consequently, its recovery time may be reduced

by decreasing the number of turns, or the distributed capacitance, or both.

» Sec. 13-2.



CHAPTER 13

RADIAL-TIME-BASE DISPLAY

By P. Axel, C. W. Sherwin, and G. M. Glasford

An accurate plan view of signals, showing them in their proper spatial
relation throughout 360° of azimuth, may be generated by presenting
intensity-modulated signals in polar coordinates. At each trigger pulse
a linear time-base sweep is started, and moves the cathode-ray beam
from the center of the tube to the edge in a direction corresponding to
the direction assumed by the scanning device. The radius vector to any
given signal will depend upon the distance of the target and the speed
of the sweep. As the scanning device rotates in azimuth, various targets
will come into view. Their corresponding signals will be "painted" on
the display tube at properly scaled distances from the center of the tube
at the time when the line of sight passes over each target.

In order to avoid a spoked appearance in the display, the rate of
change of the azimuth angle must be slow compared to the repetition
time. For radar displays the time required for a complete revolution is

a number of seconds; hence, if the whole picture is to be preserved, a
long-persistence screen must be used in the cathode-ray tube. Figure
1-3 shows the appearance of such a display, often called a PPI display
(plan-position indicator), or RTB display (radial time-base).

The straightforward method of developing a radial-time-base display
is by the use of a single deflection coil that can be rotated about the neck
of the cathode-ray tube in synchronism with the scanner. The amplifier
circuit must include clamps or some other provision to insure that the
current in the deflection coil is zero at the start of each sweep.

It is also possible to develop a radial-time-base display using a fixed
deflection coil with two or more deflection axes if the magnetic sweep
field is made to rotate in harmony with the desired display angle. There
are two methods of rotating the sweep field. In one method, a time
base or sweep waveform is first generated and then resolved into com-
ponents according to the deflection-coil axes and the angle. The com-
ponents are individually amplified, if amplification is necessary, and
recombined in the deflection coil to reproduce the original waveform at
the angle set into the resolving device. In the other method a carrier
voltage is passed through a resolving device and the several component
voltages used to control the amplitudes of as many identical waveform

425
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generators. The resulting component sweep waveforms may then be

treated as in the previous case.

ROTATING-COIL METHOD

In a display of this type the radial deflection is dependent only on a

single current through the deflection coil, and the azimuth position of

the trace is dependent solely on the mechanical orientation of the coil.

The sweep circuits are therefore simplified at the expense of the additional

mechanical complexity required to rotate the deflection coil. Consider-

ably less power is required for this method than for the fixed-coil method

of producing a radial-time-base display.

The rotating-coil method of generating a polar display can be studied

most conveniently by considering separately the tube mount with its

coil-rotating features and the display circuit. In general, any of the

rotating-coil tube mounts (see Sees. 16-3 and 5-1) can be used in con-

junction with any of the display circuits to be described.

To maintain angular correspondence between the trace on the display

and the signal source, the deflection coil must rotate in synchronism with

the signal source. The coil is, therefore, mounted in a rotatable housing

that has two slip rings and brushes for electrical connection and a gear

that can be driven to give the correct mechanical rotation.

In addition to errors that affect the mechanical position of the coil

(see Sec. 5-5), this method may produce a very small electrical error in

the coil, evidenced by a change in angular position of the trace when the

sweep speed is varied, and caused by magnetic interaction between the

coil and other parts of the mount (see Sec. 9-4). Some error will also be

introduced in visual estimation of azimuth position because of the refer-

ence markers used. Although mechanical markers can be inscribed on

an overlay or directly on the tube face, this method can neither com-

pensate for all errors nor be used conveniently in off-centering operation;

therefore, electronic azimuth markers are often used. In cases where

the accuracy of reading angle is limited by interpolation between fixed

reference markers, a single, phasable, precision marker may be used.

When it is required that the azimuth position locate an expanded display

on a signal area, it is convenient to move a radial mechanical strobe

over the signal and have this motion geared to the phasing device on a

display indicator.

By using the proper data-transmission system, tube mount, and

marker technique, a rotating-coil radial-time-base display can be

designed to have an azimuth accuracy that is limited only by the resolu-

tion of the cathode-ray tube.

13-1. General Circuit Considerations.—The rotating-coil radial-

time-base display requires comparatively simple circuits since only
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unidirectional current, independent of azimuth position, is needed for
the deflection coil.

A block diagram of the essential electrical circuits is shown in Fig.
13-la. A trigger pulse from the signal source synchronizes the start of
each cycle. This pulse fires a rectangular-wave generator. The
rectangular waveform from this generator is used to activate the sweep

Sweep
driver & .

amplifier fvMftJ
Defl.

Trigger

input

Marker
generator

JJ
Mixer J ,_! Video if

External marks

amplifier
Off

centering

f Direct

current

Signals
(b)

Power
supply

Fig. 13-1.—Block diagram of radial-time-base display.

generator and to intensify the cathode-ray tube. The sweep generator
produces a sweep voltage that is converted by the driver to a sweep
current through the deflection coil.

In addition to these essential circuits there are often some useful
associated circuits, as illustrated by Fig. 13-16. To synchronize the
start of each cycle of the display circuit with that of the source, a common
trigger pulse is used for both units. When this pulse is available from
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the source, it is put through an isolating buffer stage, which may also

be used as an inverter. If, however, a trigger pulse is needed for the

source, a trigger generator may be incorporated in the display circuits.

The input terminal of the trigger buffer may be switched to either the

internal or the external trigger generator. The output signal from this

stage is usually a negative trigger pulse whose exact requirements depend

on the rectangular-wave generator whose action it is to initiate. The

trigger pulse may then be used directly or it may be delayed by a variable

time-delay circuit. Usually, this delay circuit need only satisfy a maxi-

mum jitter specification and its accuracy, linearity, and constancy with

time are of only secondary importance. In some cases, however, it may

also serve as an accurate timing circuit, its output pulse being used as a

precision time marker on the display; it must then, of course, be carefully

designed.

The rectangular-wave generator must be stable and capable of

recovering rapidly enough to respond to each input trigger pulse. Since

its output voltage is used for gating the sweep generator and for inten-

sifying the cathode-ray tube, if rapid time bases are used, the rise time

of the rectangular output wave must be short, particularly if a large

intensifying waveform is necessary for the cathode-ray tube. If the

rectangular waveform is also used to gate the time-marker circuit (which

may be done only if no delay is used), it must be particularly large and

fast, and usually must be from a low-impedance source. The time

duration of the rectangular wave is usually made a little longer than

the time interval that is being displayed. If the display is not going to

be off-centered it is most convenient to have the rectangular-wave genera-

tor shut off automatically when the trace reaches the edge of the tube

(see Sec. 4-7). The automatic gate turnoff obviates the necessity of

changing the length of the rectangular wave manually for each change

in sweep speed. Since the back edge of the rectangular waveform is

beyond the time interval being displayed, jitter or long-time drifts in

this back edge are not usually critical. Hence, most types of rectangular-

wave generators discussed in Sec. 4-4 may be used.

The sweep generator usually forms a linear sawtooth voltage, but for

special applications hyperbolic, square-law, or other waveforms may be

desired (refer to Vol. 19, Chap. 8). The voltage waveform is generated

by using a gated switch tube across an EC-network. This waveform

must be such as to put the desired current waveform through the deflec-

tion coil. Therefore, its exact shape depends on the deflection coil and

the deflection-coil driver as well as on the required sweep characteristics.

The driver stage converts the voltage waveform of the sweep generator

into the properly varying current through the deflection coil. To over-

come the nonlinearitv inherent in power tubes, inverse feedback is used
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to insure the proper current waveform through the deflection coil. The
complexity of the resultant feedback-amplifier circuit depends on the

accuracy desired in the display. Because of the interdependence of

the various parts of the sweep channel (sweep generator, sweep driver

amplifier, and deflection coil) its design must be accomplished as a whole
rather chan as three individual circuits.

The factors contributing to time errors are of two different types

—

"jitter" and distortion. A jittering pattern is caused by relative motion
between the sweep trace and the fixed signal, caused either by jitter of

the trigger pulses, the delay circuit, or the sweep generator, or by ripple

in the sweep channel. Excessive high-voltage ripple will cause variation
in the deflection sensitivity, and this variation will also result in pattern
jitter. On the other hand, distortion in the pattern may be caused by
the sweep amplifier or by the inherent distortion of cathode-ray tubes
(see Sec. 9-1). When extreme accuracy is necessary, the sweep amplifier

may be designed to compensate for tube distortion.

The display circuits have several functions in addition to the genera-
tion of the proper deflection current. An intensifying pulse obtained
from the rectangular-wave generator is used to insure the appearance of

signals only during the time intervals being studied. In addition, a
video amplifier might be required for the amplification of input signals

to the levels necessary for the cathode-ray tubes. Often there are other
circuits, such as marker generators or mixer, which are incorporated in

this unit.

13-2. Expanded Displays.—There are two common methods of

increasing the resolving power of a rotating-coil polar display at long
range. The simpler method introduces a time delay between the triggei

pulse and the start of the radial sweep, so that a fast sweep will include

the area of interest. Angles and distances are badly distorted in the
display. The other method requires a second coil (see Sec. 12-4) for

producing an off-centering magnetic field and a fast sweep that begins
with the trigger pulse. Although there is theoretically no geometrical
distortion in off-centering, some distortion due to the large magnetic
fields required is found in practice. Figure 13-2 shows several photo-
graphs of an off-centered and of a delayed-sweep polar display illustrating

the distortion due to delays and off-centering. A discussion of off-cen-

tering coils will be found in Chap. 12. Off-centering a rotating-coil

polar display is more expensive than off-centering other sector displays
(see Chap. 14) since, mechanically, it entails two deflection coils and,
electrically, two large magnetic fields.

The off-centering can be accomplished radially, with the angular
position of the off-centering coil determining the direction, or it may be
accomplished using x and y off-centering controls and a fixed coil. Figure
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(c) 2R off center (/) 40-mile delay in start of 150-mi)e sweep,

Yia. 13-2. —Distortions produced in off-centered display and in delayed-sweep RTB
display. The circles are 10-milc range marks. The grid lines are produced by the method
of video mapping explained in Chap. 10. Dashed lines in the off-cctitered display show
the amount of distortion.

13-3 shows these two methods for obtaining the off-centering magnetic

fields.

The radial off-centering coil connection, with all four legs in series,

gives a resultant field proportional to iT -\/2. In the x- and y-deflection
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system, the off-centering in the x- and ^-directions is proportional to ix

and iy respectively. Hence, to insure with the x, y system an amount
of off-centering in any direction equivalent to that available with ir in

the radial system, each current must be variable from to ir y/2. The
total current necessary for maximum deflection would vary from ir y/2
to 2ir, dependent on the direction of off-centering. Since ir is approxi-

Rotating coil Fixed coil

L

Current
control

Osi^if

if k

Magnetic field

vector diagram

0<ix <ir \Jz~

Magnetic field

vector diagram

0<i
2
,<trv

/2~

(b)(a)

Fig. 13-3.—Off-centering coils, (a) The current i is variable and it flows through all

four legs of the coil; the deflection is proportional to i y/2 and is perpendicular to the
magnetic field vector; the coil is rotated to change the direction of off-centering. (6) The
currents ix and iy are independently variable and reversible; the magnetic fields in the x-
and ^-directions are proportional to the currents that generate them.

mately 100 ma, the current control is usually put in the grid circuit of

a power tube, rather than in series with the coil. Thus, the x, y system
uses one extra power tube. On the other hand, the radial off-centering

method requires a rotatable off-centering coil.

Complete Display Circuits

Three circuits will be used as illustrations of this method of generating
a radial time base. The first of these is a very simple, inexpensive circuit

in which linearity and versatility have been sacrificed for economy. The
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second is a much more reliable and versatile circuit, which employs many

of the latest techniques. The third is also a reliable circuit, which uses

regulated power throughout because it was designed for use where power

and size were not limited. This model contains the off-centering feature.

All these display circuits have been built in production, and hence the

circuits have been engineered to operate satisfactorily with any compo-

nents that are within standard tolerance ratings. The various compo-

nents have been conservatively rated, with a safety factor of about 2.5

over the rated dissipation values for resistors.

It should be noted that any of these indicator circuits can be used with

any rotating-coil tube mount (see Chap. 16). The only two intercon-

necting links that may vary for different systems are the off-centering

feature and the datar-transmission circuit. Either of the two basic

off-centering circuits (shown in Fig. 13-3) may be added to any of the

displays and any desired data^transmission circuit (see Chap. 5) may
be used. The only data-transmission system of which the circuits are

at all complicated is the servo system.

13*3. A Simple Rotating-coil System.—This display circuit, shown

schematically in Fig. 13-4, is a very economical one. It has five sweep

speeds with four markers per sweep.

•-speed factor, jtsec/radius Time-marker interval, fisec.

50 12.5

125 31.25

250 62.5

1250 312.5

2500 625

Trigger Inverter.—Although this tube, Via , is normally biased below

cutoff, the positive input trigger drives the grid to zero bias. A grid-

limiting resistor Ri is used to limit the grid current. This resistor is

bypassed by a small condenser Ci to prevent slowing down of the trigger

rise because of the distributed capacity to ground. The positive input

trigger is inverted, appearing on the plate as a negative trigger. The

plate of the inverter is connected directly to the plate of the "off" tube

of the rectangular-wave generator, thereby eliminating the necessity of a

separate plate resistor and coupling condenser.

Rectangular-wave Generator and Cathode Follower.—Tubes V\b and V*,

are used as a cathode-biased d-c coupled "flip-flop" circuit (see Chap. 4).

In the absence of a trigger, this circuit is in a stable condition and Via is

at zero bias, thus drawing enough current to keep the cathode at about

+55 volts. The grid of Vib , which is d-c-connected to the plate of V2a ,

is below cutoff and rests at about +35 volts (or 20 volts below the cath-

ode potential) . However, if the resistors in the circuit had values outside

the specified tolerance limits, or if the tubes used varied by amounts
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greater than those prescribed in the JAN tube specifications, the flip-flop

might begin to act as a free-running multivibrator. The insertion of a

potentiometer control in the cathode circuit (for example, a 4700-ohm

resistor in series with a 2000-ohm potentiometer instead of the 5600-ohm

resistor) would make the tolerance on the components less critical in so

far as stability is concerned.

The time constant of the grid return circuit of Via is so chosen that

the minimum time duration of the rectangular voltage wave is the time

of the sweep. If there is no time-duration control, the circuit constants

and their tolerances must be such as to insure this minimum time under

all possible combinations of component values that are within the speci-

fied tolerances. Thus, the normal time duration will be longer than the

desired sweep length, and the maximum value may be about 20 per cent

larger than this sweep length. Because the trace is not on the cathode-

ray-tube screen during the extra time period, the increased time of the

gate does not become important unless a repetition rate that is high

enough to require rapid recovery of the sweep circuit after every sweep is

to be used. If adjustable time duration were required, a potentiometer

and a smaller resistor could be inserted in place of R 4, the grid-return

resistor. This control would vary the time duration for all the ranges.

If separate controls for each range were desirable, it would be best to use

a single condenser for all ranges and to switch resistor-potentiometer

series combinations as is done in the circuits shown in Figs. 13-5 and 13-6.

The output signal from the rectangular-wave generator has three

functions. The positive output signal (from the plate of Via) is connected

directly to the second grid of the cathode-ray tube, and acts as an intensi-

fying pulse for the duration of the sweep. After the sweep is over, the

second grid of the cathode-ray tube is kept at +140 volts. This voltage

is not low enough to insure adequate blanking for all signals unless the

cathode is biased above this point. However, when the cathode is

biased that high, the first accelerating voltage (for example, the voltage

between the second grid and the cathode) is too low. The accelerating

voltage as it exists in this indicator is much lower than it should be for

optimum operation. Thus, the spot size could be reduced by a factor of

2 if the second grid were biased higher. The second grid could remain

at a fixed potential, which could be obtained from a point on the high-

voltage bleeder resistor, if blanking were done on the cathode or first

grid of the cathode-ray tube and the video and the range marks were

mixed.

The negative output of the rectangular-wave generator is used to

gate both the sweep generator and the marker circuit. Since these

circuits would excessively load the gate generator, a cathode follower Va>

is used to couple the waveforms to them. The negative output is
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obtained from a tap in the plate load resistor of Vlb . Since the cathode
follower is at zero bias and it rests at +160 volts, the negative gating
pulse will not cut it off.

Sweep Generator.—The sweep generator uses a triode clamp Vaa
which keeps the grid of the driver at about —22 volts. When the nega-
tive gating pulse is applied, this clamping action ceases and the poten-
tial of the grid rises. The rise is exponential, with the time constant
determined by R6 and the condenser that is selected by the switch S1B .

Because this sawtooth voltage is not amplified, a large one must be
generated so that degeneration can be used in the driver cathode. The
sawtooth waveform that is generated is 100 volts in amplitude, more than
30 per cent of the amplitude of the exponential. The linearity of the
sawtooth voltage is therefore distorted because the voltage increase

during the final 25 per cent of time is only 70 per cent of the increase

during the first 25 per cent of time. However, the final distortion on the
display is less than that which would result if a smaller, more linear

sawtooth waveform were used, and the degeneration were decreased.

The ripple filter network R 6, C* tends to improve this linearity slightly

for the slower sweeps. On the faster sweeps, part of a positive rectangu-
lar wave is coupled into the sweep generator (through R 7, C& and R 8) C6)

to give a rapid start (see Sec. 10-1).

Driver.—The driver stage consists of an 807 tube V4 with the deflec-

tion coil in the plate circuit. The coil used in this case requires 110 ma
for a deflection of one radius. Degeneration is used in the 807 cathode
circuit to compensate for the nonlinearity of the 807 characteristics.

The potentiometer in the cathode circuit acts as an amplitude adjustment
of the sweep by changing the amount of degeneration. Even with the
degeneration, it is necessary to operate the 807 at a quiescent current
that is removed from the very nonlinear low-current region near cutoff.

If this quiescent current were to flow through the- deflection coil the
trace would be deflected before the start of the sweep and the display

would show a circle rather than a spot at zero time. To compensate for

this quiescent current, the deflection coil is returned to +280 volts

rather than to +300 volts. Then, the quiescent current can be supplied

through L\ and R9 rather than through the deflection coil. However,
this necessary compensation setting on R* varies as the range is changed,
since the change in range changes the voltage levels of B+ and plate of

the clamp. Hence, as the range is shifted, there is some change in the
position of the start of the sweep. This difficulty is not present in the
circuits shown in Figs. 13-5 and 13-6 because both of these have no
quiescent current in the driver stage.

Marker Generator.—The marker generator is a simple shock-excited
sine-wave oscillator V& . The tank circuit connected to the cathode of
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F 5„ begins to oscillate when the tube is cut off by the gating pulse; 75&

acts as the oscillator and sustains the oscillations. The resistor in the

cathode of this tube limits the amplitude of the oscillation to that of the

natural amplitude of the first half cycle.

Cathode-coupled Flip-flop.—In the stable position of this nip-flop,

Vea conducts enough current to keep the cathode of V&, above its cutoff

voltage. When the grid of V6a goes negative, its plate goes positive and

regeneration turns V&, on and 76a off. During the positive half cycle

of the input sine wave the grid of V6a returns to its conducting position,

V«b is cut off, and the flip-flop is ready for the next negative-going half

cycle. Since the return of the flip-flop to its stable position is determined

by a change of input voltage, rather than the time constant, the circuit

is actually being used as a flopover. If the input voltage to the flopover

is not high enough for proper operation, the cathode of Vu, may be

returned to a tap on the cathode resistor of the flopover.

Video Amplifier.—The video amplifier 77 has a maximum gain of

about 23, a bandwidth of about 1 Mc/sec, and a 20-volt maximum

output signal. The positive video signal is inverted twice through two

shunt-peaked stages and reappears amplified on the grid of the cathode-

ray tube. The first stage V 7a has a variable cathode resistor that is used

as a gain control. The negative output signal of this stage is d-c-

restored by the grid current of the second stage. The output of the

second stage is directly coupled to the grid of the cathode-ray tube,

thereby eliminating the need for a coupling condenser, biasing resistors,

and a d-c restorer. However, this coupling results in the detrimental

CRT biasing conditions described in the early part of this section.

134. A Display Circuit Incorporating Current Feedback.—The

performance of this display circuit is relatively independent of line voltage

and duty ratio, and its sweeps are linear (Fig. 13-5). The expense of the

circuit in terms of both component parts and power is justified by the

sweep speeds attainable, the accuracy of the display, and the relative

freedom from restrictive tolerances.

The circuit has 5 sweep speeds with 4 markers per sweep.

Sweep-speed factor, /*sec/radius Time-marker interval, /usee.

25 6.25

50 12.5

250 62.5

1000 250

2500 625

Trigger Inverter.—The input trigger is a +7.5-volt pulse transmitted

on a 72-ohm cable. The trigger inverter Vi uses two halves of a 6SN7

in parallel to insure enough gain to fire the following rectangular-wave

generator.
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Rectangular-wave Generator (Flip-flop).—The flip-flop (T^V&O is

actually used as a flopover because the automatic turnoff rather than the

time constant determines the length of the gating pulse. In the stable

condition 72 is conducting and the grid of VZa is held below cutoff. A
rapidly rising gate is insured by keeping the resistance in the plate circuit

of V2 low. The lOO-ju^f condenserd across Ri is put there to compensate

for the distributed capacity of it! 2, and its exact value will depend on the

particular brand of wire-wound resistor used. The regenerative action

of the gate generator, which is initiated by the negative trigger, is speeded

by the coupling condenser C2 from the screen grid of 72 to the grid of F3a.

The negative gating pulse for the sweep generator is taken directly

from the plate of V3a . Part of the rapidly rising positive rectangular

wave of F2 is coupled to the cathode-follower stage Vi.

Cathode Follower with Plate Load.—The positive rectangular-wave

input to the cathode follower Vi is d-c-restored to ground by Vy,, thereby

making the d-c level of the grid of the cathode follower independent of

duty ratio. The positive output pulse of the cathode follower is con-

nected directly to the first grid of the cathode-ray tube and acts as the

intensifying pulse. The positive wave is also coupled, through C3 , to

the sweep-generator circuit in order to start the sweep quickly. The

negative rectangular wave from the plate of the cathode follower is used

as a gating pulse. It cuts off both the current balancing tube V5 and

the clamp in the range-mark circuit.

Current-balance Tube.—This 807, V&, is added to equalize the current

drawn during the sweep and the current drawn between sweeps, in order

to make the operation of the unit independent of duty ratio. When these

currents are different, the voltage from the unregulated power supply

will vary in so far as changes in duty ratio change the average current.

If the voltage did change with duty ratio, then for a given sweep length,

changes in repetition rate would change the intensity, the sweep sensi-

tivity, the focus adjustment, and the length of the gating pulse. In this

Ease, the current-balance tube must draw 75 ma during the off time of

the sweep, in order to equalize the current drains. If an electronically

regulated power supply were used this compensation would not be

necessary.

Voltage-regulator Tube.—The voltage-regulator tube V7 is used to

compensate for any changes in line voltage. If no precautions were

taken, then when the line voltage changed, the deflection current, the

focus current, and the high voltage would all change proportionally.

However, in order to stabilize the display, it is necessary for the deflection

current and the focus current to change as the square root of the high

voltage. When the voltage change is small, it is a close approximation

to use one-half the change rather than the square root. A voltage of
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+ 195 volts on the bleeder from +275 volts to the plate of the VR 150
was found to give the best compensation.

Sweep Generator.—On all ranges a sawtooth voltage of approximately
30 volts is generated. This sawtooth represents the first 15 per cent of

an exponential voltage rise and is thus fairly linear; the voltage increase

in the last 25 per cent of the sweep time is 95 per cent of the increase

in the first 25 per cent. The voltage is generated from the +195-volt
line-voltage-compensated point by using an i?C-network and a clamp
Vsa. The 25-fisec sweep is peaked with a portion of the positive pulse

that is coupled through C3 from the cathode follower 74 . The step

resistors (R3 and E4) in both the 25-/zsec and the 50-Msec sweep-generating

networks are variable so that the start of these sweeps can be made
linear and fast. This adjustment is necessary in order to compensate for

variations in the cathode-ray-tube mount and in the associated dis-

tributed capacity with production models. If it is feasible to select these

step resistors after the display circuit is operating with its cathode-ray-

tube mount, these controls may be eliminated. There is also a separate

control in the sweep-generating networks to adjust the speed of each
sweep independently. These controls have a nominal range of + 25 per

cent, which is adequate to compensate for the variation in all of the

components that affect the sweep speed. The 2200-ohm resistor -R5 in

the plate circuit of the clamp increases the impedance of the clamp. If

this resistor were not present, the sawtooth voltage would be brought
down very quickly at the end of the sweep and there would be some
negative overshoot.

Feedback Amplifier and Drivers.—The feedback-amplifier-driver

combination (V«b, V9, F10, Vu, and Vi2a) is in principle the same as the one
described in Sec. 10-3. The driver stage is held below cutoff before the

sweep begins. When the driver stage is cut off, the gain through the

first two stages is approximately 800. The actual gain with feedback is

only about one.

To increase the rapidity of response of the amplifier the second stage

consists of a 6AG7 with the relatively low plate load of 6800 ohms (R6).

Because the peak current necessary for generating the deflection field is

220 ma, two 807's in parallel are used as the driver stage. The grids of

these tubes are held at — 55 volts between sweeps by a d-c restorer Vua -

Since the d-c restorer keeps the most negative point of the voltage

waveform at —55 volts, negative overshoot will shift the actual bias level

of the grid at the start of the sawtooth waveform. Since a very small

negative overshoot at the end of the input sawtooth waveform would be
amplified without degeneration, it is important to prevent overshoot of

this input wave. There is a tendency for the amplifier and the driver

stages to oscillate; in order to prevent these high-frequency oscillations,
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small resistors are put in series with the control and screen grids of the

drivers.

Gate Turnoff.—The gate-turnoff tube 7e is biased below cutoff. The

grid is connected directly to the cathode of the driver stage and when

the driver current reaches the value necessary for a deflection of one

radius, the current through the turnoff tube turns the rectangular-wave

generator off. This turnoff point is adjusted by the potentiometer con-

trol in the cathode circuit of the turnoff tube. To keep this cutoff point

constant with changes in line voltage, it is necessary to obtain the biasing

voltage from the same +195-volt point that is used for generating the

sweep voltage. When this is done, it is necessary to keep the screen

grid at the constant +150 volts available at the VR tube Vi.

Range-mark Generator.—The range-mark circuit is not shown since it

can be identical with that described in Sec. 13-3.

Focus-compensating Pentode.—This 6AG7, Vn, with the variable-

cathode-resistor focus adjustment, automatically adjusts the focus cur-

rent to compensate for changes in line voltage. This compensation is

accomplished by biasing the grid from the + 195-volt compensated point

in the VR-150 circuit.

Cathode-ray Tube.—The cathode-ray tube operates with the anode

at 5 kv. The intensifying pulse of 50 volts is applied to the grid. The
control grid is biased by the cathode of Vi whereas the cathode bias is

variable from 50 to 200 volts in order to accommodate the wide CRT
tolerances. The video signals are applied to the cathode. The second

grid is at a potential of 600 volts (obtained from the high-voltage bleeder).

Setting this voltage at 600 volts rather than at 275 volts decreases the

spot size by a factor of 0.6.

13*5. Rotating-coil Radial-time-base Display with Off-centering.

—

Because size and economy of power were not primary considerations in

the design, this unit (Fig. 13-6) uses electronically regulated power.

There are three adjustable sweep ranges; in each case the beam can be

deflected at least four radii.

The sweep-speed factors (jusec/radius) are: 2880 ± 2440 jusec,

1280 + 1000 jusec., and 760 ± 620 jusec.

The limiting duty ratio is usually determined by the time required for

recovery of the off-centering coil, and this time is at least 700 /xsec.

The signal amplifier accepts two separate +1 volt ( + £ volt) video

signals and mixes them. It has a maximum gain of about 40, a pass band
of 2 Mc/sec, and a low output impedance.

There is a nonadditive marker mixer with a gain of 1, which accepts

external positive angle and time markers and applies them to the grid of

the cathode-ray tube. There is also an off-centering circuit, capable of

off-centering the sweep trace up to a distance of three radii.
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Trigger Buffer.—This tube, Vi, is cut off until the positive input

trigger is applied. The trigger is amplified, inverted, and applied directly

to the off tube of the delay circuit by using a common plate resistor for

Vi and V^.
Voltage Regulator.—A very well regulated voltage is necessary for the

delay circuit in order to keep the jitter in the delay at a minimum. To

obtain this voltage, the regulated +300 volts is filtered and further

regulated by the VR tube V s . The EC-network (Ri and Ci) helps in

the filtering and prevents the VR tube from oscillating as it would if

the condenser were placed directly across it.

Delay Circuit.—The delay circuit is a conventional cathode-coupled

flip-flop Vi. Special precautions are necessary to minimize the jitter

for long delays. One of these is the special +150-volt power obtained

from Vz. Another is a separate filament transformer for Vi and F2

exclusively. This is a simple 1-to-l transformer Ti whose primary is

connected to the regular filament supply. In addition, it is necessary to

take special care in wiring the delay circuit, particularly near the "on"

grid of the flip-flop. The duration of the delay is determined by the

potentiometer RA . The maximum-delay control Ri is used to set the

delay rate so that the delay can be normalized to coincide with a direct-

reading dial on the delay-length control. The resistor R3 in series with

the delay control prevents the delay circuit from loading the trigger

excessively when the delay control is set at a minimum. This resistor

prevents the delay from going to zero, but this difficulty is not at all

important with the long sweep lengths involved. The switch Si connects

either the negative trigger or the positive rectangular wave (whose back

edge is shaped into a trigger) to the input of the trigger sharpener.

Clipper and Sharpener.—When the delay is not being used this circuit

acts as a two-stage amplifier, both amplifying and sharpening the negative

input trigger. When the delay circuit is being used, the positive rec-

tangular pulse is differentiated at the input terminal. The positive

pulse resulting from the front edge is sharply attenuated by Vu which is

at zero bias. The small portion of the front edge which is present at

the plate of Via appears there as a negative pulse. Since V& is cut off,

this negative pulse has no effect on it. On the other hand, the negative

pulse that results from the back edge of the input rectangular wave is

amplified and inverted by Via . It then appears on the grid of V«, as a

positive pulse and drives this tube into the conducting region. A positive

delayed trigger for external use may be obtained from the cathode

resistor of 746. The plate of V*,, at which the negative trigger appears, is

connected directly to the plate of the "off" tube of the following flip-flop.

Rectangular-wave Generator.—The rectangular wave is generated by a

combination cathode-coupled, d-c-coupled flip-flop V&. Since the dura-
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tion of the gating pulse is kept the same for all three sweep ranges,

unnecessary power dissipation results when the faster sweeps are being
used. It is therefore suggested that a second gang be added to the range
switch to provide independent adjustment of the gate length. For each
range, the gate length should be adjusted so that the sweep has time to

deflect the beam over four radii. The negative rectangular output wave
from the plate of the off tube V&a is used to cut off the switch tube and
the intensifier tube.

Sweep Generator.—The switch tube V» is a pentode clamp that oper-

ates across the .RC-network chosen by the range switch S2 . Rather
than accept the distortion due to the exponential rise of the voltage on
the condenser, an inexpensive feedback system is used to linearize the

sawtooth waveform. A voltage waveform that is approximately the

same as the waveform at the charging condenser (C2) is applied to the top
of the charging resistor R 5 . This feedback voltage is obtained from the
second stage of the following amplifier, and therefore tends to keep the
voltage across the charging resistor constant, and hence maintains a
constant charging current.

Amplifier and Driver.—The amplifier-driver system (V9 , Fio, Vu,
and Vu) is similar to the one described in Sec. 13-4. Between sweeps
the two drivers (Vu and Vm) are cut off because their grids are d-c-

restored to —60 volts. The gain of the amplifier up to the driver grids

is 100. When the drivers begin to conduct, the degenerative feedback

reduces this gain so that the over-all gain from the input grid to the

cathode of the drivers is about one.

The sensitivity of the deflection coil is approximately 55 ma per radius.

During off-center operation, a deflection of between three and four radii

might be desirable. To supply the necessary current at the voltage

available, two 807's are used. Even with the two drivers the deflection

available is a function of the sweep speed. As faster sweeps are used,

the voltage across the coil [L (di/dt) + iR] becomes greater and hence
the voltage across the driver decreases. This decrease in tube voltage

results in a decrease in the current available from the tube at zero bias.

From the constants of the coil used in this circuit (L = 335 mh, R — 610
ohms), it can be determined that the fastest sweep that can be driven

four radii is one whose sweep-speed factor is 400 /xsec/radius. If it is

not necessary to off-center the sweep by as much as three radii, a faster

sweep can be used.

Sweep Intensifier.—To obtain proper blanking of the cathode-ray

tube using the first anode, it is necessary to keep the anode potential

below that of the cathode. To insure this, an 807 (V6), whose plate is

connected directly to the first anode, is used for blanking. Between
sweeps the plate of the 807 rests at about —10 volts. Its cathode is
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held at about —40 volts by the unregulated negative output of the power

supply. When the tube is cut off the plate rises to +300 volts, thereby

intensifying the cathode-ray tube.

Off-centering Control Tube.—A tube rather than a rheostat is used to

control off-centering because of the large amount of current that is

required. For a maximum off-centering of three radii a current variable

from to 100 ma is necessary. This control is made fairly linear by

putting it in the grid circuit of an 807, V7, and using cathode degenera-

tion. The direction of the off-centering is controlled by the position of

the off-centering coil in its rotatable housing. Although this coil need

only pass direct current, it should not have too long a time constant,

for there are transients that exist in it. These transients occur because

of the overshoot that is inductively coupled from the deflection coil at

the end of each sweep. Even with critical damping, the off-centering

coil requires an appreciable time to recover from the transients. When
this unit was run at a repetition frequency of about 350 cps, the maximum
duty ratio that could be obtained without the center's moving was about

70 per cent. This is equivalent to the recovery time of 700 /isec required

by the off-centering coil.

Marker Mixer.—Time and angle markers are mixed nonadditively in

the double cathode follower 7i 6 . The marker-intensity controls shift

the bias of the grids of the cathode follower so as to cut off the lower

portion of the input waveform. This type of intensity control will

change the relative amplitude of the input markers. Hence, when the

input marks are not of uniform size (for example, if every fifth time

marker is of increased amplitude), an attenuator is more desirable than

the bias-changing intensity control. The angle markers consist of a

gated pulse of high-frequency oscillation; therefore a relatively low time

constant can be used in applying them to the grid of the cathode-ray tube.

Video Amplifier.—Tubes Vn and Vu are two identical video ampli-

fiers whose output signals are additively mixed in the plate circuit.

They each have an independent gain control and an independent off-on

switch. The low-frequency response is improved by the screen bypass

condensers (C3,C5) and the large condenser (C4) in the plate circuit; the

high-frequency response is improved by conventional shunt peaking.

The positive input signal to either of these tubes is amplified and inverted.

The negative output is then applied to the cathode-ray tube through a

cathode follower Vu>. The cathode follower decreases the capacitive

load on the video amplifier, thereby improving the high-frequency

response. It also drives directly the low impedance (100,000 ohms) of

the cathode-ray tube, eliminating the large condenser that would be

required if the low-frequency response were to be preserved while using

a-c coupling. The negative-going cathode follower at zero bias, or +80
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volts with a 5000-ohm load (R 6) in the cathode circuit, is fast enough to

respond to the video signals from the amplifier stage (2 Mc/sec). It

also acts at its own d-c restorer.

Focus.—The focus coil used in this instrument is of the low-voltage

type and hence it requires special power at 30 volts d-c. The current

through this coil can be reversed so that the focus coil may be positioned

properly.

RESOLVED-TIME-BASE METHOD

If a radar antenna is pointed at an angle 6 (with respect to a reference

angle = 0) and the distance to a signal is a function of time f(t), Fig.

13-7 shows that the signal can be displayed in proper orientation if

x =f(t) sin 6 (1)

is plotted horizontally, and

y=f(t)co8d (2)

is plotted vertically.

Devices using resistance (sine-cosine potentiometers), capacitance

(sine-cosine condensers), and inductance (synchros) have all been
employed to resolve the constant-amplitude sweep

waveform f(t) into sine and cosine components

according to the angle information put into the

device (see Chap. 5) . As resolvers for sweep wave-

forms, the principal limitations of the sine-cosine

potentiometers are roughness of output data, and
limited life. The limitations of the condenser are

poor low-frequency response and errors in the out-1

put data caused by unbalance in the capacity fig.T3-7.—Sine and
loading. The limitation of the synchro is its poor cosine components of

low- and high-frequency response. Nevertheless,

because of its mechanical dependability, its ability to operate at low

impedance levels, its ability to transmit power directly to deflection coils,

and because of the smoothness of its output data, the synchro has proved
to be the most useful resolver.

13*6. Zero Reference Level.—Usually the sweep wave, represented

by f(t), remains at zero during the "wait" interval between sweeps;
during the remainder of the sweep cycle, it varies linearly to some
maximum value. Since a purely reactive device such as an inductive or

capacitive resolver cannot transmit the d-c component of the waveform
required to make it zero during the wait interval, the output wave of

such a device will be as represented in Fig. 13 -8a. The d-c reference

level is therefore lost and the resolver output wave is not represented

by Eqs. (1) and (2). The only points on the sweep waveform which
do not change level with rotation of the resolver are points, such as P in
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Fig. 13-8a, which lie on the average-level line. In a fixed-deflection-coil

system, however, 1 the sweep rotates about that point on the display

which corresponds to the zero level of the a-c components of the current

through the deflection coil. In a radial-time-base display it is necessary

to have the central fixed point of the pattern occur at zero time. Thus,

at zero time it is necessary for the a-c current through the deflection

coil to be at zero level. If the current waveform through the coil cor-

responds to the waveform shown in Fig. 13 -8a, the sweep would rotate

about P, rather than about S, which is the start of the sweep waveform.

Thus, only that part of the sweep from P to F would be useful. An
additional disadvantage that is evident from Fig. 13-8a is the fact that

Average
level

(a) V>)

Fig. 13-8.—Output waveforms from inductive-coupled or capacitive-coupled resolver.

Area A = area B in each case, (a) Sweep waveform with no correction, (b) Area-

balanced waveform.

the time delay between S andP depends on the shape of the sweep wave-

forms [that is, on f(t)]. This dependence of the time delay on f(t) pre-

vents the use of simple time-delay circuits to generate a zero-time

trigger at P from the master trigger at S.

There are several methods of compensating for the loss of d-c level.

One is to balance the input sweep waveform with a "balancing wave-

form" of equal area as in Fig. 13-86. This balancing waveform may
conveniently follow directly after the sweep waveform, and then termi-

nate shortly before the next sweep waveform is expected. The area of

the balancing waveform is adjusted so that the "wait" level corresponds

to the average level and thus the start of the sweep waveform occurs at

this level. The sweep will then rotate about the point S, Fig. 13-86,

no matter how long the wait time may be.

A second method of correcting for the loss of d-c level is to insert a

d-c potential by means of electronic switches or clamps in order to force

the waveform to have a fixed d-c value during the wait time (see Sec.

41). The switch is then opened so that the linear rise of the waveform

can pass undisturbed to the deflecting system. This method works best

with voltage waveforms. Examples are shown in Sec. 1310. The

1 If electrostatic tubes are used the same considerations apply.
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corresponding process for clamping current waveforms is discussed in

Sec. 1312.

The third method of coping with the loss of d-c level is to make no

effort to overcome the effect directly, but to design the timing circuits

to accommodate the situation. This method may be used most easily

when it is possible for the display circuits to control the basic timing of

the system associated with the display. For example, if a trigger pulse

at the time corresponding to S in Fig. 13 -8a is allowed to be the funda-

mental timer for the complete system, it is then possible to generate a

trigger pulse at P by a delay circuit of some sort. An example of this is

shown in Fig. 13-21 where the sweep waveform itself is used to generate

a trigger pulse at the point at which it crosses the average level.

Radial-time-base Displays Using Voltage Waveforms through
Resolving Devices

13*7. Complete RTB Displays in which the Sweep Waveform Is

Transmitted through a Synchro.—Display circuits, employing synchros

through which voltage waveforms are transmitted, vary from simple

units, in which the synchro drives the plates of an electrostatic cathode-

ray tube directly, to complex units that operate magnetic-deflection

cathode-ray tubes through amplifiers. These circuits all allow off-

centering of the pattern a distance of several radii from the normal

centered position by shifting the d-c levels of the "wait" time from zero.

RTB Display in Which a Synchro Drives an Electrostatic CRT.—
Probably the simplest display using a synchro can be made with the

circuit of Fig. 10-16 to supply the sawtooth voltages to the deflection

plates. The "overshoot" following the sweep waveform does not have

to go through an amplifier and can therefore be large compared with the

amplitude of the sawtooth waveform. The area-balanced waveform-

generator circuit shown in Fig. 13-15, 1 where the inductance L in this

case is the rotor of a synchro, can also be used for this purpose. Figure

13-9 shows the next stage of complexity of this type of display. In this

circuit switch tubes are used to restore the d-c level of the sweep wave-

form. Therefore, a high-duty-ratio sweep, in which the sweep waveform

can occupy 80 to 90 per cent of the total time between sweeps, may be

used. The transformers have different ratios of primary to secondary

turns, or have attenuation on the output voltage to correct for the

difference in deflection-plate characteristics. They can be eliminated

1 Much of the initial work in using inductances to generate area-balanced wave-

forms was done at Telecommunications Research Establishment, Malvern, Eng. See

F. C. Williams, TRE report, " Magslip PPI Time base for Magnetic Tubes; " and F. C.

Williams and B. H. Briggs, "Magnetic PPI Circuit," submitted at I. E. E. convention,

Mar. 1946.
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if the synchro output voltage is high enough. If vacuum-tube voltage

amplifiers were used between the synchro stators and the deflection

plates, a low-inductance synchro with good high-frequency response

could be used, and the necessity of having either amplifying transformers

or high-inductance stator windings would be avoided.

The Use of Synchro-derived Voltage Waveforms to Operate a Magnetic-

deflection Cathode-ray Tube.—If simple amplifiers are inserted between

Voltage across...
synchro rotor >^ / /!

Centering voltages
may be applied here

Rectangular-

waveform
generator

Sweep
waveform
generator

Power
'"^amplifier

Synchro Transformers allow

adjustment for dif-

ference in deflection

plate sensitivity

i

iftf:Rectangular wave opens switches (and intensifies CRT) —
during the sweep. Thus all four deflection plates

assume a fixed potential in between sweeps, but are

free to follow the sweep waveform during the sweep.

Fig. 13-9.—Block diagram of RTB display in which a synchro drives an electrostatic

eathode-ray tube directly. Typical sweep generators and power amplifiers are shown in

Chap. 10. Typical switch circuits are shown in Chap. 4.

the synchro stators and the deflection coil, as in Fig. 13-10, the voltage

waveform through the synchro appears as a nearly identical current

waveform in the deflection coil. With these simple amplifiers, accuracies

of + 1 degree and ± 2 per cent in range are obtainable. The principle

of operation of the deflection-coil driver-amplifier (7i 6 through 7i9)

has been described in Chap. 10. The current through the tube is deter-

mined almost exclusively by the grid voltage and is almost independent

of the plate voltage. This operation is greatly aided by the 500-ohm

cathode resistors. The fraction of the cathode current taken by the

screen is nearly constant as long as the plate voltage is greater than about

80 volts.

The free-running period of the multivibrator (V^Vz) is large com-
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pared with the period of the input trigger and with the sweep duration.

The voltage at which the generated sweeps are automatically turned off

is set by Ri, and jR2 and Ra control the slope (and therefore the duration

of the sweeps). Thus the rectangular waveform is started by the input

trigger and stopped by the sweep, which causes Vi, the turnoff tube, to

conduct. The feedback amplifier (V6, Ve, V7) contains the high-fre-

quency stabilizing network C\ and i2 4 . The low-frequency peaking

networks in the feedback lead from the synchro rotor increase the ampli-

fier gain at low frequencies and thus approximately correct for low-

frequency losses in the synchro. It is necessary to amplify the cathode

waveform that controls the switches, since it is impractical to use the

large waveform on the plate of the multivibrator tube V3 because of the

heavy load presented by the grids of the switch tubes. In orderto control

the centering of the RTB display from high-impedance potentiometers,

it is necessary to add the cathode followers V21 through Vu. These

tubes provide low-impedance points to shift the d-c level of the switch

tubes. With the off-centering distances possible with the circuit of

Fig. 13-10, the grids of the output tubes do not draw current during the

time between sweeps. This circuit can off-center the pattern by two

radii and can therefore put on the cathode-ray tube a 50-mile-per-radius

sweep covering an area within a 150-mile radius. If larger off-center

distances are desired, it is necessary to insert cathode followers between

the switch tubes and the driver grid resistors, and at the same time to

increase these resistors from 220 ohms to some larger value such as

50,000 ohms. This change in the circuit will prevent output-amplifier

grid current from charging condensers C2 .

An intensifying waveform, which coincides with the time that the

spot is visible on the tube face, is sometimes required. A simple circuit

performing this function can be added. This circuit includes four diodes,

each of which has its plate connected to the cathode of one of the output

tubes (Fie through V19) . The four diode cathodes are connected together

and through a resistor to a fixed d-c level that is just equal to the level

reached by any one of the power-tube cathodes when the cathode-ray-

tube spot is at the edge of the screen. Thus if any one of the output

amplifiers exceeds the specified deflection current, a signal appears across

the common cathode resistor of the four diodes. This signal may be

amplified and used to blank the tube whenever the spot leaves a square

region that must be centered about the center of the screen. This signal

can also be used to identify the location of the particular sector under

observation on another display connected to the same timing and angle

data.

13*8. RTB Display Using a Sine-cosine Potentiometer.—Figure

13-11 is a diagram of a resolved-time-base display circuit using a sine-
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cosine potentiometer. The plates of the electrostatic-deflection cathode-

ray tubes are directly connected to the brushes of the potentiometer.

Because the two sweep generators are also directly coupled to the poten-

tiometer, there is no loss of d-c level in this system. Therefore, the

sweep on the tubes rotates about the point corresponding to the start

of the sweep waveform. This circuit can produce RTB sweeps of 50

or more jusec per tube radius.

The two 400-volt power supplies are off-set with respect to ground so

that the voltage across the sine-cosine potentiometer is zero during the

wait time. The quiescent currents that flow in F4 and V6 during the

wait time go through resistors Ri and R 2 . Because there is no current

flowing through the sine-cosine potentiometer during the wait time,

rotation of the potentiometer causes no deflection of the cathode-ray-tube

beam during this time. Thus the starting point of the sweep is fixed on

the screen of the cathode-ray tube. Adjustment of Ra can, however,

cause a current to flow in the sine-cosine potentiometer during the time

between sweeps, and thus cause the locus of the sweep-starting points to

lie on a circle, whose center is the previous starting point, producing an

"open center" display.

The attenuators in the leads between the brushes of the sine-cosine

potentiometer and the deflecting plates correct for the difference in

deflection sensitivity of the two sets of plates, and also permit the inser-

tion of d-c voltages for centering the pattern on the tube face. Brush

noise, much of which is due to contact potentials and is essentially

independent of the voltage on the potentiometer, causes small irregu-

larities in the pattern. The amplitude of this noise is small compared

to the relatively large (200-volt) sweep waveforms.

Because the resistance from each brush to ground is fairly high, the

leads from the sine-cosine potentiometer must be shielded and limited

in length if high sweep speeds are required. The effect of the capacity

loading on the brushes is most noticeable near the 45° point where both

brushes are loading the same point on the potentiometer card. When 5

ft of shielded low-capacity cable is employed it is possible to transmit

sweep waveforms as fast as 50 ixsec per tube radius without appreciable

distortion.

13-9. RTB Displays with Sweep Waveforms Transmitted through a

Sine-cosine Condenser.—A sine-cosine condenser has the advantage,

compared to a synchro, of good high-frequency response. A circuit for

an RTB display using a condenser of this type (Cardwell, Type KS8534)

is shown in Fig. 13-12. The capacities from one rotor to each of its two

stators have the form Co + Cm sin 6 and Co — Cm sin 0. The capacities

from the other rotor to its two stators have the form Co + Cm cos and

Co — Cm cos (Co > Cm). If the amplitude Cm of the sinusoidal varia-
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tions is small compared with (Co + C), the difference in the voltages

occurring on a pair of stators is proportional to sin 6. This difference

signal is amplified by a difference amplifier, and the output is in push-pull

form, ready for direct application either to the plates of a cathode-ray

tube or to an amplifier capable of driving a deflection coil. It is necessary

to d-c-restore the sweep levels by switch tubes if the sweep is to rotate

about the point corresponding to T, Fig. 13-12.

+ +

Sine-cosine

condenser
wotor-stator a
C ±Cm Sin

Difference amplifiers

Fig. 13-12.—RTB display using a sine-cosine condenser. C + Co must be large compared
to Cm if the capacity from a rotor to a stator has the form Co + Cm sin 0. (Cm < Co).

To compute the deviation from a sine curve of the voltage difference

on a pair of stators, consider the circuit of Fig. 13- 13. The source of d
has negligible impedance and the resistors R (Fig. 13-12), which affect

only the low-frequency response, are neglected.

1_ 1

C C
e% ei = €i

\C2
^ C

JL + I
Ci Cy

2CCm sin 6

(3)

(4)62 6l " e<
(C + Co) 2 - d sin' ff

where C\ = Co - Cm sin 6 and C2 = Co + Cm sin 6. Examination of Eq.
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C2=C +C„ sine

7^ y~ Ci—Cq—

«1

=f=c

Cm sin

ZfZC

Fig. 13-13.—Sine-cosine condenser used in

a voltage divider.

(4) indicates that the unwanted sin2 term in the denominator is neg-

ligible only if Cm < C + Co. The output signals will then be much
smaller than the input signals.

A further limitation of the circuit of Fig. 13-13 is that the condensers

C must be exactly equal. If they are not, additional errors are introduced

into Eq. (4). Long leads on the stators can be used only if they have

exactly equal capacities to ground. Since the output voltage is approxi-

mately inversely proportional to

«< C, a change in length of cable will

" '
~

also affect the amplitude.

The problem of low-frequency

losses due to the presence of the

resistors R shunted across the con-

densers C can be solved for sweep

lengths appreciably less than the

time RC by distorting the input

waveform with the addition of a t
2

term as in Fig. 10-18.

The difference amplifiers are not perfect and they produce signals

that are not exactly equal in magnitude. Therefore it is necessary to

depend on the linearity of the following push-pull amplifier to equalize

the sweep waveforms.

In spite of the good high-frequency response, the limitations of this

type of sine-cosine condenser have caused it to be used very seldom.

RTB Displays Using Current Waveforms through a Synchro

A motor-stator deflection coil may be driven directly by a synchro

through which a sawtooth waveform is resolved. The synchro acts like

a set of variable transformers, and the current waveforms in the coil will

center about an average value of zero, with a portion of the sawtooth

current going in the negative direction (see Fig. 13 -8a). The current

during the "wait" time can be

made equal to zero by the use of

the proper area-balanced wave-

form or by means of switching

and clamping circuits. Since the

clamp must pass a high peak cur-

rent (as much as 0.9 amp) as well

as have a very low forward resistance, selenium rectifiers aremore suitable

than vacuum tubes for this use.

13-10. Methods of Generating Area-balanced Waveforms.—Three

types of area-balanced waveforms are shown in Fig. 13-14. In each case

the waveform is generated as a voltage and then transformed into a

Fig. 13-14.—Three types of area-balanced

waveforms.
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current waveform by a feedback amplifier. In practice, each of the types

of waveform shown in Fig. 13 14 limit the useful sweeps to about 50 per

cent of the total recurrence period.

The "step plus sawtooth" wave in Fig. 13-14a is generated by an
ordinary RC sawtooth-voltage generator that has a resistor in series with

the condenser being charged. A trigger may be generated at the instant

the rising sawtooth part of the waveform crosses the zero line. (Figure

13-21 shows a circuit using this method of area-balancing and output-

trigger generation.) +300v

An ordinary .RC-generator pro-

duces the sawtooth waveform of

Fig. 13-146, and the rectangular

balancing waveform is produced

by a resistor and a switch tube.

The duration of the balancing

waveform is usually fixed (for any

given recurrence period) and its

amplitude is automatically varied

in proportion to the area of the

sweep waveform. A voltage pro-

portional to the area of the saw-

tooth waveform is derived by
using an RC integration filter, and

is used to set the amplitude of the

balancing waveform. (This type

of generator is used in the circuit of Fig. 13-22.)

The generation of the balanced waveform shown in Figs. 13 -14c and

13-16 is accomplished by the action of the inductance L shown in Fig.

13-15. Because the inductance contains only a very small amount of

series resistance, the average voltage across it must be very nearly zero

no matter what the shape of the waveform. The "Miller run-down"

sawtooth generator is essentially independent of the impedance of the

plate load. Therefore, when the switch tube is opened at time t\ (see

Fig. 13-16), the voltage on the grid of Vi starts to rise, and the plate

voltage drops in the usual manner. The nonlinear current in L and the

extra current in R2 do not appreciably affect the waveform. After the

sawtooth waveform has reached the required amplitude Ex at time h,

the switch is closed and the current through Vi is stopped. The induc-

tance and the two shunting capacities d and C2 are completely free to

follow the sinusoidal oscillation that is necessary in a free LC-circuit in

which energy has been stored. After the first positive half cycle, the

plate of Vi tries to go below the 200-volt point and continue its oscillation.

It is interrupted, however, at time h by the diodes 72 and 73,
which

-Egg

Fig. 13-15.^Balanced waveform
using an inductance.

generator
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present a low impedance to the inductance as long as the inductance

current i(h) is not in excess of that flowing through R 2 (that is, as long as

they both conduct).

The current iyi) can be readily determined from the energy %CE\

stored in the condenser at the peak of the oscillation. Equating this

energy to iLiftt) the value of iit$ is

\CE\

L
I
1

(5)

where E2 = the amplitude of the sinusoidal oscillation and C = Ci + C2 .

The inductance will be unable to

swing below the 200-volt level

only if the current through

R 2 [iRi = (300 - 200)/R 2] exceeds

%h and the diodes both remain con-

ducting. The current ih decreases

exponentially during the "wait"

time following fa with a time con-

stant Z//Rdk>d«..

To examine the operation of

this circuit in more detail, it is

assumed as before that the resist-

ance R associated with the induc-

tor L is so small that the voltage

drop across it is negligible com-
pared with the total voltage across

L. This relationship will always

hold if the inductance time con-

stantL/R is much greater than the duration of the longest waveform.

The first useful relation in determining the amplitude and phase of

the balancing sine waveform is that involving the energy. If i(tt) is the

current in L, and Ei the voltage across L at time t2 , then

*Wfca + $CE\ - CEl (6)

where Ez is the amplitude of a sinusoid with the same energy as the total

energy stored in L and C at time fa. Thus, if i(tj and Ei are known, it

is possible to compute the maximum amplitude of the sinusoidal segment

of period T = 2tt y/LC, which begins at U and terminates at U. If T
is equal to the time interval between fa and fa then

2ttTo Ej

Ei

Fig. 13-16.—Waveforms in Fig. 13-15.

The positive direction of the current in the
inductance ih is shown in Fig. 13-15.

sin (7)

It is thus possible to compute the phase of the sine wave with respect to

the termination of the sweep waveform.
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The conclusion that the sweep and balancing waveforms are equal

follows from the general argument that the average voltage across the
inductance, which has very small series resistance, must be very nearly

zero; that is, the average voltage of the plate of Vi (Fig. 13-16) is 200
volts no matter what the waveform shape. In the circuit of Fig. 13-15

the inductance is clamped at the 200-volt point during the "wait" time;

therefore the voltage during the "wait" time coincides with the average
value of the waveform.

Actually, it is usually necessary slightly to correct the generated
waveform because of second-order effects in the deflection coil. These
second-order effects produce an overlapping center circle on the radial-

time-base display. Therefore, the cathode of V3 is set at a voltage AV
less than 200 volts. The sweep part of the waveform can then start at a
voltage level AV volts below the 200-volt level; that is, the sweep starts

below the level with respect to which the average voltage must be zero.

The appearance of this voltage AV across the inductance, following time

U, causes a current iLL to build up inL (opposite to i(ti), which is already

flowing at time h) according to the law

L^i-AF, (8)

or

(tLL)t = L > (9)

where t = time elapsed since the application of AV to the inductance,

that is, the time measured from tB . When iLL gets large enough to equal
i(ti) the current in L is zero. At this instant the diode F2 opens and the

inductance is free to oscillate sinusoidally with an amplitude AV about
the 200-volt level. If, however, the product AV • t is small enough, Vz
does not open and the inductance remains at a voltage AV below the 200-

volt average level during the " wait " time. This action tends to produce
the open circle necessary for compensation in the RTB display.

The balancing characteristic of the circuit of Fig. 13-15 does not
depend on the amplitude E2 of the balancing sinusoid if there is adequate
time for the sinusoid to complete the positive half cycle. If this voltage

waveform goes directly through a synchro to the deflecting plates of an
electrostatic-deflection CRT, a high amplitude of the balancing wave is

not an important limitation. However, in driving magnetic-deflection

cathode-ray tubes it is necessary to pass this voltage waveform through
an amplifier and finally to cause it to appear as a current waveform in

the inductance of a synchro rotor (for example, Fig. 13-20).

An alternative method of using an inductance to generate an area-

balanced waveform is shown in Fig. 1317. The sweep part of the wave-
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form starting at h is generated in the same manner as in Fig. 13-15, but

the type of balancing waveform is different. The inductanceL is shunted

by a damping resistor R whose value is slightly less than that needed

for critical damping, that is, \ y/h/C. Consequently, at time t2, when

the current in the pentode tube Vi is cut off, the plate executes a critically

damped overshoot that has the initial energy W(ti).

Ww = *W?W + iCE\. (10)

The value of i(h) is readily determined by integrating the sweep-voltage

waveform E{t) from h to U. Because all the energy Wu2) is completely

extracted from the circuit, mainly through the action of the damping

+ 200v

Voltage eL
across the

Inductance

2s 200 v

Current

t

£ h \i
in the l-1---^

Inductance I

Square

law

I

Fig. 13-17.—Circuit for generating an area-balanced waveiorm.

resistor R, before the next sweep starts, the initial current in the induct-

ance is zero. Therefore:

4* =±£E(t)dt. (11)

Following time h, the LC-circuit is continually losing the energy being

dissipated in the damping resistor.

From t3 to h the diode holds the inductance at the (200-volt + E2)

level, and the total energy lost during this time is T (E\/R) where T is

equal to tA — t$.

At time U the current in the inductance has been reduced until the

diode no longer conducts and the circuit has the energy

W
{(«0 -wty + ^CEl (12)

Following time U, the voltage and current decay exponentially with a

time constant L/R until both reach negligible values and all the energy

stored in the circuit at time U has been dissipated.
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In order to determine the approximate duration T of the flat part of

the voltage waveform, the energy lost during the short time h to U is

assumed to be small compared to the total energy. The energy at time

h, Wat), then approximately equals that at time t3 . Therefore:

T ^1
R

= TT(li W(tt)' (13)

Since W(U) and W{tt) are known from Eqs. (10) and (12), T can be
calculated.

The current waveform in Fig. 13-17 shows how the current in the

inductance varies with time.

When the voltage waveform in Fig. 13-17 is changed into a current

waveform in the inductance of a synchro rotor, somewhat higher voltages

are needed in the plate supply of

the final amplifiers than in the *4*

case of the waveform of the circuit ™

in Fig. 13 15. Push-pull output §
amplifiers operate successfully

with this type of waveform,

however.

Figure 13-18 1 shows the output

amplifier with the reflected deflec- ^
tion-system inductance L\ in the |f

plate circuit. The grid of this £
amplifier goes negative during the

sweep part of the waveform, and

the decreasing current in Li causes

a positive voltage L-J. x/T\ to

appear on the plate. This voltage

may be very great if iL is reduced rapidly and thus the speed of the

sweeps is not limited by the plate supply voltage. In the circuit of

Fig. 13-18, feedback (not shown) is used to cause the grid signal to

have the shape that is needed to produce the required current in iL .

The quiescent current I must be large enough so that the tube does not

cut off near the peak of the sawtooth, i.e., io > I\. The voltage Epp

must be larger than Lil2(2ir/T) so that the maximum rate of change of

current at time t3 can be attained. The power in the output stage must
be at least as great as LJ\Iz(2ir/T). For fixed Lh Ih and T this power

is directly proportional to I2. In practice, sweep duty ratios above

50 per cent are uneconomical.

If a condenser C is placed in series with L\ (between Epp and Lh

1 F. C. Williams, Telecommunications Research Establishment Report, "Magslip

PPI Time Base for Magnetic Tubes."

Quiescent
current =/«

Fig. 13-18.—Current and voltage wave-
forms for the rotor of the synchro in an RTB
display. L\ is the total inductance of the
deflection system as measured at the synchro
rotor or at the primary of a transformer
driving the rotor.
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Fig. 13-18) the voltage needed at Epp can be appreciably reduced with a

consequent reduction in power. The condenser C must be shunted by

a large inductance L 2 to provide a d-c path for the current Ih as in Fig.

13-19. The saving effected in the Epp voltage may be qualitatively seen

by noting that during the time from h to h (Fig. 13-19) the decreasing

current in L x causes the voltage across C to rise (proportionally to t
2

if

t = at h). The current causing the increase in voltage across C comes

from the large, and therefore essentially constant-current, inductance

O^'l

Fig. 13-19.—Operation of the driving circuit of an area-balanced current waveform
in an inductance Li. The inductance Li is much larger than Li and therefore maintains a

constant current. The condenser C aids the plate supply Eh, by providing extra voltage

at time tt.

shunting C. The current in C is actually increasing when the current

in L is decreasing because the net current to point A must be constant.

As a consequence, the effective plate voltage for the tube continues to

increase during the entire time that the current in L is decreasing.

If a sinusoidal current i — —It, sin -=- is forced through C (t =

at the time is, Fig. 13-17), then the voltage ee across C is

Cjo
icdt = + «p7v cos ~m + constant. (14)

If it is required that ee = when t = T/2 (at time t&, Fig. 13-19) and

if C is given the particular value
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c -e(s)*' (15)

then

= ^(cos^ + l} (16)

This curve is plotted in Fig. 13-19 from U to t5 . The voltage across the

condenser must have the same value at time £5 as it had at time h since

the current waveform ie has a net value of zero from h to t$. Thus the

t
2 rise in ec from t\ to U is just the right value to join the sinusoidal part

of ee at time h.

Since the voltage across the condenser and the voltage across the

inductance are known, they may be added to obtain the total voltage

on the plate of the driver tube (voltage curve for point B, Fig. 13-19).

The relation of this voltage curve for point B to the plate supply voltage

EPP depends on the duty ratio of the complete waveform. Because there

is negligible resistance between B and EPP, the average voltage for any

long period at point B must always be Epp . The case requiring the

greatest value of EPP occurs when a new waveform starts just after the

previous one has finished. In this case, inspection of the voltage wave-

form at B shows that Epp is somewhere near the inflection point of the

sinusoid (dashed line in waveform B, Fig. 13-19). This value is about

half that required if only Li is in the plate circuit of the power output

tube. In equipment where light weight is important, this saving is

appreciable.

13-11. Practical Circuits for RTB Displays Using Area-balanced

Current Waveforms.—The simplest display of this type is the one using

the sinusoidal area-balancing waveform generated with the aid of an

inductance. Figure 13-20 shows such a circuit. 1

The rectangular-waveform generator is a stable cathode-coupled

flip-flop ; Vi conducts in the absence of trigger pulses. In the initial stable

condition, the sweep-generating tube F5 is not conducting because its

grid is held just below cutoff through Vi. The trigger pulse causes Vi

to conduct, and the flip-flop regenerates as the plate voltage of Vz rises.

The rising plate voltage of V2 also causes diode Vt to open, allowing

the grid of the sweep-generator tube Vs to charge in a positive direction.

1 This is a modification of a circuit given in the TRE report, "Magslip PPI Time
Base for Magnetic Tubes." Different types of vacuum tubes were used in the original

British circuit. A "flashback control" circuit that limits the maximum speed with

which the waveform shifts from the sweep to the area-balancing part has been omitted

in Fig. 13-20 in the interest of simplicity. This control circuit permits a further

reduction in the power in the output tube Fi by reducing the necessary plate supply

voltage. Consequently the circuit of Fig. 13-20 has not been operated in the exact

form shown.
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This generates the negative sawtooth sweep Avaveform at the plate of V 6

in the manner described in Fig. 13- 15. When the plate of V$ goes below

100 volts, diode V% conducts, returning the flip-flop to its stable initial

condition. Then the diode switch in the grid circuit of F5 closes, and
the current in V5 ceases. The plate of V5 goes through one positive

half cycle of sinusoidal oscillation and is then stopped by the diode switch

V% and V^ at a point near the 200-volt level, controlled by R\. The
complete waveform is picked up on the secondary of Tx and transmitted

through the compensated feedback amplifier consisting of T9 , Vi
,

and Vu. If Ci = (2/L)(77
/2tt) 2

, the voltage for the plate supply of Vn
can be reduced to approximately one-half the value that would be

required if Li and C\ were not used. T is the period of the sinusoidal

balancing waveform and L is the inductance of the deflection system

as measured at the plate of Vn. Fast-starting sweep waveforms (as in

ground-range sweeps) require high voltage across the primary of T%.

In the circuit as shown, these sweep voltages are generated by simply

cutting off the current in Vn at the required rate. The feedback loop

of the output amplifier includes the output transformer. The extra

attenuation introduced by the transformer at both low and high fre-

quencies requires additional compensation in the amplifier in order to

maintain stability. For good performance the transformer must be

made with very-thin-lamination iron and be designed for the closest

possible coupling between primary and secondary.

Another type of circuit employing area-balanced waveforms is shown
in Fig. 13-21. The waveform used is of the type shown in Fig. 13 14a.

The rectangular-waveform generator is started by a trigger pulse from

the constant-frequency trigger generator that sets the period of the

sweeps. The sweep generator then generates a sawtooth waveform,
which must have a shorter duration than the time between the basic

triggers. This voltage waveform is transformed by the feedback ampli-

fier into a current waveform in the synchro rotor. In this case a high-

inductance rotor (about 275 mh) is used so that waveforms of about 40

to 1000 jusec may be applied directly to the rotor by a vacuum tube.

In order to obtain an output trigger at the time that the current wave-

form in the deflection coil is passing through zero, it is necessary first to

distort the waveform appearing in the cathode of the synchro-driving

tube to approximate the distortion caused by the synchro and deflection

coils. This distorted, and thereby corrected, waveform is inserted into

an amplifier that amplifies only above a fixed d-c level (in this case,

ground). A rectangular intensification waveform and an output trigger

are produced by this amplifier. Changes in the slope or period of the

initial sawtooth (or "step plus sawtooth") waveform do not affect the

operation of this circuit, provided that the sawtooth is always completed
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before the next trigger occurs. The trigger and intensification pulse

always start at the instant the spot on the cathode-ray tube is crossing

through the point of rotation.

The operation of the circuit of Fig. 13*21 may be summarized as

follows.

The LC-oscillator Vn runs at 800 cps. It controls a blocking oscil-

lator, Vu, which operates either at 800 cps on Positions 1 and 2 of SiA ,

or at 400 cps on Position 3. The trigger from this blocking oscillator

starts the cathode-coupled flip-flop circuit.

The presence of the cathode follower Vs, which charges condensers

Ci and C2 rapidly at the end of the sweep (time T*), enables the flip-flop

circuit consisting of Vi through V\ to operate in a stable manner at very

high duty ratios. The diode V\ is used in place of the large resistor that

would normally be present in the grid circuit of Vi. This diode causes

the grid of Vt to assume, very accurately, the voltage level E from time

Ti to the start of the next sweep. This voltage is higher than that of

the grid of F2 , and therefore Vi is cut off during this time. The auto-

matic-turnoff cathode follower V6 causes the flip-flop to return to its

initial condition at time T2 because of the presence of the corrected

sweep waveform a-c coupled to its grid. Since the corrected waveform
is a-c-coupled to the grid of V6, the amplitude of the useful sweep on the

cathode-ray tube is constant. The sawtooth generator is of the con-

ventional type. On Position 1 of SiB a sweep adjustable by potentiom-

eter Ri from 35 /xsec/radius to about 200 /*sec/radius is generated. On
Position 2 of Sib a sweep of about 540 /xsec out of a recurrence period of

1200 jusec is generated. The step resistor R2 aids in making this sweep

duty ratio easier to obtain. Switch Position 3 gives a 1100 /*sec sweep

at a recurrence period of 2400 jusec. Low-frequency correction is pro-

vided by using the plate of V8 as a source of a large feedback voltage to

R 3 causing a time-squared term to appear in the sweep waveform.

The feedback amplifier allows the output tubes Fio and Vu to operate

from cutoff. Their average current in the rotor of the synchro is not

zero and therefore there is a slight open circle in the pattern when the

synchro is rapidly rotated, because of the generator action of the synchro.

This effect limits the rotation speed possible without interposing a trans-

former between the output amplifiers and the synchro to cause th6

average current in the synchro rotor to be zero. A speed of 30 rpm is

feasible without a transformer.

The deflection coil is the slightly modified stator of a 3-phase size-1

synchro (see Appendix B, Table B-l).

The correction network causes the voltage on the grid of F20 to be

very similar to the current waveform in the deflection coil. The cathode

follower V20 prevents any charge from being stored on the coupling con-
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denser Cs . This charge would upset the d-c level of the input to the

trigger-generating amplifier. At time jT2 a clamp tube Fi9 causes the

grid of Vis to be pulled in the negative direction faster than the corrected

sweep waveform itself. The intensification waveform is therefore ter-

minated a little sooner than the actual sweep waveform in the deflection

coils and the backtrace is thus prevented from being visible. The rest

of the amplifier for the output gate and trigger is of conventional design.

A circuit using the type of area-balanced waveform of Fig. 13-146 is

outlined in Fig. 13-22. The sawtooth and balancing rectangular wave
are generated separately and after going through two essentially identical

amplifiers are applied to the primary of the output transformer. At
time T\ the diode clamping tube V\ is opened and the sweep appears on

its plate. The sweep is overcompensated because the large signal is

applied to the positive end of the sweep-generating resistor R i through

amplifier Vn. The feedback amplifier is conventional except for the

cathode follower V% which allows the grids of the output tubes F7 and F8

to be driven positive, producing high peak currents.

The voltage waveform on the cathodes of the sweep driver tubes V-i

and V8 is averaged by the .RC-filter R 2 and C\. This voltage determines

the amplitude of the rectangular balancing waveform that appears on the

grid of V\\. A capacity of 240 wi on the grid of Vn slows up the start

of the balancing waveform to reduce the size of the voltage peak occurring

across the output transformer at time T2 . The 740-volt plate supply

for the output tubes is necessary for 60 Msec/diameter sweeps.

The 2-phase deflection coils are slightly modified stators of 2-phase

synchros (Diehl Type PD). For off-centering the pattern, they have

extra windings, with twice as many turns as the sweep windings. This

circuit will operate two cathode-ray tubes that are off-centered one

radius and have a radial time base one diameter in amplitude.

For recurrence frequencies of 200 to 800 cps, sweeps having a 50 per

cent duty ratio are possible with this circuit.

13*12. The Use of Selenium Rectifiers for Maintaining Unidirectional

Currents in Deflection Coils.—It is apparent from the foregoing dis-

cussion that the area-balanced waveform scheme has numerous dis-

advantages, not the least of which is the limitation of the useful sweep

to about 50 per cent of the total recurrence period. If rectifiers of

suitable characteristics, such as selenium units, are inserted in series with

the deflection coils, essentially unidirectional current will flow in the

deflection coil even though the source of current is a synchro stator

winding. Figure 13-23 shows the equivalent circuit for this case where

R/ and Rb are the forward and back resistance of the rectifier, respectively.

The imaginary switch S must be considered to be in the appropriate

position corresponding to the instantaneous direction of the current.
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When a synchro is driving the deflection coil, it is necessary to reverse

the polarity of the rectifier at every null point of the stator used because

the current waveform reverses sign at the null. Such reversal may be

obtained by means of cams and switches or a commutator attached to

the synchro shaft. There should be a short interval, corresponding to

no more than £° of rotation, during which the switch short-circuits the

rectifier before effecting the reversal. This switch action makes a

smoother transition, which is almost unnoticeable on a cathode-ray

screen using a magnetic-deflection tube with normal resolution. A

_+. Synchro _*. Deflection coil

*i H
Fig. 13-23.—Equivalent circuit for a synchro driving a deflection coil through a rectifier

unit. R/ =- forward resistance and Rb = back resistance of the rectifier. The switch S
is thrown at the instant the current reverses.

resistor whose value is several times that of the back resistance of the
rectifier at low currents should be used across the reversing switch..

This resistor reduces the effect of transients due to the action of the

reversing switch.

It is of interest to determine the manner in which the rectifier causes

the unidirectional current to flow in the stator circuit (Fig. 13-23). The
actual forward and back resistances of the selenium rectifier are not
constant but vary rapidly with current (see Table 13-1, also Fig. 4-72).

The analysis of the rectifier operation is, however, greatly simplified by
assuming constant resistances, and an allowance for their variation

Table 13-1.

—

Resistance of Single Selenium-rectifier Disk (If" OD)

Forward direction Reversed direction

I, ma R, ohms I, ma R, ohms

2 140 0.6 3,500
4 80 1.8 2,200
10 44 6.6 1,200
20 25 12.2 820
40 14 56.0 270
80 7 ....

100 5.7 ....

300 2.5 ....

500 1.7 ....
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can be made after the operation with constant values of R/ and Rb is

approximated.

To produce a linear current sweep in the stator circuit of Fig. 13-23

it is necessary to cause a current made up of a sawtooth waveform plus

a t
2 correction term to flow in the rotor (see Sec. 10-7). The rotor current

i\ necessary to produce a sawtooth stator current i% = kit in the stator

Fig. 13-24.—Current waveforms in the rotor and stator of the synchro in Fig. 13-23.

The "overshoot" in the stator current, caused by low-frequency losses, recovers rapidly

because of the high back resistance of the rectifier.

circuit is (from Eq. 10-59; it is required that both ix and «2 are zero at

t = 0)

11 M (L2 + La)t + M 2 '
• (17)

The rectifier reversing switch (not shown in Fig. 13-23) is always

thrown so that the forward resistance is used during the sweep. Figure

13-24 shows the current waveforms in the rotor and stator circuits of

Fig. 13-23 where both n and i2 are assumed to be zero at time h. To
simplify the writing of the equations, the following substitutions will be

made.
L. = L2 + U. (18)

R'f = Ri + R* + R/. (19)

R'b = R 2 + R 3 4- Rb . (20)

fcx (fl, + R 3 + Rf)T\
, nB = M 2 ' (21)

where 7\ is the duration of the sweep sawtooth waveform in Fig. 13-24,
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and where B is the time-squared term in the rotor current waveform in

Eq. (17).

The magnitude of overshoot of the stator current i2 is readily deter-

mined if the first part of the return time T% required to reduce the stator

current to zero (Fig. 13-24) is small compared to La/R'f and if the

remainder of the return time T3 is small compared to L,/R'b. If these two
conditions are met (they are readily met in practice) then the t

2 correction

term can be completely neglected for the case of the return-time waveform
itself. If the return-time waveform in the stator is required to be a saw-

tooth waveform of slope A;2 , then the rotor current necessary to produce

this has a slope (L,/ra)fc2 , as may be seen from Eq. (17). Since the

amplitude of the rotor return waveform is (L,kiTi/M) + B, the ampli-

tude of the stator return-time waveform is very nearly kiTi + (MB/L„).

Thus, the stator overshoot is MB/L,. At time t± the rotor current is

forced to be zero by the rotor-driving circuit, and the stator current is

allowed to decay toward zero with a time constant of L,/R'b , according to

the equation

MB „ £*.

where t = at time U in Fig. 13-24. If adequate time is not allowed for

t2 to get back to zero, the sweep will not rotate exactly about one end
because t2 will still be negative at the start of the next sweep. Note
that the rate of recovery is essentially constant for a given synchro
deflection coil and selenium rectifier. The amount of recovery necessary

is directly proportional to the magnitude B of the time-squared correction

term in the rotor. For sweeps short compared to the forward-resistance

stator time constant La/R
f

f the amount of overshoot is small.

An example will illustrate the time required for recovery of a typical

system. LetLi = L2 = 10mh,L3 = 5mh, k = 0.92 (k = M/\/Lj72),
Rz + Rz = 15 ohms. For the selenium rectifier used, Rf ~ 5 ohms at

125 ma, which is the current needed for about half a radius deflection.

For an approximate calculation this value may be taken as the average
forward resistance. Then, from Eq. (21) the ratio of B to the amplitude
of the sawtooth part of the input current waveform (L,/M)kiTi (see

Fig. 13-24), may be obtained.

B (B t + R 3 + Rf)Tt

L77Z
=

2L. (23)

M klTl

Using the constants given above and a sweep of duration T\ = 1000 jusec,

f-^— = 0.66,
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which shows that the value of the t
2 term B in the input waveform is

nearly as large as the sawtooth part. Therefore, the overshoot is large

and the time for complete recovery is longer. The time constant of the

recovery waveform (following ti} Fig. 13-24) is L„/R'h , according to Eq.

(22). If the input waveform has a peak value of 166 ma, then the over-

shoot will be MB/L8, or 40 ma in the case of the above example. The
selenium rectifier has about 400 ohms back resistance at a current of

40 ma. With this value of Rb, the overshoot will decay to 36 per cent of

its original amplitude in 36/xsec. In practice, the deflection coils

described here can recover from a one-radius 1000-jusec sweep in about

200 Msec and have no noticeable defect in the centering of the RTB
pattern. A much higher useful sweep duty ratio thus is possible than

could be used with area-balancing displays. The sweep-driving circuit

of Fig. 13-22 is useful for exciting the rotor of a synchro with selenium

rectifiers in series with the stator. Because the stator current, for all

practical purposes, recovers to zero current after each individual sweep,

any rate of change of sweep amplitude is permissible. Rapid rotation

rates of the synchro therefore have no deleterious effect on the RTB
pattern.

The major limitations of this type of RTB display are:

1. Poor performance on long sweeps because of the distortions caused

by the nonlinear resistance of the rectifiers (particularly noticeable

near a null point where the small-amplitude sweep component has

an appreciably different shape from the large-amplitude one). In

this respect a 3-phase system should give better results than a

2-phase system.

2. The necessity of a long-life low-resistance rectifier-reversing switch

that will throw rapidly and accurately in a small angle. With

further development of rectifiers and switches, this method should

be useful in many applications of RTB displays.

RESOLUTION BEFORE TIME-BASE GENERATION

This method of producing a radial-time-base display uses a resolving

device to operate on a carrier voltage (sometimes a d-c voltage and

sometimes a sinusoidal voltage) other than the sweep waveform itself.

This carrier voltage is then resolved into components whose amplitudes

are respectively proportional to the sine and cosine of the angle of rotation

of the rotor of the resolving device. Sweep waveforms proportional in

amplitude to these voltages are then generated. The primary advantage

of this method is that it eliminates the necessity either of passing the

sweep waveform through the resolving device or of transmitting it over

long distances. The high-frequency-transmission characteristics of the



472 RADIAL-TIME-BASE DISPLAY [Sec. 13-13

resolving device, of transmission lines, and of their associated driving

circuits are therefore not required to be of such a degree of excellence as

in the previously described schemes.

13-13. General Description.—The general nature of a resolution-

before-time-base generation system depends somewhat on the type of

resolving device used. The simplest device is a sinusoidal potentiometer

to which are applied d-c voltages.

Another system applies an a-c carrier to the resolving device, which

is usually a synchro but is sometimes a sinusoidal condenser or potentiom-

-AEcosd '*-''

Fig. 13-25.—Elements of a radial-time-base display using pre-time-base resolution.

eter. A block diagram of this system is shown in Fig. 13-25. The
frequency of the sinusoidal carrier wave used depends on the speed of

rotation of the resolving device, the sweep repetition rate, and the ease

with which that frequency may be sent over the available transmission

lines. For most practical systems this frequency is between 400 and 5000
cps for synchro resolvers and may be as great as 1 Mc/sec for sinusoidal-

condenser resolvers.

The output voltage of the sine-wave oscillator may be written as

eo = E sin <at.
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This voltage is applied to the resolving device and the following two com-

ponents are obtained:

ex — (E sin cat)A sin 6,

and
Cy = (E sin ut)A cos 0,

where is the angle of rotation of the resolver. The demodulator

removes the a-c carrier frequency leaving

e'x = ±AE sin6

and
e'y
= ±AE cos 0.

Generally, as indicated in Fig. 13-25, both positive and negative

voltages are generated because it is advantageous to use push-pull drive. 1

There are two methods of obtaining push-pull drive for the driver stage.

One of these is to generate push-pull voltage sawtooth waveforms directly

from the resolver output voltages. This method requires a two-way

clamp and voltages on the resolver which are both positive and negative

with respect to the clamping point. These positive and negative output

voltages are available from synchros and from some potentiometers, but

are usually not available from condensers. The other method of gen-

erating push-pull voltages is to use a difference amplifier. In the elec-

trostatic case, when the current requirements on the driver are not high,

it is usually possible to develop the push-pull voltages in the driver stage

itself. However, in the magnetic sweep generators, the drivers cannot

serve as good differential amplifiers. Thus, undirectional sawtooth

waves can be used only if an intermediate difference-amplifier stage is

inserted. The signals from this amplifier will then have to be d-c-coupled

to the driver grids. If a-c coupling were used, two-way clamps would be

necessary on the driver grids.

Because of the lack of stability of d-c amplifiers it is generally more

desirable to generate push-pull sawtooth waves from the resolver itself.

This is most satisfactorily done using double-diode clamps and voltage

feedback (Fig. 13-30). If insufficient input voltage is available to the

driver grid from this type of clamp circuit, one-way clamps followed by

differential amplification should be used.

13*14. Time-base Generators. One-way Clamp Combined with Dif-

ferential Amplifier.—In this case, only positive sawtooth waveforms are

generated and these are then combined in a differential amplifier to

1 Push-pull drive has very definite advantages in both magnetic and electrostatic

deflection systems. In the magnetic case, the grid swing on the drivers is usually so

large that the output wave is nonlinear, but push-pull drive will compensate for this

nonlinearity of the tubes. In the electrostatic case, anything but push-pull drive will

badly defocus the spot.
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obtain the desired deflection. A circuit diagram for such a system is

shown in Fig. 13-26.

A sinusoidal potentiometer (see Vol. 17, Chap. 8) is used as a resolving

device. If a single positive voltage E is impressed on a sinusoidal poten-
tiometer that has four rotating brushes 90° apart, from one brush is

4-

I

Potential

varies with

+sin e

» -E.E .

cl~"2 + 2 sin

Potential varies

with + cos

Jj'iG. 13-26.—Pre-time-base-resolution system using one-way clamps with differential
amplifier.

obtained a d-c potential

ei = g + 2 sm 9
>

and from the one 180° away is obtained

E E . „

Since both of these voltages are positive, a one-way clamp can be used
together with an RC charging circuit to generate positive sweep wave-
forms. If only a small portion of the charging curve is used, these sweep
waveforms will be nearly linear and of amplitudes equal to kei and ke2

respectively. The differential amplifier combines them in such a way
that the peak voltage k(ei — e2) = $kE sin 6 (where 9 is the gain of the
amplifier) appears between deflecting plates. A vertical linear sweep
whose maximum amplitude is proportional to sin 6 can thereby be
obtained on an electrostatic cathode-ray tube.
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The output voltage from the other pair of brushes of the sinusoidal

potentiometer can be treated in a similar manner and a deflection of

amplitude $kE cos can be obtained on the horizontal plates of the

cathode-ray tube.

Two-way Clamp.—A system such as the one illustrated in Fig. 13-25

has sweep waveforms that go both positive and negative. The most

common type of two-way clamp used for generation of these waveforms

is shown in Fig. 13-27.

A complete PPI of this type requires four such clamps, one for each

sweep component generated. There are four sweep components gen-

*it£sin0-»~~VW

Fig. 13-27.—Sawtooth generator with two-way two-triode clamp.

erated since both horizontal and vertical deflection coils are driven in

push-pull; therefore two sweep generators of opposite phase are needed

for both horizontal and vertical channels.

The double-triode two-way clamp is subject to the trouble of "gate

feedthrough" ; that is, a small negative pip appears at the beginning of

the sweep because of the capacity between the grids of the clamp tube

and the point A at which the sweep waveform is generated. This

voltage is always of the same sign and in a push-pull system tends to

balance out; however, this balancing action is not complete.

In order to reduce such capacity effects, the diode-bridge type of

clamp may be used. There are several variations of this but the one

shown in Fig. 13*28 is most common. If the diode capacities are equal,

there will be no voltage developed at the junction of R and C due to the

gates, provided that the gates are of the same size and have equal rise

times. The two gates must therefore be balanced and be obtained from

very low or equal impedance sources. A clamp of this type appears at
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first to be costly in comparison with the double-triode clamp. However,
the two grounded diodes (Vi and V3) of Fig. 13-28 can be common to all

four sweep generators and therefore ten diodes are required for a com-
plete system as compared to eight triodes with the double-triode-clamp

system.

In either type, the "gate feedthrough" may be reduced by slowing
the rise of the gate and by making the gate as small as possible. In a
clamp of the diode-bridge type, it may be completely balanced out by
adding a small variable capacitance across the diodes, thereby equalizing

JT

Mi? sin t

o
1(

_.-_ __

© -O A

J/&'
h /[ for positive

sinfl

Gnd

To sweep

amplifier

'For negative

sin

Fia. 13-28.—Four-diode clamp for generation of either positive or negative sawtooth
waveforms.

the total capacitances. Actually it is sufficient to equalize the capaci-

tances across F2 and Vi.

Sweep-amplitude Adjustment.—The over-all sweep amplitude can be
adjusted by variation of the carrier-voltage amplitude, but this adjust-

ment affects both the sine and cosine components of the sweep. There-
fore, other means must be provided for controlling the relative

amplitudes of the x- and y-sweeps to insure circularity of constant-time

indices. Variation of the time constant in one of the sweep-generator
circuits is one possible method.

Another possible method of sweep-amplitude adjustment is the varia-

tion of all the time constants in the sweep-generator circuits, generally

by means of variable resistors. If simultaneous adjustment is desired,

these resistors can be ganged together. However, if independent adjust-
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ment of all the time constants is made, the circularity of the pattern
may be controlled at the same time.

Centering.—Centering of the trace on the cathode-ray tube may be
accomplished by returning the clamps in the sweep generators to some
d-c level other than ground. By this means the amount of current
which the sweep-driver tubes pass at the start of the sweep can be varied,
and this variation, in turn, changes the position of the origin of the trace
on the cathode-ray tube. The same idea may be extended to off-center
displays, as illustrated in Fig. 13-10.

13»15. A Practical System.—A circuit for a complete pre-time-base-
resolution indicator, using as a resolving device a sinusoidal potentiom-

Sinusoidal potentiometer

resistance 35-40 k

Change value . ~
ofCfor 1.

l*-

different ranges

Beam-power-tube

amplifiers

Deflection coils

Vc~3

Pig. 13-29.—Simplified schematic of sweep circuit for radial-time-base display using
potentiometer as resolving device. Electronic switches open at time ti close at time t%.

Condenser C charges to 10 or 15 per cent of the brush potential, thus generating sawtooth
waveforms.

eter with d-c-impressed voltages, is shown in Fig. 13-29. The system
using this indicator has a pulse repetition rate of 2000 cps and the indi-

cator tube provides radial rotating sweeps of 7.5, 15, and 30 miles.

The four output voltages from the brushes of the sine potentiometer
shown in Fig. 13-29 are passed through high-frequency filters to remove
noise generated as the brushes move from wire to wire on the potentiom-
eter. The output waveforms from the brushes of the potentiometer are
low-frequency a-c voltages whose frequencies are equal to the speed
of rotation of the potentiometer shaft. The filter time constants must
therefore be small enough to prevent phase shift at this frequency and
the resultant angular errors.

As indicated in Fig. 13-29, the output voltages from the niters are
used to control the slopes of four independent sawtooth generators com-
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Fia. 13-30.—Complete radial-time-base display
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posed of the 72C-circuits together with the clamps that are indicated as

switches. These clamps are of the two-way variety illustrated in Fig.

13-27. They perform the function of starting and stopping the sweeps

at the proper time; and also of starting the sweep at the proper d-c level.

This level is maintained regardless of the amplitudes of the sweeps,

which vary in synchronism with the rotation of the potentiometer shaft.

The two push-pull sweep voltages whose amplitudes are controlled by the

cos 6 voltages are applied to a push-pull amplifier that drives the vertical

sweep coil. In a similar manner, the sine components are used to drive

the horizontal sweep coil.

In Fig. 13-30, V\ and 72 comprise the trigger generator circuit, with

Via being a blocking oscillator whose repetition rate is controlled by 72 1.

The generated trigger pulse is then applied to 7i6 ,
which supplies the

trigger to the radar modulator. It is also applied through 72 and trans-

former T2 to the flip-flop 76 and to the delay circuit 78 . From the plate

of V^ is taken a negative rectangular wave that is applied to the grid of

V6a. Tubes 76 and 7 7 comprise the fixed range-mark generator which

is discussed in Chap. 6.

The negative trigger pulse is supplied to 736 which with 73o is a

flip-flop that generates a variable-width rectangular wave. The end of

the positive wave from 736 is developed by the blocking oscillator Via

into a movable marker pip whose position is controlled by 722 .

This marker and the range marks from 77 are mixed in 78 and applied

to the cathode of the cathode-ray tube. A positive pulse from the plate

of Vu is applied to the first anode of the cathode-ray tube for intensifica-

tion of the sweep. Positive video signals are applied to the grid of the

cathode-ray tube.

The clamp circuits, comprising 79 , Vw , Vn , and 7 i2 ,
form the sweep-

waveform-generating circuits. The tubes 7i3, Vu, Vu, and Vu are

the sweep drivers.

The gang switch selects one of three positions for ranges of 7.5, 15,

and 30 miles. Sections D, E, F, and G are used to switch condensers

in the sweep-generating circuits. The resistors in series with the charg-

ing condensers cause a trapezoidal rather than a sawtooth waveform to

be generated; this waveform is necessary to force a sawtooth waveform

of current through the deflection coils. Section C is used to switch one

of three variable charging resistors into one of the four channels. Cir-

cularity correction for the pattern is thus provided by making up for

variability of resistors and condensers and for variation in gain of differ-

ent driver tubes. Section A is used to switch from 2-mile marks on the

7.5-mile sweep to 5-mile marks on the 15- and 30-mile sweeps. Section

B is used to change the length of the gating pulse from the main flip-flop

for the various ranges.
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In the sweep driving circuits, R3 and Ri are controls for properly
centering the pattern on the cathode-ray tube. These are merely bias

controls for the clamps on the driver grids which allow the sweep to start

with either more or less initial current in the deflection coils.

The sweep driving tubes are of the beam-tetrode type 6V6. Separate
cathode degeneration is used for each one to improve linearity and stabil-

ity. The condensers at the cathodes of the driver tubes Vu to V16 are

peaking condensers that are just large enough to present low impedance
for the higher-frequency components associated with the start of the
sweep. The sweep can therefore start with less delay than it otherwise
would.

The main advantage of a display of this type over other pre-time-
base-resolution circuits, such as that using an a-c carrier passed through
a resolving device and then demodulated, is its simplicity. However, it

has some limitations that are due almost entirely to the potentiometer
itself. One of these is the limited potentiometer life, which is dependent
upon the speed of rotation of the shaft. Another is a spoking effect in

the display due to the irregular angular information as the brushes move
from one wire to the next.



CHAPTER 14

SECTOR-DISPLAY INDICATORS

By R. W. Lee

14«1. Introduction.—The sector display is a magnified section of a

radial-time-base display in which the center of rotation may or may

not be at the center of the cathode-ray tube. Figure 14-la shows a

Fig. 14-1.—Sector displays. Examples (6), (c), and (d) are the various sections indicated

in (a) enlarged eight times.

radial-time-base display with time and angle indices. Figures 14-16,

c, and d show magnified regions of this display as they would appear

on a sector-display indicator. Resolution in the picture is determined

by the trace speed and the size of the spot of light on the cathode-ray-

tube screen. Since, ideally, the spot size remains constant as the pattern

482
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is expanded to obtain a sector display, the resolution of the display
increases linearly with the magnification until it is limited by the signal
pulse length or the repetition rate.

The sector display is free from the inherent distortion of the expanded
B-scope; in addition, the proper orientation of the picture is maintained.
North is always a definite direction on the tube face regardless of the
manipulations that result in the display of the sector. Thus, relative
ranges and vectors may be read directly from the tube by means of over-
lays and other plotting aids (see Chap. 16).

The information required for the generation of such a display is the
same as for most other types. It includes (1) a voltage pulse to syn-
chronize the sweeps in time; (2) polar-angle information, preferably in
the form of a shaft rotation provided by a servomechanism, for syn-
chronization of the polar coordi-

nates; (3) signals to be displayed,

usually voltage pulses involving

video frequencies.

In principle, the simplestmethod
of deriving a sector display is to

generate a highly expanded radial-

time-base trace, which may be of
FlG

"
14 "2 -Generation oi sec*°r display,

either the fixed or rotating-coil variety. By means of constant currents
in an external coil, or in the sweep coil itself, if it is of the stationary type,
a deflecting field that can move the origin of the trace off-center may be
created. If the off-centering coil system is orthogonal, the trace may be
moved independently in x- and ^-coordinates. A rotatable off-centering

coil lends itself naturally to r and 6 coordinate selection.

It is also feasible to simulate the sector without actually generating
the complete picture. To clarify this statement, consider Fig. 14-2.

The cathode-ray-tube face is defined by the circle passing through points
B and C. If the trace is off-centered to point A, the time-base deflection

brings it back to the tube along the line ABC. The appearance of the
sector display can also be obtained by holding the trace just off the edge
of the tube and then causing deflection along the line BC at the appropri-
ate time. However, the synchronization must be perfect; that is, the
spot must appear at B at exactly the same time after the trigger pulse
that it would have appeared there if it had been pulled off to A and then
driven back. In this way the deflection produced need never be much in

excess of one diameter of the tube face.

SECTOR DISPLAYS DERIVED FROM RADIAL-TIME-BASE DISPLAYS

14»2. Rotating-coil Methods.—The inherent limitations of this

method 1 lie in the deflection system, which has been treated in Chap. 12.
1 This subject has already been discussed in Chapter 13.
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Creating a sector display with a rotating-coil radial-time-base sweep and

an off-centering coil requires the least complicated circuits of any off-

centering method. If not extended beyond two radii off-center, it is

possibly the most feasible and practical method. For greater displace-

ments, however, fundamental limitations in the coil system impose dif-

ficulties with spot size, pattern distortion, and retrace time, which are

not economically overcome.

14-3. Fixed-coil Methods.—It is possible to generate a sector display

with a two-coil system, whether the sweep coil is fixed or rotatable.

Fio. 14-3.—Typical sweep-amplifier circuit.

However, the limitations of the field-addition method are just as appli-

cable in the case where the inner coil is fixed as in that where it is rotat-

able (see Chap. 12).

In another method both sweep and off-centering fields are generated

in the same coil. A sweep-amplifier circuit, similar to some of those

discussed in Chap. 13, is shown in Fig. 14-3 for one coordinate only.

Resolved linear sweep voltages are applied to the grids of the amplifiers

that drive the deflection coil. The position of the origin of the trace is

determined by the direct currents in the output stages, and thus by their

grid biases E x and E% . If these bias levels are variable, the trace may be

off-centered in an orthogonal x- and ^-coordinate system. If the gain of

the amplifier is sufficiently high, and the output stage does not limit, it
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is possible by this means to generate a radial-time-base display that is

highly expanded and that may be off-centered many radii.

The limitations of field addition in a two-coil system are circumvented
by this method. However, the coil requirements are still stringent.
The large magnetic fields that must be generated, and the large amount
of energy stored in the field which must be dissipated between cycles,
require that a large amount of copper be used to reduce the power and
prevent overheating, and to provide a sufficiently low retrace time.
On the other hand, spot size on the cathode-ray tube does not suffer
because the off-centering and sweep fields are exactly superimposed.
Inherent pattern distortions due to asymmetries in the deflection system
will be magnified in the same ratio as the picture magnification.

Actually, in any fixed-coil system, it is not necessary to generate
large off-centering fields to pull the origin of the trace many radii off

the center of the tube face and then to drive the sweep all the way back
again. Voltage addition on the grids of the amplifiers may replace the
field addition of other methods because the sweep amplifiers are essen-
tially null instruments. In the diagram of Fig. 14-4 illustrating the wave-
form in the sweep-amplifier grid circuit, time is plotted horizontally. If

the grid sawtooth waveform is made to shift vertically with respect to the
cutoff level, the sweep may be made to start at an earlier or later time
according to the range to the sector area to be displayed. The spot is

held off the edge of the tube face by clamping the driver-tube grids to
the necessary voltages, and the sweep is made to start at the proper
time by adding an appropriate d-c voltage to the grid sawtooth waveform.
As soon as the spot has reached the opposite side of the tube, the amplifier
may be allowed to reach saturation. If it is assumed that the current
gain of the amplifier remains constant for all grid voltages, the cutoff
level may be moved up or down at will, and (when the. amplifier is con-
ducting) the current through the amplifier remains the same for any
given grid bias. Hence the sweep speed is controlled only by the saw-
tooth waveform and not by the grid bias. In other words, field addition
of the two-coil method has been replaced by voltage addition on the input
grid of an amplifier. If the amplifier were linear from cutoff to zero bias,
it would never be necessary to drive the spot off-center farther than the
edge of the tube, where it would wait until the proper time to start
moving.

The simple case discussed, however, has several practical difficulties.

Mixing of a centering voltage and the sweep voltage waveform on the
grid of the output amplifier is not advisable. The sawtooth waveform
is usually condenser-coupled into this grid, and d-c restored by a clamp
tube. This restoration is not practical unless the baseline of the sweep
is below zero bias, for at zero bias the output-tube grid current makes
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that stage look like a diode, and it will pull against whatever d-c restorer

is used. A better method of mixing is a direct-coupled scheme using

resistor networks. The off-center display described in Sec. 14-4 (Fig.

14-10) uses this method. Between the mixing point and the output

amplifier, there is a degenerative feedback amplifier.

It should be pointed out that this amplifier is critical to the accurate

generation of a sector display. The linearity must be good, both for a-c

and d-c signals. In other words, it is essential that this direct-coupled

amplifier have an almost flat frequency response over the region to

100,000 cps because it is necessary to generate sector displays with high

expansions, where no more than the first microsecond of the trace should

be lost because of poor high-fre-

A / quency response. Further, since

/ / Cutoff this is a high-gain amplifier, the

— — — 7^
i

"" "y^""~ "j
_ necessary peaking to obtain the

required frequency response mustvx

Fio. 14-4.—Waveform in sweep-amplifier
fe ^ carefully because of the

grid circuit. J
. , . ,

danger of regeneration at nign

frequencies. The operating level of the push-pull amplifier is sensitive to

the value of the plate resistors and voltage dividers. Careful normaliza-

tion of the gains of the two pairs of amplifiers is necessary to insure

pattern circularity.

Although the circuits associated with this scheme are more com-

plicated than several others, it is definitely more practical than the

"brute-force" schemes if an off-centering of more than three radii is

desired. The fundamental limitations, those imposed by the deflection

system, are no longer present.

These voltage-addition methods are most applicable to fixed-coil

displays, and therefore lend themselves naturally to x- and y-coordinate

off-centering. One advantage of centering in these coordinates is the

ease with which this system is adapted to component addition. In

many cases, it is convenient to have the total displacement of the trace

represent the sum of several separate displacements. All such displace-

ments are vectors, and their components in a rectangular-coordinate

system add as scalars. This is a real advantage, for voltage addition of

several quantities that are slowly varying is easy m resistor networks.

If the off-centering system worked in polar coordinates, there would be

no simple way of adding in the external centering voltages.

SECTOR DISPLAYS THAT ARE NOT DERIVED FROM RADIAL-TIME-BASE
DISPLAYS

Thus far, the problem of generating a sector display has been solved

by magnetic field addition or by voltage addition on the grids of sweep
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amplifiers. Both of these methods represent modifications of existing
radial-time-base displays and are geometrically exact. However, if the
sector display does not have to be able to generate a complete centered
radial-time-base display, there are simpler circuits that can be used to
give expansion of sectors. These sectors can be generated by using
delayed sweeps. Figure 14-5 shows a radial vector on a radial-time-base
display.

The circled sector could be synthesized by resolving the sweeps into
two components, one parallel to the vector R, and the other perpendicular
to it. Any vector R' then has a vertical com-
ponent R' cos 6 and a horizontal component
R'sinfl. The vertical component R'cos0
could further be divided into a delay RJ cos
and a sweep (R' — RJ) cos 0.

For many applications, approximations to
these components can be made on the sector
display. The B-scan represents an inexact
expanded sector in which R' is used for R'
cos and is used for R' sin 0. The following
sections will deal with the geometry of other
approximate sector displays and the circuits

necessary for generating them. As the ap-
proximations become more exact, the circuits

become more complex.

144. Micro-B Scope with Range Normali-
zation.—The simplest of these approximate
sector displays, for which the approximation
is fair, especially at long range, is an adapta-
tion of the B-scope discussed in Chap. 1 1 . The
Micro-B scope is a display that combines a
delayed time-base of arbitrary duration with
a controlled sweep of very low frequency,
in which the control coordinate usually is an angle, perhaps the azimuth
position of an antenna. The ordinary Micro-B scope suffers from
a huge distortion of the scale factor. In the direction of the trace,
the scale factor may be 10 miles in 5 inches; but perpendicular to this
direction it is a function of range, since a constant number of degrees of
angle is presented on the tube face regardless of the range delay of the
display. Since the width of the sector displayed is constant in angle,
the width of the sector in miles is directly proportional to range, as may
be seen from Fig. 14-6. To minimize the distortion, the scale of the dis-
play in miles per inch must be the same in all directions on the tube face.
Therefore, the number of degrees displayed in a given number of inches

Fig. 14-5.—Off-centered
display; R' can be synthesized
by two vectors: one parallel
to R and equal to R'i cos $ +
(R' — R'i) cos 6, and one
perpendicular to R and equal
to R' sin $ ; R't cos is a time
delay.
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on the tube face must be inversely proportional to range, or the deflection

of the controlled sweep must be made directly proportional to the product

of the delay range and the angle. This deduction is borne out by the

geometry of Fig. 14-6. Here, the rectangle is matched to the sector

ABCD at the points EF, and the half-width is

EF „ . 9—- = K tan 2*

If it is desired to present a sector of length r in range, then to minimize

the distortions it is necessary to set r = EF. Therefore, r = 2R tan -^

and = 2 tan-1 (r/2R ) will be the width of the required sector in angle.

Fig. 14-6.—Geometry of range-normalized Micro-B sector.

The sector ABCD is approximated by the rectangle A'B'C'D'. The

resulting distortion is not great, except at very close range. For example,

if R is greater than 2r, will be less than about 30°. For such an approx-

imation, tan and sin may be replaced by itself. Then,

r rO
BB' ~ 2

X
2
= T

To obtain the maximum position error, its maximum value 8 is

substituted for 0, and the following quantity obtained:

r

4iJ
*
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The vector error between any two points in the display will be equal
to the deviation between the direction line joining them in the true
sector and the direction line that joins them in the normalized Micro-B
scope. This error is a maximum for the case of the points C and D, or A
and B. The vector error is just the angle between CD and CD', or

« = 2

The second case of interest occurs when one of the points is at the
center of the tube, and the other at one of the corners. Since

*~<k

Inspection of the figure shows that other cases are even less important.
Note that AD and A'D', BD and B'D', etc., are all nearly parallel, with
the result that the vector error is nearly

zero.

If it is assumed that a 10-mile sector is

to be displayed, then is al -out 6° at 100

k R sin $

OB - r V 2—
t

rd

4

V2r
e

2\/2
6

~3'

miles and the maximum vector error is s^
* sm 9

only 3°. At 50 miles, this maximum error

is about 6°, and it becomes correspond-

ingly larger as the delay is decreased.

Since the controlled sweep is varying
FlG

"
14,7-—^gJ

n°rmaUzation

slowly in the case of the Micro-B scope,

the method of getting a deflection proportional to R is simple. In
Fig. 147, R 2 is a linear potentiometer ganged with the delay knob.
As the range increases, the fraction of signal picked off by the divider
increases linearly with R . If the input voltage is proportional to sin 0,

the voltage out of the divider is proportional to R sin 0. (The use of

sin instead of tan is justified since it has already been assumed that
the angles dealt with are small.) It is, furthermore, convenient because
most resolver devices put out sin rather than tan 0. In the figure, R x

is simply a slope adjustment to provide the proper normalization.
The second serious defect of the Micro-B scope is that it does not

present the proper orientation of the pattern; the sector presented is

centered in azimuth about any arbitrarily preselected angle. A differ-

ential gear in the drive of the reference generator producing the sin

reference voltage serves to select the angle at which this reference voltage
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goes to zero. Figure 14-8 shows how the azimuth-selection crank can be

used to rotate the deflection coil so that the orientation of the pattern

will be correct.

Since sin has two zeros in every complete cycle, it is necessary to

^ prevent the pattern from appear-

£ Differential mg on the tube every other time;

that is, the unwanted pattern

occurring 180° out of phase with

the desired pattern must be

"blanked out." When a differ-

ential gear is used to drive the data

generator, a simple device like a

cam on the data-generator shaft,

actuating a Microswitch, can be

used to get rid of the unwanted

null point.

In this fashion, a very fair

approximation to a true sector

may be displayed at a minimum of cost electrically. Mechanically, the

scheme is somewhat more complicated than fixed-coil methods, but the

coil does not have to be rotated with the antenna; it is rotated only by

hand power in the process of sector selection.

Trigger

\/ Data/\ synchro

Deflection

coil

Servo-

mechanism

Fig. 14-8.—Mechanical schematic dia-

gram for Micro-B scope. Hand crank turns

deflection coil directly and phases data from

data synchro. Servomechanism gives out

control-data information of shaft motion.

Fig. 14-9.—Block diagram of range-normalized Micrc-B sector.

Range-normalization of a B-scope has been mentioned briefly in

Chap. 11. Figure 14-9 is the complete block diagram of an experimental

sector display of this type, and Fig. 14-10 is the schematic diagram.

The tubes V2 and Vz form a linear sawtooth-waveform generator and
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diode pickoff circuit similar to that used in many time-delay circuits.

However, instead of developing a delayed pulse to trigger a multivibrator

gating circuit for the range sweep, the picked-off sawtooth waveform

is condenser-coupled into the sweep amplifier and used directly for the

time-base waveform. The main rectangular waveform generator is of

the "flip-flop" variety with a long time constant, and is turned off at the

end of the sweep by the action of a pentode (78) that conducts only when

the current through the output stage of the sweep amplifier reaches a

certain predetermined level. It

should also be pointed out that

this circuit, instead of using a

differential gear for phasing the

angle reference voltage, utilizes

two synchros. One synchro, the

rotor of which is turned by hand,

replaces the differential gear.

The second synchro is turned by

the servomechanism, and the

stators of the two synchros are

tied together. Under these con-

ditions, it is not possible to use a

cam and Microswitch for angle

intensification of the display, and

a "flop-over" circuit (Vi 9), acting

on the d-c reference voltage, is

necessary for this purpose.

14-5. Range-normalized
Micro-B Scope of the Rotating-

coil Type.—The approximation

treated in the previous section is

good at long range (that is, for

values of R greater than 2r).

The chief cause of error is the fact that the trace does not rotate with the

antenna and therefore does not point in the direction of the beam at every

instant. However, it is possible to preserve orientation approximately

because the trace is lined up with the beam when it is at the center of

the tube.

If, however, the coil is rotated with the antenna and the sweeps

applied are the same as those used in the range-normalized B-scope, an

interesting type of display results. The range sweep, the starting time

of which may be delayed by an adjustable amount, is a synchronized

time-base of duration r, of constant amplitude about equal to the tube

diameter. The trace is off-centered by means of direct current until the

origin is about at the edge of the tube face. The controlled sweep,

Fig. 14-11.—Geometry of rotating-coil

range-normalized Micro-B scope. ABEF is

the sector to be displayed with at the

center of the cathode-ray tube. Ro is the

range to the sector center, and r the sweep

length on the tube.
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Servo supplies

control coordinate

in terms of

shaft motion -r&-

Deflection

coil

2-Phase
resolver

gives data
voltage

1 Hand crank
phases voltage
from resolver

Fig. 14-12.—Mechanical schematic diagram
for rotating-coil Micro-B scope.

applied at right angles to the range sweep, is a d-c voltage proportional

to the sine of the control coordinate (usually an azimuth angle). Its

amplitude is further modulated by means of resistor networks to be
proportional to the range delay. The geometry resulting from this

arrangement is shown in Fig. 14-11. The mechanical schematic diagram
of Fig. 14-12 shows the arrangement of the mechanical components
required to drive the deflection coil and generate the data for the azimuth
sweep. As can be seen from the figure, the setting of the hand crank
will determine the position of the coil at which the data voltage will go
to zero. The trace will then be at the center of the tube face, pointing

in a direction determined solely

by the position of the antenna, as I «• i:~ I Differential

transmitted by the servomecha-

nism. As the coil rotates through
an angle 0/2, the range trace will

rotate also about a center that

coincides with the center of the

tube face. Simultaneous with
this rotation there is a displace-

ment of the trace perpendicular to

itself due to the controlled sweep.

From the figure, the displacement

must be equal to the length OG, if the position of the trace is to coincide

as nearly as possible with the desired position BA. But
a

OG = jR sin ~;

which is exactly equal to the output voltage of the range-normalized
azimuth sweep.

Figure 14-11 illustrates the errors involved. The extreme position
errors occur at the corners of the pattern. A signal that should appear at

point A, for example, will appear at A' in this picture.

Now, since AB = A'B', and DA, OH, CB are arcs of concentric
circles,

AA' = BB' ^GH = JG - JH.
But

JG = RQ I sec ^ — cos K )>

JH — R l sec n — 1 \

.-. GH = R (l - cos
|)

» /to sr'
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To find the angular width 9 of the pattern presented on the tube face,

it is necessary to equate

D . r
R sin g ~

2

e « — •

Ro

Therefore, the maximum possible error (which occurs at the edge of

the tube face) is

r2

€ ~~ \JTLI. max **-* q t> '

OXl/0

which is about half the error encountered with the ordinary range-

normalized Micro-B scope. Vector errors between two points in the

display are similarly decreased. For example, the angle

tan-
Ro(1 - COSm

IX — ball 5^ : /WOR Q sin 0/2

and

GCmax ***^

e2/s _ e

9/2 ~ 4'

9 jr_

4 ~ 4ie
*

Thus, in presenting a delayed 10-mile sector, the center of which is

at 50 miles, the number of degrees presented is

~ 11°.

The maximum position error is then

r2 1 .,

e ~8F ~4 mile
>

and the maximum vector error is

duOLX *** 3°.

One disadvantage of this scheme lies in the extreme distortions that

are produced when the delay is small; that is, when r/2 < R2 < r.

As the angle presented becomes larger, the motion of the trace becomes

very complicated. The trace displacement is the sum of a rotation about

the center of the tube and a sidewise motion proportional to Ro sin 6/2.

Therefore, for short delays and when large angles are presented, the posi-

tion of the trace is not a single-valued function of the control coordinate.

The block diagram for a model of this type of sector display is given

in Fig. 14-13 and the corresponding circuit diagram in Fig. 1414. The

circuit is essentially the same as that given in Sec. 14-4, but there are
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differences in detail. For example, tubes V t through V b form a con-

ventional linear sawtooth delay network that generates a trigger pulse

at any arbitrary delay up to about 1000 /*sec. This delayed pulse
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initiates a time-base of a speed equal to about 100 Msec per tube diameter.
Another important difference is that, in this case, only one resolver, a
1CT synchro, is used. Because this resolver is driven by a differential

gear, the angle-blanking of the picture is done by a cam and Microswitch
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arrangement rather than by a flop-over circuit as in the previous example.

This method is possible because the use of the differential gear preserves,

on a shaft, a motion that always represents the difference between the

position of the hand crank and the position of the synchro shaft. A cam

on this shaft can be positioned so that it will intensify only the desired

sector symmetrical about the center of the tube, and reject all other

sectors, including the second null 180° away.

Since both the signals to be displayed and the time markers are

inserted into this system at a low level (about two volts peak, positive

polarity), a video amplifier is needed for both sets of signals. The

signal amplifier (Viz,V\^) has a maximum voltage gain of about 40, and

a pass band approximately 3 Mc/sec wide. (This corresponds to a rise

time of about 0.1 jusec.)

14*6. Approach to True Sector.—The sector displays discussed in the

two previous sections have consisted of one unmodulated time base and

a controlled sweep similar to that used in the Micro-B scope. The

displacement of the trace from the center of the tube has been made pro-

portional to R sin 0, where R is the range to the center of the delayed

sector. Thus, in the method of Sec. 14-4, the displacement from the

zero position is the same for all points on the trace at any given value

of R . By rotating the coil, as in the method of Sec. 14-5, the trace can

be kept pointing in the proper direction, but the picture is overcorrected;

lines of constant range, for example, trace out paths that have too much

curvature. If, instead of either of these methods, a time base, the

amplitude of which is modulated by sin 0, is used for the ^-deflection, the

display is improved in several respects. The displacement due to such

a sweep is everywhere proportional to t sin 0, where t is time measured

from the pulse that starts the sweep. Since, in the geometry of a radar

display, range and time are equivalent, the displacement due to a sine-

modulated time base is R sin (not Ro sin 0).

One point that should be emphasized is that the displacement in one

coordinate of an orthogonal coil system is completely independent of

the deflection, or lack of it, in the other. Figure 14-15 illustrates how

this fact applies to the method of this section. By means of direct

current in one of the windings of the deflection system, the spot is off-

centered to position A. At the time of the trigger pulse, the sine-modu-

lated time base starts deflection of the spot along the line AB. At the

end of the delay time, the range sweep is started, and the spot moves

along the line BC. This range sweep is linear in time and unmodulated.

The trace is intensified only during the range sweep; thus BC is the only

portion that is visible. The sweep therefore appears to originate at the

point 0. The important point is that the sine-modulated time base

continues deflection in the same direction at the same rate after the
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delayed time base starts. Hence,

AB = OB sin d,

DC = OC sin 6, etc.

Therefore, the displacement of the sweep at every point is proportional

to the range at that point, rather

than to the average range of the

sector, R .

In Chap. 13, methods of de-

riving angle-modulated time bases

have been discussed. Here, only

the most-used alternatives will be
mentioned.

Fig. 14-15.—Sector display generation:
two time bases. For any angle 0, the sweep
moves along AB in the time corresponding
to the range OA; then it moves along BC at
the end of the time delay that gives OA.
The line BC is the resultant of two motions,
one in the direction AB, the other in the
direction AD.

1. Resolution of a linear time

base into sine and cosine

components bytransmission
of a linear-sweep waveform
through a synchro.

2. Direct use of d-c voltages proportional to sine and cosine of the

reference angle to generate the necessary modulated time bases.

This d-c voltage may be availa-

ble from a sine potentiometer, or

an a-c carrier voltage may be
transmitted through a synchro

resolver, the modulated carrier

detected, and the detected wave-
form used in the same fashion.

In the approximations to be treated,

it is assumed that the angles involved

are so small that cos 6 is essentially

equal to one, and therefore only the

sine voltage is used. When R is of the

same order of magnitude as r, the dura-

tion of the "range" sweep, this approx-

imation is very poor because the

number of degrees displayed on the

tube face is then large.

The geometry of this approximation

is shown in Fig. 14-16. The sector

ABCD is represented by A'B'C'D'. The error AA' is

k

Fio. 14-16.—Geometry of time-
base modulation. ABCD is the true

sector represented on the tube face by
A'B'C'D'. Ri is the range to the
near edge of the sector and r is the
sweep length on the tube.

AA' = R (l - cos |Y
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The angle displayed on the tube, at any range R, is again

-r
The maximum displacement error (at the edge of the tube) is therefore

and the maximum vector error a

8R'

r

4R

Differential

^\/ Sine

potentiometer/\
Servo-

mechanism
Deflection

coil

Errors in the display can be reduced somewhat by proper normaliza-

tion. The deflection HA' is smaller than it need be to produce closest

possible superposition of AB and A'B' because HA' is proportional to R
sin 0, rather than R tan 0. It is

possible to reduce the error by
correcting this relationship at

some particular angle. However,

the equalization holds at only this

one value of 6 because this process

amounts to setting hi sin 6 = kt

tan 0, and this equation can be

true only at a particular value of 0.

The block diagram and the

corresponding circuit diagram are

given in Figs. 1447 and 14-18,

respectively. A mechanical
schematic diagram, Fig. 14-19, is

also included. It should be

noticed that in this system it is again necessary, in order to preserve pro-

per orientation of the pattern, to rotate the deflection coil with the hand
crank that selects the sector. This requirement is always present in

methods in which the coil does not rotate with the radar antenna, or in

which time bases are resolved in a coordinate system that is rotated by a
differential mechanism.

The delay circuit, which includes tubes Vz, Vs, Vi} and V^, is some-

what different from those considered heretofore. A stepped delay is

provided, instead of a continuously variable delay. These steps are

made to coincide with the time markers applied to the circuit (from an

external source, in this case). The input trigger pulse initiates a delay

gate (Vi) }
the length of which is just slightly shorter than the required

time. From the trailing edge of this delay gate is generated a pedestal

gate, which serves to pick out the desired range marker in a coincidence

circuit. This range mark, thus selected, is inverted and used for the

Hand crank

Fig. 14-19.—Mechanical schematic dia-

gram for display of double-time-base sector.

Servomechanism puts out a shaft motion
duplicating antenna rotation.
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trigger pulse that initiates the range sweep. The sine-modulated azimuth

sweep is derived from a sine potentiometer, which furnishes d-c voltages

proportional to the sine of the azimuth angle. The d-c voltages are used

as sources for the generation of modulated sawtooth time bases in tubes

Vu and Vu. These waveforms are applied to the push-pull amplifier

circuit of Vu and Vu.
14*7. A Better Approximation.—An important defect common to all

the approximate methods discussed thus far lies in the extreme distortion

near zero delay. The elimination of this distortion from the display of

Sec. 14-6, for example, would be a

very desirable improvement.

It must be remembered that

the generation of any true radial-

time basesweep requires resolution

into two orthogonal components

—one of which is modulated by
the cosine of a direction angle, and
the other by the sine of the same
angle. Angle modulation of the

"range" sweep is the factor that

has been lacking in the methods
described. Section 14-3 discusses

the case where the rectangular

coordinate axes along which reso-

lution takes place are fixed in

space, usually N-S, E-W axes.

Such a method leads to x, y sector-

selection methods. In sub-

sequently discussed methods, a

differential gear or differential

synchro has been used to rotate the coordinate axes by allowing an

arbitrary fixed angle to be inserted in the data by means of a hand crank.

These methods lead to r, 6 selection of the sector display.

In all of the systems it has been assumed that the angles in question

are small, and therefore that cos is approximately equal to one. How-
ever, in the case of a sector display of the type shown in Fig. 14-20, it

is possible to generate a pattern that is reasonably accurate even when
the angle presented is large. Although it is necessary for perfect repro-

duction of the true geometry to modulate both the range delay and the
" range " sweep, the modulation of the delay is unimportant, if the delay

is zero. When the delay is not zero, there is some distortion, but it will

always be smaller than that of the method presented in Sec. 14-6.

An estimate of the magnitude of the errors involved may be gained

Fig. 14-20.—Geometry of range-nor-
malized double-time-base sector. A'B'C'D'
is the approximation of the true sector
ABCD. Hi is the range to the start of the
sweep r.



But

Therefore,

and

504 SECTOR-DISPLAY INDICATORS [Sec. 14-7

from an inspection of the geometry of Fig. 14-20. It differs from the

case of Sec. 14-6 only in that the range sweep is cosine-modulated. The
sector ABCD is approximated by the figure A'B'C'D'. If R x is the range

to the start of the sweep, or the delay, and if J? 2 = R\ + r, the range to

the end of the sweep, then

AA' = HJ = Ry (l - cos |\

BB' = EF = GF - GE.

GF = rA\ - cos|Y

GE = r(\ - cos|Y

EF = (R 2 - r) M - cos |\

AA' = BB' = rJi - cos |Y

As before, the total number of degrees displayed on the tube face is

ft ~ r

Therefore, the maximum error is

_ R<r*
e ~ 8# 2

'

which approaches zero as R\ approaches zero.

Likewise, the maximum vector error at any range R is

Ri r^_

R SR R\r
a ~ —r = m*

2

which also goes to zero as Ri approaches zero.

One curious feature is that, although the error is zero when R x is zero,

it becomes finite when Ri is not zero, and then eventually becomes smaller

again as Ri continues to increase. It would be interesting to find out

where the maximum value as a function of R\ occurs. If R is assumed to

T
be equal to R x + ^> the maximum error at any range becomes

- #ir2

6 "
8(fi 1 + r/2)2'
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Differentiating this equation with respect to R if and setting the

result equal to zero, the range at which the error is a maximum is

The method of deriving the cosine-modulated sweep is shown in

Fig. 14-21. The waveform that is available on the second winding of

tx ti

Fig. 14-21.—Method of deriving cosine-modulated sweep.

Delayed

trigger

Cosine sweep
gate generator

*IM j—

,

Main
trigger

Cosine sweep
amplifier

Centering

tube

V
g $-tt J_ Inswap

Sweep gate
generator

cosO

TimbmfN.
•nd synchro drive

limlter

ate
turnoffV^l^,

2-fhstt synchro

DieM
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3
-L+sintf-"
~ -sin

Sine sweep
amplifiers

KJidhKeK.

HorTI
UftflJ

Vert <3

?

1
r„tw
restore

Signal

in

Fig. 14-22.—Block diagram of sector scan with cosine-modulated range sweep.

the data synchro is condenser-coupled into a clamping circuit at the
input terminal of the sweep amplifier. The clamp is opened by a square
wave, the leading edge of which is delayed by the desired amount. This
square wave can be generated by triggering a suitable flip-flop circuit
with the already available delayed trigger pulse. If the input wave is

assumed to be of the form

E = kR cos 6 = Kt cos 6,
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then, if the clamp opens at time h, the value of the voltage is

Ei = Kh cos 0.

When it closes at a time fa,

E2 = Kfa cos 6.

Therefore,

E2 - Ei = K(fa - h) cos 6

= Kr cos 0,

which is the value that is required.

This approximation, which neglects only the cosine modulation of

the time delay, has been used with considerable success because it

possesses the accuracy of other methods when the delay is large, and in

addition is distortion-free when the delay is zero. The block diagram of

a typical circuit is given in Fig. 14-22, and the corresponding schematic

diagram in Fig. 14-23. The mechanical schematic diagram is the same

as that of Fig. 14-19 except that a synchro is substituted for the sine

potentiometer, and a cam is attached to the synchro shaft for turning off

the sweep gate generator during all angles of rotation except those

included in the desired sector.

The sweep-generation method illustrated in Fig. 14-23 is different

from those discussed heretofore in that angular resolution takes place

after the time base has been generated. The circuit for accomplishing

time-base generation is composed of tubes V®,, Vu, and Vi 3, a feedback

amplifier that compares the voltage across the rotor of the synchro with

the input linear time base. The modulated-time-base output signals of

the 2-phase synchro resolver are used to drive the sweeps. From one of

the resolver stators, signals of opposite polarity are applied to a push-

pull amplifier pair, each half utilizing one stage of degenerative feedback.

This set of amplifiers is called the "sine-sweep amplifier" (tubes Vu, Vu ,

Vu, Vu, and Fi 9). From the other stator, a cosine-modulated time

base is applied to the delayed clamping circuit V%, which samples this

signal in the manner illustrated in Fig. 14-21. The output signal is used

as the input voltage waveform for the cosine-sweep amplifier, F4 and F6 ,

which will be recognized as of the conventional two-stage current-feed-

back variety.

A notable feature of this circuit is the number of automatic-shutoff

devices. These are used to prevent overdrive of the amplifiers that

drive the deflection coil. There is one diode on each grid of the output

amplifiers Vi% and 7is>; therefore, the effect is to cut off the sweep at

each edge of the tube. The signal picked off by either diode is amplified

by Vio, and used to shut off the main gate generator Vu. However,

since the cosine-sweep gate generator is used to intensify the trace, it is

necessary to see that this gate generator is shut off when the trace is
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stopped. This shutoff is accomplished by the coincidence tube V»,

which prevents triggering of the delayed gate if the main-sweep gate

generator has been turned off. Moreover, to insure that the sine sweep

never lasts longer than the cosine sweep, the trailing edge of the cosine-

sweep gate is differentiated and used as a trigger to turn off the main
sweep gate simultaneously.

14*8. True Sector.—It has been stated in Sec. 14-7 that in order to

obtain a true sector it is necessary to cosine-modulate both the time

delay and the "range" sweep. This has been done in the method
illustrated in Fig. 14-24.

E

A F
Fig. 14-24.—Geometry of "true sector." The sweep moves along AB, then is intensi-

fied while it moves along BE. In the direction AB, the sweep speed is proportional to the
range from O multiplied by sin 0. In the direction BD the sweep is modulated by the
factor cos 0.

If R is the range delay when is zero,

OA = kR.

Then, for some other value of 0, the delay will not be R, but will have
a new value R', where

OB
k

'R' =

At the time of the input trigger pulse, the deflection starts out along
the line AB. Since the time base is

sine-modulated, the deflection will be

d = kR' sin 0.

But

kR' = OA kR
cos cos

and therefore

d = kR tan = OA tan 0,

or
d = AB. Fig. 14-25.—Diode pickoff circuit.

If it is assumed that the trace will be of duration r, the vertical deflec-

tion will be kr = AF when is zero. When is not zero, the deflection

vertically, starting at a time R' from the point B, must be equal to BD.
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But
BD = BE cos 8

= kr cos 0.

Therefore, the requirements for a true sector are that (1) one time

base shall be sine-modulated; (2) the delay in starting the orthogonal

time base shall be R' = R/cos 6, where R is the time delay when is

zero; (3) amplitude of the second time base shall be cosine-modulated.

Conditions 2 and 3 are easily realized by using a diode pickoff circuit

similar to those used in ordinary delay circuits (see Fig. 14-25). If the

input sawtooth voltage is of the form

E = kt cos 0,

and the pickoff voltage is set at a value Vi, then the time fa required for

this voltage to reach the value Vi is

t - Fl
1

k cos

The amplitude of the signal picked off, at any time fa after fa, will be

72 - Vi = k(fa - fa) cos 0.

Therefore, the delay time and time-base amplitude behave exactly

as required. From another viewpoint, this behavior is exactly what
should be expected, because the same principles of voltage addition that

were discussed in Sec. 14-3 for another type of fixed-coil sector display

have been applied here. The diode used here is not strictly necessary;

the effect could as well be simulated with resistor-mixing on the grid of

an amplifier. Diode cutoff gives the same effect as one cutoff limit of an
amplifier.

Figure 14-26 gives the block diagram for such a display, which is

actually very similar to the circuit of Fig. 14-22. The corresponding

circuit diagram is given in Fig. 14-27. The mechanical schematic

diagram is again like that of Sees. 14-6 and 14-7, with the substitution

of a 2-phase synchro resolver for the potentiometer shown in Fig. 14 19.

It has probably been noted that as the approximations used come
closer to the true sector, the circuits become more complicated. The
true sector itself, however, is essentially no more complicated than the

approximation discussed in the last section. The same circuit as in Fig.

14-23, but involving tubes F3, Vi} and F5 in this case, is used for driving

a linear time-base voltage into the 2-phase synchro. The diode pickoff

method of deriving the cosine-modulated delay and time base is essential-

ly that demonstrated in Fig. 14-23. However, in this case, instead of

having the diode returned to a variable bias, the diode is returned to a
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fixed bias. The time base, condenser-coupled out of the synchro, is

d-c restored by diode clamps V9, V 10 to a bias that may be varied. Thus,

instead of moving the diode up and down with respect to the sawtooth

waveform, the time base is moved up and down relative to the diode

bias. The same general types of sweep turnoff are applied as before in

order to limit the possibility of overdriving the amplifiers. In this

circuit, however, there is no delayed trigger pulse, and hence no delayed

gate generator. It is therefore necessary to use the deflection-coil wave-

Fio. 14-28.—Comparison of approximations to true sector as obtained by the four

methods. A'B'C'D' is the appearance on the cathode-ray tube of the sector ABCD.
(a) Rectangular B-scan. (6) Rotating-coil with range-normalized sweep, (c) Double-

time-base B-scan. (d) Double-time-base range-normalized B-scan.

form to intensify the cathode ray. The cosine sweep starts approxi-

mately at the edge of the tube face at the proper delayed time. Hence,

use of the deflection-coil square wave to cut off one half of the coincidence

blanking amplifier, Vu, insures that the beam is intensified only at the

proper time. The sine-sweep amplifiers are the same as the push-pull

pair shown in Fig. 14-23.

14*9. Summary.—Figure 14-28 indicates the distortions inherent in

each of several approximate methods that have been discussed. Each

of the small figures there is drawn in such a way that the delay time is

about equal to the duration of the sector.
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Rotating-coil "brute force" off-centering systems are generally free

of distortions. Although more complex mechanically, they are gen-

erally the simplest systems electronically. They can be made exceedingly

reliable and free of servicing troubles. There is also the feeling that "in
a mechanically rotated PPI the range marks are always circles." On the
other hand, such a scheme is, in general, limited to three radii off-center.

However, if the maximum amount of off-centering desired is two radii,

this is probably the most feasible method of obtaining a sector display.

Fixed-coil schemes are better adapted to very large expansions, and
the simplest of these is the range-normalized Micro-B scope. In this

display, only one (unmodulated) time base is used, and the inductance
of the deflection coil is the only practical limit on the expansion that
may be obtained. The really serious defect of this sector display is the
extreme distortion that is present when the delay time is small.

Fixed-coil methods having a higher inherent accuracy than the
range-normalized Micro-B scope involve more complicated circuits.

Usually they have been generated by using a 2-phase synchro as a time-
base resolver. This synchro is probably the limiting factor for the
expansions that may be attained.

Fixed-coil systems can be divided into two classes: (1) those in which
resolution of the time base is performed in a coordinate system that is

fixed in space; (2) those in which resolution of the time base is performed
in a rectangular coordinate system, the axes of which are rotated in the
act of selecting the sector to be displayed. Class 1 lends itself to x, y
sector selection. Class 2 is adapted to r, sector selection. If it is

necessary that the total off-centering be the sum of several displacements,
as is often the case, then a sector of Class 1 is necessary, for x, y com-
ponents of vector displacements add directly, whereas r, 6 components
do not. If such addition is not required, a sector display of Class 2 is

probably preferable. Although sectors of this type are mechanically
more complex (they require a differential mechanism and a means of

rotating the deflection coil) they do not have the difficulties with d-c

amplifiers which are inherent in Class 1 sector displays. Synchro
problems are equally important to both types.



CHAPTER 15

RANGE-HEIGHT DISPLAYS

By P. Axel

16*1. Introduction.—A display in which one dimension of a rectangu-

lar portion of a polar display is expanded is illustrated in Fig. 15-1.

The area in Fig. 15-16 is an expanded display of the shaded area in

30?
15 a

Fig. 15-1.—Radial-time-base display, (a) The rectangular area to be investigated is

shown. Circles are constant time loci. Angles of 15° and 30° are drawn in. (b) The
vertical component of the rectangle of (a) is shown expanded by a factor of 5. The con-

stant time loci are distorted to the ellipses shown. The 15° and 30° angles are reproduced.

Note that line Z' is the reproduction on the new scale of line Z. (c) Rectangular area

bounded by ym and xm . The vector of magnitude t and angle a positions any point in this

area. The components of 8 are given by x = t cos a, y = t sin a.

Fig. 15- la. The expansion results in geometrical distortion as is evi-

denced by the ellipses shown in Fig. 15-16 which correspond to the

normally circular contours of constant time or distance. However, a

straight line parallel to the horizontal radial reference line remains

parallel (Z' of Fig. 15-16 corresponds to Z of Fig. 151a). Therefore, a

516
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display of this type is particularly useful for displaying a rectangular

region if the information required is the vertical distance from a target

to a horizontal reference line.

Figure 15-lc shows a rectangular area bounded by the coordinates

ym and xm, where ym is considerably smaller than xm . Because of the

relation between these two boundary values, it is desirable to expand the

y-direction with respect to the x-direction to make more efficient use of

the cathode-ray-tube screen. It is obvious from Fig. 15-lc that the

vertical distance (y) of any signal (S) from the reference line (x) can be
obtained if the vector from the origin to S is known. A display of this

type was used in radar for height measurements, where the expected
height of the target was restricted to values considerably less than the

expected range. There are many other display problems that have
similar geometry and which can be treated in the same way.

Generation of the Display.—There are several methods of producing a
vertically expanded display. Since the signal-position data is in the
form of polar coordinates, one obvious method is to modify a rotating-

coil polar-coordinate display. By rotating the coil at a speed faster than
the signal source, and by incorporating a permanent-magnet off-center-

ing system, an acceptable presentation can be developed. However,
this method has many disadvantages. This presentation would be an
angular expansion and the geometry of it would be rather involved. It

also is mechanically difficult to apply this technique to rapidly scanning
systems. The angular stepup in gearing would be a source of error

and impair the accuracy of the display. Since it was required that the
height displays that were developed be accurate and have rapid scan
rates, this method was not deemed feasible.

A better way to generate a height display is to resolve the polar
information into x- and y-components and to use these with a fixed-

deflection-coil system. From Fig. 15-lc it is seen that to reproduce the
geometry accurately would require plotting t cos a horizontally and t sin a
vertically. To obtain the desired vertical expansion, the t sin a term
can then simply be multiplied by a constant. The methods of obtaining
a voltage proportional to an angle or a function of that angle are dis-

cussed in Chap. 5, and it will be assumed here that a d-c voltage that is

a function of the angle is available.

Geometry of the Display.—The angular occurrence of signals is such
that only a small angle need be displayed to cover most of the rectangular
area. Therefore sufficient accuracy may often be obtained by using t as

the horizontal coordinate (setting cos a = 1) and ta as the vertical

coordinate (setting sin a — a). The distortion caused by these approxi-
mations is shown in Fig. 15-2. In radar experience the substitution of

t for t cos a has always been made. The reading of time data is thereby
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simplified by maintaining the constant-time contours as vertical lines,

and this advantage outweighs the resultant distortion. However, the

choice of ta or / sin a for the vertical component would give a less dis-

torted pattern. As shown in Fig. 15-26, the geometrical difference

between these two vertical components is rather small. From the

point of view of the sweep circuits it is immaterial which information is

used. 1 Therefore, the choice is usually made on the basis of the data

generation and transmission system.
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Fig. 15-2a.—Distortion due to approxi-
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Fig. 15-26.—Comparison of sin a and a
as elevation input information. y =
ta, x = t; lines of constant h and a are

shown. y =fsina, x — t; lines of

constant a are shown; lines of constant h

are horizontal; the height of a 2° signal is

shown at various values of t.

Evaluation of Display Geometry.—Although this section is primarily

concerned with the circuits necessary to generate a range-height display,

the study of another display method of presenting the same area will

help emphasize the advantages and limitations of the RHI (range-height

indicator). This other display, called the E-scope, plots elevation

angle vertically and time horizontally as shown in Fig. 15-3. The

E-scope maintains the horizontal linearity of lines of constant angle,

whereas a constant-height line becomes a hyperbola. The RHI, how-

ever, maintains the horizontal linearity of constant-height lines, and it is

therefore more convenient for use in height determination (just as the

E-scope would be more convenient for angular determination). How-

ever, considerations of the resolution and accuracy limitations may

outweigh these conveniences.

1 If it were necessary to use t cos a rather than t as the horizontal component, the

sweep circuits would have to be changed to provide for the inclusion of this angular

data.
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Because the signal size is determined by the beamwidth of the source,

it covers a constant angle on either display. Therefore, the size of the

signal on the display is proportional to t on the RHI, whereas it is con-

stant on the E-scope. For very small values of t on the RHI the signals

are compressed to a point where spot size begins to limit resolution.

At large values of t, the increased signal size does not seriously limit the

precision because large signals can be bisected accurately. The change
of signal size with t does have one slight advantage in that the signal

size is proportional to the possible

error in height. 1

In the E-scope, on the other

hand, the signals maintain a con-

stant size over the entire display

and are, therefore, easily resolved

at either small or large values of t.

The constant signal size also helps

to reduce the minimum, discernible

signal at large values of t by
concentrating the light on the

cathode-ray-tube screen. How-
ever, the E-scope has the disad-

vantage that the height lines are

crowded at large values of t, and
the precision of the height reading

is thereby limited.

Another factor that enters into

the evaluation of a display is the

efficiency with which the screen area is used. After an upper limit has
been set on the height coverage desired, and the angular coverage is

known, height and angle contours may be sketched on the two types of
displays. After various different scale factors have been used and
signal sizes sketched in, the decision as to which display to use can be
made. It will be noted that, for large angles, neither display is very
satisfactory. The RHI crowds the area above 30°, very seriously
limiting the precision and resolution of the unit. The E-scope, operating
over large angles, will also excessively crowd the signals as t is increased.
Therefore, the circuits that were designed and will be discussed as
height indicators give limited angular coverage. In this chapter two
examples of the RHI and one of the hybrid RHI-E-scope, illustrated in

1 This advantage holds only if the limiting factor in the height determination is the
accuracy of the angular data (as is usually the case). Since this accuracy is inde-
pendent of time, and the height H equals t sin a, the error in height for a given error in
angle is proportional to t.

20 30 40 50
t in miles

Fig. 15-3.—E-scope. y = a, x = t;

the height of the 2° signals remain constant.
y = sin a, x = t; lines of constant angle

are horizontal; lines of constant height are
shown.
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Fig. 154, will be described in detail. The E-scopes represent, as far

as circuits are concerned, a very simple modification of the B-scopes

described in Chap. 11.

Height Determination.—When the signals are displayed, either an

overlay with height lines, a series of electronic height lines, or a single

precision electronic height marker can be used for actual height deter-

mination. A precision electronic marker is capable of being set to ±2
per cent on a 1-in. signal, and this accuracy is much better than that

obtained with either of the other two methods. Fixed electronic height

lines are limited in precision by
the interpolation that is necessary

in reading height. When an over-

lay can be used, it is usually

simpler to normalize the sweeps to

that overlay, thereby avoiding the

electronic complication inherent

in the generation of height marks.

If the area covered by the display

is to be varied, however, it is

necessary to use electronic marks.

The precision marker is illustrated

in the second of the following ex-

amples, whereas the first and third

examples use overlays.

16«2. Circuits.—A block dia-

gram of the RHI is shown in Fig.

15-5. The input trigger pulse is

put through a buffer stage, the

negative output of which is used for both the range and the height chan-

nels. The trigger into the range channel may then be delayed. If no

delay is used, the range and height rectangular-wave generators may be

combined. If a delay is necessary, a simple delay circuit that is relatively

free from jitter may be used. The main rectangular-wave generator is

then triggered by the output of the delay circuit, and -its output, in turn, is

used both for sweep generation and blanking. The gate waveform is

thus critical only in so far as short rise time and short recovery time

are required by the duty ratio. The time sweep generator is turned on

by the main gate and generates a unidirectional linearly increasing saw-

tooth waveform. When a distortionless picture is required, this saw-

tooth wave is modulated by cos a, in the same manner as the height

modulation. The output voltage from the sawtooth generator is then

converted by the amplifier and driver stages into a current through the

deflection coil. Associated with the horizontal sweep circuit is the

45°

30°

kt*lj>
15°

^t*7 10°

-£=*
h* t%

*\
^1 — A=l

1-1—
10 40

Fig.

20 30
t in miles

15-4.—Hybrid RHI-E-scope;

50

V =

tot

shown.

t; lines of constant a and h are
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horizontal centering tube, which sets the horizontal zero position of

the display.

The height circuit is essentially the same as the time circuit. The
height rectangular-wave generator may have an automatic-turnoff
feature to prevent excessive vertical deflection current at large angles.
The height sweep generator is controlled by the height gate, and it

generates a linear sawtooth wave, whose maximum amplitude is deter-
mined by the angle input data. The resultant waveform, which is pro-
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Vertical
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Fig. 15-5.—RHI block diagram.

portional to to. (or possibly t sin a), is put through the amplifier-driver
stage and the proper current is then sent through the vertical deflection
coil. The vertical centering circuit is the same as the one used for
horizontal centering.

A mixer is necessary for time and height marks if both types of
electronic markers are being used. The time markers may be of the
conventional type and may very well be derived from an external source
that is synchronized by the timing trigger. The height markers, how-
ever, represent a more complicated problem because they must be gener-
ated from a varying control voltage. The height markers are generated
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by using a variation of the sawtooth delay circuit, in which the saw-

tooth wave is modulated by the angle. The complete discussion of the

generation of these markers can be found in Chap. 6. If the signal

source is designed to give information only when the angle is increasing,

it is necessary to provide a circuit to blank out the signals while the

angle is returning to zero after having reached its maximum value.

15-3. RHI, First Example.—This circuit (Fig. 15-6) is a relatively

inexpensive one whose design characteristics were predominantly

dictated by power and size limitations. The displayed area goes from

—2° to +23°, and out to 67 miles in range, with y = t sin a and x = t.

The angle information is obtained by passing the sweep sawtooth voltage

through a synchro whose rotor moves with the elevation angle. The

height determination is made by using a horizontal cursor that is geared

to a direct-reading height dial.

In addition to the sweep channel, the video channel, and the marker

circuit, this unit contains the master multivibrator that determines the

repetition rate of the entire system, as well as circuits for generating a

delayed trigger for the signal source. The nature of the sweep circuits

makes it convenient to delay the source trigger. The repetition rate of

the system is 1000 cps; its over-all absolute accuracy is about ±0.3 mile

and its relative accuracy is about ±0.1 mile. The video circuit accepts

negative video signals of about 1 volt and amplifiers them to +40 volts

for application to the grid of the cathode-ray tube, and has a high-

frequency response of 1.6 Mc/sec.

Master Multivibrator.—This free-running multivibrator Vi has a

natural repetition rate of 1000 cps. Tube Vy, is on for three-quarters of

the recurrence period, and it is during this 750-Msec period that the

sweep is generated. The output of the multivibrator is taken from the

plate circuit of Vv>. The large output signal taken directly from the plate

is used to gate both sets of vertical clamps (F5 and V7). The smaller

output signal obtained from part of the load resistor (Ri) is used to

gate the delay circuit and the "bootstrap" sawtooth generator.

Bootstrap Sawtooth Generator.—The clamp (72o) conducts until the

negative gating pulse cuts it off. In order to obtain the proper bias for

the cathode follower, the sawtooth waveform for the cathode follower is

taken from a tap on the charging resistor. The cathode-follower boot-

strap action is made less effective by this method of obtaining bias (by

the ratio of R8 to #2 plus Rs) but the final sawtooth linearity is accept-

able for this application. The output waveform of the sawtooth gener-

ator is then used in both the horizontal and vertical channels.

Elevation Synchro Driver.—The vertical sweep must be modulated

by the sine of the angle of elevation. To accomplish this, the sawtooth

voltage is applied to the rotor of a 2-phase synchro that is moving in
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synchronism with the elevation data (1 cps). The output of the Diehl

type FJE41-5 synchro is taken from the sine winding and applied in

push-pull to the following amplifier. The synchro rotor resistance is

100 ohms and its inductance is 500 mh. The inductance of the secondary

is 2 henrys and hence there is a voltage stepup of 2. The synchro rotor

is driven by the cathode of V3 . The tube attains self-bias by drawing
grid current at the positive peak of the input sawtooth waveform.
This biasing method is acceptable only when the sawtooth amplitude
requires driving the tube from near cutoff to zero bias. This method
would be very undesirable if the sawtooth waveform to the grid were
interrupted because the tube would then continually operate at zero

bias.

Vertical-sweep Amplifiers.—The sine output voltage of the synchro
appears across the damping resistors (R t and R 6), and is biased to about
+50 volts. It is then applied push-pull to V4, which is connected as a
degenerative amplifier. The potentiometer between the cathodes
decreases the degeneration and thereby acts as a gain control. The
push-pull output signal from the plates is a-c coupled to the two sweep
drivers.

Vertical Clamps.—The clamps (V6,V7) return the grids of the drivers

to a fixed voltage between sweeps. Since the displayed angle is some-
times negative, both positive and negative sawtooth voltages appear on
the grid of each driver. Hence, it is necessary to use a two-way clamp
for proper biasing with either sign of the input voltage. One of the
clamps is returned to ground whereas the other is returned to a positive
potential that controls the vertical centering of the trace.

Vertical-sweep Drivers.—The quiescent current through the drivers
(V6,Vs) is such as to produce a field between sweeps which keeps the
vertical position well below the center of the cathode-ray tube. This ver-

tical deflection is set by the potentiometer R« in the clamp circuit that
clamps the grid of F8 . The coil is so connected that quiescent current
through it will deflect the trace below the center of the tube. Even with
this quiescent current and the push-pull drive, the start of the sweep is

very nonlinear. To eliminate this nonlinear region, the trigger pulse
starting the source (and therefore representing zero time) is delayed, so
that the sweeps will be linear by the time the intensifying pulse is

applied and signals appear.

At large angles, the grid voltage of the vertical driver V6 is limited
by grid current while the negative-going wave for V8 goes below cutoff.
Turning off the gate to prevent excessive power dissipation is unnecessary
because the normal operation is such as to drive the grids to zero bias
without harmful results. The current difference required to deflect the
trace across the diameter of the tube is about 100 ma.
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Horizontal-sweep Driver.—An adjustable fraction of the original

sawtooth voltage is coupled from the potentiometer in the cathode-

follower circuit Vib to the grid of the horizontal driver Vn. This driver

is biased by the combination of a bypass cathode resistor and a degen-

erative cathode resistor. The input sawtooth voltage is nominally

variable from 85 to 140 volts, and therefore the 100 ma necessary for

deflection is insured regardless of the variations within specified tolerance

of the circuit parameters. The horizontal-positioning control, which

determines the horizontal-deflecting field between sweeps, consists of a

variable resistor R io, which is in series with a 10-henry choke, a fixed

resistor R 9 , and the deflection coil. Since the resistance of the deflec-

tion coil is about 300 ohms, and the current required is about 60 ma,

this control has enough range to compensate for variations within the

prescribed tolerances.

Delay Sawtooth Generator.—The delay is set so that the spacing from

the time origin (which occurs before the intensifying pulse) and the first

marker is the same as the spacing between subsequent markers. Thus,

at the start, the sweep travels the distance corresponding to the normal

distance between 100-/xsec markers, in the delay time (from 10 to 50

Msec) plus 100 Msec. After this period, the sweeps are essentially linear;

hence the only serious distortion in the display occurs within the first

10 miles.

The delay sawtooth generator V*, is a simple triode clamp operating

across an BC-network (R 7,Ci). This clamp is gated by the master

multivibrator. Since the time constant of the exponential generated is

100 /xsec and the delay required is from 10 to 50 /zsec, as much as 0.4

of the total height of the exponential may be used.

Delayed-rectangular-wave Generator.—This circuit is a "flopover"

that is triggered by the delay sawtooth waveform. When Vi0a draws

grid current, the rapid rise of the plate of F8a is stopped and the time

constant of 100 jusec is changed to 10,000 /xsec, because C2 now limits the

rise. The duration of the delay is determined by the bias on the off

grid (Vioa) of the flopover. Since the upper limit of the grid waveform

is determined by the zero-bias condition, the determining factor in the

delay becomes the voltage change on the coupling condenser (C2)

between sweep cycles. This voltage change is determined by the setting

of R s.

When the master-multivibrator gating pulse drives the clamp V9a

into conduction, ending the sawtooth waveform, the grid of Vi0a is pulled

down and the regenerative action causes Vi0b to conduct again. It is

to be noted that the time constant in the grid circuit of Vi0b is much too

large to enable it to operate as a "flip-flop" at the 1000-cps repetition

frequency of the master multivibrator.
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Intensifier Circuit.—The negative output of the delayed rectangular

wave is used to gate the intensifier tube V9&, and it permits the plate of

this tube (and therefore the second grid of the cathode-ray tube) to rise

from about +85 volts to +300 volts. This variation of second-grid

voltage is not enough to insure proper blanking at all times, when the

cathode and first-grid bias are as shown.

Blocking Oscillator.—The front edge of the delayed rectangular wave
fires the cathode-biased blocking oscillator Vna . A positive output
trigger is obtained from the third winding of the blocking-oscillator

transformer.

Cathode Follower.—The positive trigger is transmitted to the signal

source and any other external circuits at a low impedance level through
the cathode follower Vnb.

Video Amplifiers.—The input signal is at a — 1-volt level and must
be amplified to a +40-volt level. To obtain this amplification and
maintain the bandwidth required (1.6 Mc/sec) two 6AC7's (V13,VU)

are used. The positive output voltage of the video amplifier is a-c

coupled to the grid of the cathode-ray tube, which is d-c restored to

ground by Vna. The large bypass condenser C3 in the plate circuit

improves the low-frequency response of the amplifier.

Range-mark Circuit.—The oscillator Via, is overdamped by F1&,

between sweeps. The delayed rectangular wave is used to start the
time-marker generation at the same time that the delayed trigger starts

the source. The sine-wave output of the oscillator controls the action

of the flopover (V17), which in turn fires the blocking oscillator Vim.
Negative time markers are coupled from the plate of the blocking oscil-

lator to an output terminal and to the cathode of the cathode-ray tube.
The cathode of the CRT may be biased from about +15 volts to +90
volts with respect to the grid.

154. RHI, Second Example.—This circuit is a precise RHI that uses
an electronic marker to determine height. It has been designed to
display heights up to 8 miles with an accuracy of ±0.02 mile. The
elevation angle varies from to 12°, and height data is generated as a
d-c voltage, 4 volts per degree. The elevation angle increases linearly

from to 12° and then quickly drops to zero again. This cycle is repeated
10 times per second. On the 20- and 50-mile ranges, a system repetition
frequency of 1170 cps is used. For the 100-mile range this repetition
rate is changed to 585 cps.

The schematic diagram (Fig. 15-7) contains only the range circuit,

the height circuit, the precision-height-marker circuit and the height-
blanking circuit. The video amplifier, range-mark generator, and the
trigger buffers are not included because they have been illustrated else-

where in this volume. There are three range sweep lengths available:
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20, 50, and 100 miles. The 20-mile range can be delayed so that it covers

any 20 of the first 50 miles.

A deflection coil of 1320 turns on a 2g-in. window is used. This

coil has an approximate sensitivity of 70 ma per radius when the poten-

tial of the CRT anode is 7 kv.

Range "Flip-flop."—This is a direct-coupled, electron-coupled circuit

(Vi,V2a) that receives a negative trigger that may be delayed. It is

this delay feature that necessitates a separate rectangular-wave generator

for each of the two sweep channels. On the 20- and 100-mile ranges, the

duration of the rectangular wave may be determined by the time constant

of the flip-flop. On the 50-mile range, and sometimes on the other two,

the end of the height rectangular pulse operates the range turnoff V 7,

thereby causing the range flip-flop to return to its stable position. This

interacting turnoff is necessary because' the range flip-flop supplies the

intensifying pulse for the cathode-ray tube. The intensifying pulse is

obtained from the plate of the "on" tube (Ti) of the flip-flop, which

normally rests at + 15 volts and rises to +300 volts with the input trigger.

The negative gating pulse for the sweep-generator clamp is obtained

directly from the grid of this "on" tube.

Range Sweep-generator Clamp.—A standard pentode clamp V3 is

switched across the proper .fiC-network for any of the three sweep speeds.

An 80-volt sawtooth wave, which is about 0.25 of the exponential ampli-

tude, is generated. The distortion caused by generating this large

sawtooth voltage is not serious (the voltage increase in the last 25 per

cent of time is 82 per cent of the rise in the first 25 per cent).

Cathode Follower.—The cathode follower Vy, is used as a buffer and

also provides proper bias for the following driver stage.

Range Driver.—A sawtooth wave of about 50 volts is applied to the

grid of the driver F4, which is biased at about —25 volts. This bias

provides enough quiescent current to insure fairly linear operation of the

807. A peak of 100 ma of deflection current is necessary to generate

the sweep for the coil that has been used.

Horizontal Centering.—Tube V$ provides the steady-state current

(70 ma) required to keep the spot deflected at the left side of the cathode-

ray tube between sweeps (despite the quiescent current in the driver).

Height Flip-flop.—The height flip-flop V6 is a d-c-coupled circuit

that generates the negative rectangular gating pulse for the height

channel. On both the 20- and 50-mile ranges, the duration of the pulse

must be 50 miles because a delayed 20-mile range sweep must be accom-

modated. The flip-flop is turned off automatically when the height is

above the 8-mile coverage desired, in order to limit the power that must

be dissipated in the height circuit and to make a neater presentation.

The negative rectangular wave from the plate of the "off" tube (F»)



Sec. 154] RHI, SECOND EXAMPLE 529

is condenser-coupled to the earth's-curvature and intensity-compensa-

tion circuits. This same wave is transformer-coupled to the height-

sawtooth triode clamp and the height-marker clamp. A negative gating

pulse is also obtained directly from the "on" grid, for both the range-

turnoff tube and the height-sawtooth pentode clamp.

Range Turnoff.—A pentode clamp V^ turns off the range flip-flop

whenever the height flip-flop is turned off. This action is necessary in

order to blank the height-sweep retrace, since the height sweep collapses

when the height flip-flop is turned off. A turnoff function of this type

can often be accomplished more cheaply by deriving a negative trigger

from the back edge of the height rectangular wave and applying it to

the grid of F2o, which is conducting when the range sweep is on.

Height-gate Turnoff.—A portion of the height sawtooth wave is fed

back to the grid of the normally nonconducting tube Vu. When this

tube conducts, it lowers the plate potential of the "on" tube (V*,) of

the height flip-flop, thereby ending the rectangular wave. The poten-

tiometer control Rs, which determines the amplitude and bias of the

feedback sawtooth wave, sets the maximum height coverage of the

display.

Height-sawtooth Pentode Clamp.—This tube (Vs) clamps the condenser

(Ci) until the negative height gating pulse on the grid permits the con-

denser to charge exponentially toward the value of the height input data.

Since the height input data is at a very low level at low angles, precau-

tions must be taken to insure proper clamping and freedom from ripple

at the plate of the clamp.

Bootstrap Diode.—The height information is in the form of a d-c

potential that increases 4 volts per degree increase in elevation angle.

Between sweeps the diode V®, supplies current for the charging resistor

.Ri and the bootstrap condenser C2 . While the height sweep is being

generated, the bootstrap condenser cuts the diode off.

Triode Clamp.—When the height data has passed its maximum and
returns to its minimum value, the cathode of the diode remains more
positive than the plate until the charge on the bootstrap condenser can

change. To produce a low-impedance path that will enable the charge

on this condenser to change rapidly, a triode clamp Vga is necessary.

This clamp functions only when the height input potential decreases

more than the bootstrap condenser potential during the sweep time.

The level of this clamp shifts with the height data and hence a trans-

former-coupled gating pulse is used.

Bootstrap Cathode Follower.—The cathode follower Vioa takes part in

the bootstrap action of the sawtooth generator. It also distributes the

height sawtooth wave to three different circuits. The entire sawtooth

wave from the cathode is coupled to the height-marker circuit. Thus,
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any display distortion that occurs past this point (in the driver or in

the deflection coil) will not impair the accuracy of the height determina-

tion. If the accuracy attainable with this circuit requires improve-

ment, the height sawtooth wave should be linearized by using feedback

integration. 1

A variable portion of the height sawtooth wave is applied to the

grid of the height turnoff tube. The third output signal, which is

coupled directly to the grid of the height driver, is variable so that the

vertical expansion can be controlled. Changing the expansion results

in a slight change of the quiescent current in the driver, and hence there

is a shift in the vertical centering.

Height Driver.—This tube (7n) draws a small amount of quiescent

current and thereby operates in a fairly linear region of its characteristic.

A maximum deflection current of approximately 100 ma is supplied by a

50-volt input sawtooth wave on the grid.

Vertical Centering.—The vertical centering tube Vn draws about 70

ma and thereby keeps the spot below the center of the tube between

sweeps.

Height-blanking Cathode Follower.—The height input data is derived

from a unidirectional source. Some provision is therefore necessary for

blanking the display when the input is returning to zero after having

reached its maximum value. A positive pulse (going from to 100 volts)

is made available from the source for this purpose. This pulse is applied

to the grid of a cathode follower Vi3a, whose cathode is part of the

cathode-ray-tube biasing arrangement. Hence, the blanking pulse

raises the voltage of the cathode of the cathode-ray tube, thereby blank-

ing it, and Vi® is used to d-c restore the negative video signals applied

to the cathode of the cathode-ray tube.

Marker Clamp.—The height sawtooth wave is condenser-coupled

from the cathode of the bootstrap cathode follower Fio<, to the grid of

the marker cathode follower Vi6a . This grid is biased at the potential

set by the height-marker control. This potential must control the d-c

level of the base of the sawtooth waveform. The combination triode

clamp and d-c restorer Vu fixes this level independent of the sawtooth

waveform. Since the level varies with the height-marker control, the

triode clamp must shift its level and is therefore gated through the

transformer. The height rate control R z fixes the potential gradient

across the marker-control potentiometer and thereby permits calibration

of this control to coincide with an external direct-reading height dial.

Marker Flopover.—The resistor coupling (j? 4) to the grid of the flop-

over Vn limits the grid current, whereas the condenser (C3) across it

prevents integration due to distributed capacity from the grid to ground.

1 Such integration is used in the sweep circuit included in Fig. 7-17 (A/R scope).
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Normally, Vm is conducting while Vn„ is cut off. As the grid of Vm
rises because of the impressed height sawtooth wave, it reaches the

conduction point and the regenerative action of the flopover turns Vm
on, and Vm off. The potential at which the flopover regenerates is

determined by the potential of the "on" grid Vm. For a given value

of this grid potential the time between the start of the sweep and the

flopover point depends on the time it takes the height sawtooth wave to

reach this regeneration potential. The height marker is derived by

differentiating the front edge of the rectangular wave formed by the

regenerative action of the flopover. Because of the curvature of the

earth, height above the earth is given by h *» r sin a + kr2
, where r =

range, a = elevation angle, k = a constant. To correct for this curvature,

the regeneration potential of the flopover must decrease as the range

increases. To decrease this potential, a negative correction waveform is

applied to the "on" grid of the flopover.

Earth's-curvature Correction.—To obtain the square-law curve neces-

sary for the earth's-curvature correction, two clamps, Vi&a and Vm, are

used. When these clamps are released, an approximate sawtooth wave-

form is generated at the plate of Visb. This waveform is used for the

charging voltage of Visa and an approximate square-law curve is then

generated at the plate of Vi%a . This waveform is inverted by the ampli-

fier Via, and direct-coupled to the grid of the flopover. The small con-

denser d, across the coupling resistor R 6,
prevents integration by

distributed capacity, which would result in a cubic rather than a square-

law correction.

Heightr-marker-intensity Compensation.—Since the sweep traces are

diverging from the origin, there are less sweeps per unit display area at

the longer ranges. The light output of the tube is a function of the

number of times the electron beam impinges on a spot as well as on the

number of electrons in the beam and their energy. To compensate
for the reduction in the number of sweeps per unit area, the intensity of

the height marker is increased at longer ranges by adding the height

marker to a sawtooth waveform generated by the triode clamp Vna.
A portion of this sawtooth wave is coupled to the marker mixer by
means of a cathode follower Vm, and the sawtooth voltage becomes
part of the bias of the marker-mixer grid.

Nonadditive Marker Mixer.—The bias of the grid of V2oa, which is

normally cut off, determines the intensity of the height marker and can
be controlled by the setting of i26 . The marker is coupled to the grid

of V2oo from the height flopover through C6 .

The other half of the mixer V20& is used for positive range marks.
The intensity control is in the form of a bias adjustment rather than an
attenuator.
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Cathode-ray Tube.—The cathode-ray-tube anode is operated at 7 kv.
The second-grid voltage is only 300 volts and this voltage should be
increased if the resolution needs improvement. A higher second-grid

voltage could be obtained from the high-voltage bleeder, provided that
the blanking was done on another electrode.

16-6. Hybrid RHI-E-Scope.—In this indicator the height deter-

mination is accomplished by using a set of height lines inscribed on an
overlay. The pattern formed by this type of presentation is shown in

Fig. 15-4.

This indicator gives a pattern of 50° at 10 miles and 20° at 140 miles,

and increases the precision attainable at 140 miles by a factor of 2.5 as

compared to an E-scope presentation. The height information is

derived from a precision potentiometer and varies from 50 to 140 volts

as the elevation angle goes from to 60°.

The presentation is set to cover a range of 140 miles in two 70-mile

steps: (1) from 10 to 80 miles, (2) from 70 to 140 miles. The use of

these two ranges increases the range resolution but also necessitates the

use of two different height scales. 1

To obtain maximum height accuracy and precision from a system

using a mechanical-height scale, the normal distortion of a fixed-deflec-

tion-coil pattern must be reduced. To minimize the standard "barrel"

distortion that exists on a 12-in. cathode-ray tube, a special deflection

yoke is used. The coil used in this indicator is illustrated in Fig. B'3. 2

Another method of improving the pattern is the accurate mechanical

adjustment of the focus coil, as described in Sec. 3-6. The low-voltage

focus coil and the switch shown in the schematic diagram make possible

the use of alternating current for lineup.

Another factor that contributes to the accuracy of the displayed

pattern is the absence of the first ten miles. This allows 100 fxsec in

which to obtain linear sweeps. It is particularly difficult to start the

fast vertical sweep quickly and linearly when the elevation angle is

small. To insure the stability of the pattern, all bleeder resistors and

driver-degenerating resistors are wire-wound. With the indicator as

shown, the limiting factor in reading height accurately is interpolation of

the midpoint of a signal between the height lines.

The range-sweep circuit, the video amplifier, and the marker mixer

are shown as blocks in the schematic diagram (Fig. 15-8) and require 15

1 See Sec. 16-7, Fig. 1619.
* The sectional winding of this coil permits the use of many damping resistors per

coil, provided that they are mounted on the coil. If these damping resistors are used,

it is necessary to omit the damping resistors that are shown in Fig. 15-8 connected

between B+ and the plates of the sweep-current tubes.
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tubes. The circuits are the same as those shown in Fig. 13-6, except for

the following necessary modifications:

1. The delay switch must switch the scale lights on the overlay.

2. Only one driver is required.

3. The off-centering current tube must be connected to the deflection

coil to be used for horizontal centering.

4. Only one sweep (of 80 miles) need be generated. This sweep is

then either undelayed or delayed by 60 miles.

5. A negative trigger must be provided to the height flip-flop from

the screen of the trigger buffer.

6. The trigger buffer is biased so that a blanking voltage will prevent

the trigger from reaching the circuits. This blanking voltage is

supplied from the elevation data-take-off system by using a cam

and Microswitch arrangement.

Elevatiorir-data Cathode Follower.—The height-input data is used to

generate a "slow" vertical sweep, that is, a sweep proportional to the

elevation angle a, and a "fast" vertical sweep, proportional to ta.

Because the slowly varying component must be direct-coupled to the

driver V2 , the d-c level of the input data determines the operating region

of the driver. Hence, the input-data level must be chosen high enough

to insure operation in a satisfactory region of the tube characteristic.

This unit uses an input voltage that varies from -J-50 volts to +140
volts.

This input data must be available at a low-impedance level for the

generation of the fast vertical sweep. Hence, the cathode follower V^
is used. To compensate for the +50-volt level at 0°, it is necessary to

have a fixed reference voltage of approximately +50 volts. This low-

impedance point (Vib) is used as the clamp-biasing voltage and insures

a zero-voltage sawtooth waveform at 0°. The voltage of this reference

point is set by a potentiometer E3.

As the current through the data-transmission cathode follower

increases, the /x of the tube changes so as to increase the gain of the

cathode follower. To compensate for this source of error in the data

transmission, negative feedback is used. Feedback is accomplished by

obtaining the potential for the data potentiometer from the plate of the

cathode follower. Thus when the cathode-follower gain increases, this

potential decreases. The compensation linearizes the cathode-follower

output voltage with respect to changes in angle so that it produces

negligible error.

The phase shift introduced by the filter network connected to the

arm of the potentiometer is negligible at the slow elevation-scanning



536 RANGE-HEIGHT DISPLAYS [Sec. 15-5

^A 1|.

P

1*1
f IS
I a

s

&&

« 1-
60 « r>c .> o
QC o

8^ rs.

7T

(8
(0

IS 3
00

31

8>3
nj jo

> <u

3
.c o
3fi S

S "5.

> E

®(£)

a

g

If®

3

©®



Sec. 15-5] HYBRID RHI-E-SCOPE 537

_ *

cocj
1

1 ^^w- "~^""^ 9*



538 RANGE-HEIGHT DISPLAYS [Sec. 15-5

rate used. To increase the precision of the electrical input data the
potentiometer is run at 3-speed with respect to the actual elevation
motion. To prevent signals from appearing when the source is not in

the proper 50° angular interval, a cam and Microswitch on the 1-speed
shaft are used to render the trigger buffer inoperative.

The output signal from the cathode follower for the slow vertical

sweep is obtained from a potentiometer #4 . Since this potentiometer is

connected between the two cathode followers, the vertical-centering

zero adjustment is independent of the amplitude of the slow vertical

sweep. The output signal for the fast vertical sweep is obtained through
the bootstrap diode V^.

Bootstrap Sawtooth Generator.—At small angles, the sawtooth voltage

that is generated by V6 and V5a is very small, and negative-gate feed-

through in the clamp would be very objectionable. To minimize this

feedthrough, only a small portion of the rectangular wave is used
as the gating pulse. If the first 10 miles were to be used, further feed-

through precautions (in the form of an integrating network for the

gating pulse) would be necessary. 1

Sweep Amplifier, D-c Restorer and Sweep Driver.—The 807 driver T9

is cut off between sweeps (its waveform is d-c restored to the —60-volt
bias point available at the range driver). The gain without feedback is

about 1000 whereas the over-all gain with feedback from input grid to

driver cathode is 1. In order to have the driver start conducting quickly

it is necessary to use cathode bias in the second stage (Vs) of the amplifier.

Without this bias, the grid of this stage would be conducting and hence

present a low impedance to the first stage. This impedance would
decrease the gain of the amplifier (from 1000 to 50) and excessively

delay the start of the small-amplitude vertical sweeps. The fast-sweep

current and the slow-sweep current are added by connecting the plates

of the corresponding drivers.

Slow Vertical Driver and Vertical Centering.—The slow vertical sweep
is applied to the grid of the driver F2 . The 1000-ohm degenerating

resistor Ri increases the linearity of this stage. The common 100-ohm
resistor R-i is a form of cathode coupling which gives some push-pull

action, further aiding the linearity and decreasing the necessary driving

voltage. Both these resistors serve to bias the 807's iy^Vz) properly

and at the same time to supply degeneration. Hence these resistors are

wire-wound to give pattern stability.

1 It is difficult to use a pentode clamp because the screen-grid current that would
have to come from the reference cathode would change the reference voltage between
sweeps.



CHAPTER 16

MECHANICAL AND OPTICAL DEVICES

By T. Soller, R. W. Dressel and C. W. Sherwin

MOUNTS AND MAGNETIC SHIELDS FOR CATHODE-RAY TUBES*

Cathode-ray-tube mounts consist basically of a support for the

cathode-ray tube, the driving coils, and other control elements, plus a

support for the entire assembly mounted independently or in combina-

tion with related components.

The electrostatic type of cathode-ray tube is usually shielded by its

support from outside magnetic interference. This assembly is most often

mounted in the same box with other apparatus.

The magnetic tube, used more extensively as a radar indicator, is

mounted in a tube mount containing a deflection coil, which may be

fixed or rotatable depending upon the application, a focus coil ormagnet,

and other necessary control elements. The tube must be accurately

positioned with respect to the external coils, and this position, once

obtained, should be rigid and lasting. However, the position of the

coils with respect to various tubes differs, and, since the cathode-ray

tube is a fragile unit that must be replaced, the position of the coils in

their housing must be adjusted to get the most efficient performance from

any one tube. These adjustments must be made for any new tube or

for the original tube when the output characteristics vary because of

changing electrical characteristics. They must be accomplished simply

and easily whether the tube mount is a separate mount that can be

reached from all sides, or whether it is mounted in a console and can be

reached only from the front.

Tube mounts have been designed for three basic uses: airborne,

shipborne, and stationary installations.

The airborne mounts are designed to have minimum size and weight

and yet be rigid enough to withstand the applied vibrations. A support-

ing frame, containing vibration-isolation mounts, is then added when
the mount is supported independently in the plane. A mount of this

type can also be used in a panel installation. However, if the installation

is close to the magnetic compass, magnetic shielding is necessary in order

to eliminate the effect on the compass of the magnetic fields of the

various coils.

x The assistance of N. C. Zatsky in writing Sees. 16-1-16-3 is gratefully acknowl-

edged.
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Shipborne mounts are the same in principle but are constructed to

withstand the great shock to which they may be subjected during gun-
fire. A more rigid and weighty structure is therefore necessary. Indi-

cator tube mounts used in shipborne work are almost always built into

the indicator-circuit consoles, which are properly shock-mounted.

Thus the tube mount itself does not need a separate shock-mounting
frame.

In stationary work the shock and vibration problem is not a primary
consideration and no special mountings are necessary. However, the

mounts must be capable of withstanding rough treatment in shipment.

They must also be compact since they are built into the indicator-

circuit consoles, which must be easily transportable.

16-1. Tube Mounts for Electrostatic Cathode-ray Tubes.—A mount
to support an electrostatic cathode-ray tube is generally a relatively

Fig. 16'1.—Support and magnetic shield for 5-in. olectrostatic tube.

simple device. These tubes are almost always located in a box containing

the driving circuits and various controls. The mount usually consists

of a conical or cylindrical part and a front cover. The conical or cylin-

drical part extends over the entire length of the cathode-ray tube and is

mounted behind a hole in the front panel of the instrument. The front

cover accommodates a ruled scale, either on a clear plastic or on one that

is a color filter, and it usually has provision for attaching a viewing hood.

Figure 16-1 illustrates a typical support for a 5-in. tube. The cylin-

drical front part is made of well-annealed soft iron, and the conical part

of a high-permeability alloy that extends over the entire region occupied

by the electron gun and the deflection plates. Such a magnetic shield

is almost always required, especially if transformers, etc. are located in

the vicinity of the cathode-ray tube. The shape of such magnetic

shielding should be kept as simple as possible because the high-permeabil-

ity alloys are not easily fabricated into complicated shapes. The tube

socket (not shown in Fig. 164), is usually mounted on a separate bracket.

Figure 16-2 illustrates a tube mount for a 3-in. cathode-ray tube that
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can be mounted directly on the instrument panel with the tube socket
held by the clamping arrangement at the rear of the mount.

16-2. Mounts for Fixed-coil Magnetic Cathode-ray Tubes.—One of

the most important classes of mounts used in radar indicators is the

mount for the fixed-coil magnetic cathode-ray tube. The fixed coil

refers to the deflection coil, which is kept fixed in position while the tube
is operated. The deflection of the electron beam is accomplished by
properly varying applied voltages. The mount consists of the following:

a cathode-ray tube, properly supported in medium-hard sponge-rubber
mountings designed to absorb the applied shock and yet keep the tube
properly positioned; a deflection coil, fixed in position except for a slotted

mounting that is used to get proper initial azimuth orientation; a focus

coil or focus magnet for properly focusing and aligning the electron beam.

Fio. 16-2.—Tube mount and shield for 3-in. electrostatic tube.

When the focus coil is used it is necessary to have a method of tilting

and clamping the coil in order to align the electron beam. When the
focus magnet is used, a method of externally adjusting the focus shunt
to get the proper magnetic field strength for focusing, and a method of

moving a centering plate in the x- and y-axis to align the electron beam
properly are necessary. In front of the cathode-ray tube is placed a
reference scale marked on a transparent overlay. This scale is either
edge-illuminated or darkened so as to be in contrast with the tube face.

The scale is designed to be either fixed or rotated in azimuth depending
upon the application.

A typical example of a simple fixed-coil mount is shown in Fig. 16-3.

This mount consists of a case spinning that houses the deflection coil D,
the focus coil F, a rear terminal strip T, and the rubber supports for the
tube, which consist of the front sponge-rubber support R, and the back
tube grommet G, The high voltage for the cathode-ray tube is brought
in on a high-voltage cable that passes through the fitting H . The extru-
sion E on the spinning allows the leads from the front edge-illuminating
bulb socket L and leads from the deflection coil to pass over the focus
coil and be connected to the terminal strip without interfering with the
motion of the focus coil. The leads from the focus coil are also connected
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to the back terminal strip. External power is brought in on a cable,

passes through the fitting C, and is terminated on the back terminal

strip. The tube socket is also wired to this back terminal strip. An

end cap is used to close up the back of the mount. The front section of

S A
Fig, 16-3.—Cathode-ray tube mount (exploded view).

the mount consists of a transparent overlay S set in a supporting ring A.

This assembly is then covered by a ring-spinning B forming the necessary

light box to house the edge-illuminating bulbs J, and to shield the light

from the operator. The deflection coil is positioned in azimuth by

loosening the screws M, rotating the coil in the slots, and then fastening

the screws. The focus-coil position is adjusted by loosening the screws

Fio. 1G-4

JV, tilting the spherical-contoured coil by means of these screws in the

spherical section of the tube-mount spinning, and then tightening the

screws. To install a tube, the front spinning and the overlay assembly

must be removed. The tube is then inserted in the main spinning and
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16-5.—Fixed-coil mount for S-in. magnetic tube, with permanent-magnet focusing
and including amplifier. Top figure shows unit exposed.

pushed back until the reference line of the tube is in line with the front
edge of the deflection coil and the glass is brought into contact with the
flat sponge-rubber ring mounted on the front of the deflection coil.

Since, in normal tubes, there is a variation of about a quarter of an inch
in the length from the reference line to the front face of the tube, the
front assembly is telescoped into the mount to compensate for this
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variation and to put axial pressure on the tube face through the front

rubber cushion. Figure 16-4 shows a photograph of such a mount for

a 7-in. cathode-ray tube.

Another example of a fixed-coil mount is the mount shown in Fig.

16-5. This mount varies from the spinning type in that it is made up

of mounting plates and spacers instead of a spun container. This

Fig. 16-6—Fixed-coil mount for 12-in. magnetic tube with provision for accurate focus-coil

adjustment.

method of construction is especially suited to this application because

the apparatus contains a focus-magnet assembly that acts as a part of

the structural section of the mount because it may be kept fixed in posi-

tion and does not have to be tilted. Separate vibration mounts are

incorporated in the framework because this mount is a separately installed

unit. Aside from these changes the mount does not differ greatly from

the simple spinning type.
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In Fig. 16-6 is a third example of a fixed-coil magnetic-tube mount
designed to house a 12-in. cathode-ray tube. To allow for the variation

in critical dimensions from tube to tube, the section that contains the
deflection and focus coils is arranged to slide forward or backward on
the base plate. However, the greatest difference in this particular mount
is the use of a focusing-coil arrangement that allows the coil both to be
adjusted accurately in the x- and y-axes and to be tilted about these

axes. This motion is necessary in order to get the proper adjustment of

the coil and to get the best performance from the 12-in. cathode-ray
tubes. The uses of this type of focus-coil mount are discussed in detail

in Sec. 3-6.

16*3. Rotating-coil Mounts for Magnetic Cathode-ray Tubes.—

A

rotating-coil magnetic cathode-ray-tube mount is one designed to cause

the sweep on the face of the cathode-ray tube to rotate by mechanically
rotating the deflection coil, in synchronization with the scanner unit,

about the center line of the tube neck. A mount of this type finds

greatest application when used as a plan position indicator.

This mount presents a more complex mechanical-design problem
than the fixed-coil magnetic cathode-ray-tube mount because a rigid

frame must be built up to support a ball-bearing-mounted coil housing,

a gearing arrangement, and a driving unit. The design of the rotating

mechanism must be governed by the following mechanical and electrical

considerations.

1. The deflection coil must be freely rotating because of the limited

torque available in the smaller-sized positioning devices and the
increasing errors of positioning with increased loads of many of

these devices such as synchros and flexible shafts. It is also

necessary, therefore, to have the torque as constant as possible

in order to eliminate any variations in pattern during rotation.

2. The deflection-coil assembly must be compact in order that there

may be sufficient room along the tube neck for the proper location

of the focusing coil or magnet.

3. Except for properly designed coil housings, as much of the materials

used around the deflection coil and focus coil as possible should be
nonmagnetic in order to eliminate stray permanent magnetic
fields which affect the performance of the cathode-ray tube.

4. The slip-ring contacts should be designed to give a minimum of

electrical resistance and long operational life. The brush contacts

must also be constructed to give minimum electrical resistance

plus proper contact at any speed of rotation of the deflection coil.

Proper surface-leakage paths and insulation for the peak voltages

encountered must also be provided between individual slip rings
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and ground as well as between individual brush arms and ground.

However, all this must be accomplished with the lightest brush

pressure possible in order not to increase materially the torque

necessary to drive the deflection-coil assembly.

5. A precision or other compensating gear train is needed between

the positioning unit and the deflection coil to decrease the error

introduced by backlash or looseness in the gear train, and in order

to eliminate as much as possible any variations in torque caused

by the local binding of eccentric or improperly mounted gears.

6. Magnetic shielding is required for the electromechanical drive

units, when they are mounted close to the tube neck, to diminish

the effect of magnetic pickup from these units by the electron

beam. However, an effort is made to have the drive unit mounted

as far from the tube neck as possible and as far in back of the gun

structure in the tube as possible. l

7. The rotating-coil mount must be structurally rigid and compact,

and have provision for supporting the focusing coil or magnet as

well as a means of centering and rigidly supporting the cathode-

ray tube.

Bearings.—One of the major difficulties encountered in the design of

a rotating-coil mount is the proper choice of bearing arrangement for the

rotating deflection coil. The conventional use of a precision steel ball

bearing of the aircraft type has been most common. Although this type

of ball bearing, if properly mounted, is capable of doing a splendid job

as far as torque and rotation is concerned, it can easily be magnetized

either by passing a d-c field through the deflection coil or before assembly

by coming in contact with a magnet or magnetized instrument. There-

fore, in production, a careful check is made of each ball bearing before

installation.

To eliminate the difficulty of magnetization of the bearings that

support the deflection coil, a means of supporting the coil with non-

magnetic materials has been used. The various methods include the use

of V-shaped roller disks running in a groove cut in the deflection-coil

housing, the use of large-diameter V-grooved raceways attached to the

deflection-coil case with monel-metal balls, or a conventional bearing

made of nonmagnetic materials. The use of the V-shaped roller and

the large V-grooved ball bearings requires a large-size servomechanism

to supply sufficient torque for rotation. In most cases, however, a low-

power servomechanism or a low-power synchro follow-up system is used

to rotate the deflection coil. Therefore, it has been necessary to develop

1 A further discussion of magnetic shielding of magnetic cathode-ray tubes from

driving units can be found in Sec 8-15.
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a low-torque nonmagnetic ball bearing. Such bearings have been
designed and built using bronze or other composition raceways, and
stainless-steel or monel-metal balls. The design of these bearings
follows conventional bearing designs as far as shape and size of raceways
and balls is concerned. Because high load capacities are not needed in

a ball bearing used to support a rotating deflection coil, it is possible to

use softer raceways and balls than those found in the conventional
hardened-steel precision ball bearings. Materials such as tobin bronze,
"Ampco-21," 1 stainless steel (18-8), and beryllium copper, which are
nonmagnetic, have been used for raceways. Materials such as K monel
metal, monel metal, stainless steel, and even glass have been used for

the ball materials. The most satisfactory bearings to date have been
those in which the raceway material has been made of "Ampco-21

"

and the balls of K monel metal. The '
'Ampco-21 " has a Brinell hardness

of 285-311 and a Rockwell hardness of 30-33C. The K-monel-metal
balls have a Brinell hardness of 290-300. These materials have been
made into ball bearings of conventional form in sizes similar to the
Fafnir or Norma-Hoffmann A545 and A544, and similar to the Marlin
Rockwell 0015. 2 When mounted these bearings have given torque
measurements equivalent to the standard steel ball bearings, and have
been capable of withstanding the shock and vibration encountered in

aircraft, ship, and stationary installations for rotating-coil work.
Synchro-driven Mount.—The mount3 shown in Fig. 16-7 is a typical

rotating-coil mount designed for general application. Two sizes are
available, one to house a 5-in. cathode-ray tube and another to house a
7-in. cathode-ray tube. However, the mount has been designed in such
a way that sections can be removed and separately mounted to take
care of larger sizes of cathode-ray tubes. This mount is designed to be
driven by a 10-speed synchro follower; that is, the gear ratio between the
deflection-coil gear and the drive pinion is 1 to 10. The deflection coil

is mounted in a housing that is in turn supported by two ball bearings
similar to Norma-Hoffmann bearing No. A545. The deflection-coil gear
is fastened to this housing. On the outside surface of the deflection-

coil housing is mounted a slip-ring assembly. This assembly consists of

an insulated tube of paper phenolic on which two coin-silver slip rings

are fastened and insulated from the case and from each other by about

re in. of surface path and ^ in. of solid insulating material. This
insulation is sufficient to withstand 500 volts of constantly applied
voltage under high-humidity conditions. The deflection coil, however,

1 "Ampco-21" is supplied by Ampco Metal Inc. Milwaukee, Wis.
* These sizes are available from Howe Engr. Co., 1503 E. Michigan St., Indian-

apolis, Ind.

* Sanborn Co., Cambridge, Mass.
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has peak voltages of about 700-800 volts, but these are of extremely-

short duration and have not caused "arc-over" under usual operating

conditions.

This assembly is housed in the deflection-coil outside casting and

end plate. The casting supports the brush blocks and the pinion-gear

ball-bearing assembly. The pinion-gear assembly consists of the pinion

and shaft set into two ball bearings and supported by the outside pinion

sleeve. The sleeve is turned so that the outside diameter is 0.005 in.

eccentric with the bore. The eccentricity allows for variation in the

- Push rod clamp Upper spring-loaded

ball socket support

Front light-shield assembly

Fig. 16-7.

\ Magnetic shieldBall bearings

Lower ball socket support

-Rotating-coil cathode-ray-tube mount.

Driving

synchro

gear-center distance between the pinion and drive gear and forms a

means of adjusting the pinion with respect to the deflection-coil gear to

get minimum backlash with free rotation. The gears themselves are

precision gears cut to a tolerance of ±0.0003 in. They are helical

gears of 48 normal diamentral pitch with a helix angle of 17° 51' and a

20° normal pressure angle.

Attached to the plate supporting the deflection-coil housing is the

focus-coil assembly. This assembly is fixed to the main plate by three

spring-loaded ball-socket supports. The lower support is fixed in

position, and tilting is accomplished by the adjustment of the two

upper push-rod and socket supports. Tilt in all directions can be

obtained by moving each push rod independently or both simultaneously.
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A clamp arrangement, mounted on the front panel, is tightened to keep
the coil fixed in position.

A tube shield is then mounted on the second mounting plate to min-

imize the effect of the magnetic field of the driving synchro.

The driving synchro is a Size 5F, supported by the second and third

mounting plates and surrounded with a magnetic shield. The Size 5F
when energized will supply 0.402 oz-in. of torque per degree of lag.

The absolute accuracy of the synchro, however, is no better than £°

because this value represents the accuracy of the windings in the synchro
itself. The tube is supported by the front rubber-cushion assembly and
the back spring-loaded socket assembly. The socket plate is mounted on
vibration-absorbing rubber bushings.

The specifications on the mount require that a maximum of 12 oz-in.

of torque, applied at the 1-speed or deflection-coil axis, will rotate the

deflection-coil gear, meshed with the pinion-drive gear and the driving

synchro, which is attached but not energized. From this torque figure

the accuracy of rotational following which may be expected can be
calculated. With 12 oz-in. of torque at the 1-speed shaft, 1.2 oz-in. of

torque is required at the 10-speed or pinion shaft if the gear efficiency is

assumed to be 100 per cent. This assumption is approximately true for

a precision spur or a helical gear, for which the efficiency of transmission

is about 98 to 99 per cent in a single mesh. Since the synchro motor
supplies 0.4 oz-in. of torque per degree of lag, the synchro will lag approxi-

mately 3°. However, 3° of lag at the 10-speed shaft reflects only 0.3° at

the 1-speed shaft. But, 3° at the driving synchro should be considered
4° absolute accuracy since the synchro windings are no more accurate

than £°. Now, if about 1° of inaccuracy, which may be attributed to

backlash between the meshing gears, is included, there is a total of 5° of

inaccuracy at the pinion shaft. Then 0.5° will be reflected at the deflec-

tion coil. Thus the mount can be said to be accurate to within 0.5° in

following. Similar considerations can be used to evaluate the accuracy

of follow-up for similar type mounts with synchro-drive followers.

Since the mount is driven with a 10-speed synchro, there are 10

stable positions in which the mount may be driven by the driving 10-

speed synchro generator mounted on the rotating antenna. To elimin-

ate this uncertainty of azimuth positioning a phasing scheme that

incorporates two cams, two switches, and a relay is used (see Fig. 16-8).

One cam and one switch are mounted on the coil mount, whereas the

other cam and switch are mounted on the antenna base. The cams
rotate at one speed and are so designed that the tube mount and antenna,

once aligned, will always operate from the same azimuth reference.

The cam on the indicator is 25° in width acting on a normally open

switch, and the cam on the antenna is about 30° in width with a normally
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closed switch. If both units are operating in synchronism the antenna

switch will open and remain open while the indicator switch is closed.

Since these switches are in series, there will be no voltage applied to the

relay. If the two units get out of synchronism the indicator switch will

close the relay, thus short-circuiting two legs of the stator of the driven

5F synchro and causing the coil to stop with the switch closed. The coil

will remain in this position until the antenna switch is opened by the cam

and the relay circuit is again broken. At this point, the indicator unit

will again start rotation and will rotate in synchronism with the antenna.

This scheme requires that the driven and the driver synchros be properly

Fig. 16-8.—Microswitch phasing circuit.

"zeroed" or phased so that the indicator synchro will not again jump out

of phase.

Another important consideration in keeping the torque small is the

proper choice of brush-contact and slip-ring material. In the mounts

described a ^-in.-wide, coin-silver slip ring is used. The surface is

turned and polished with as few ripples as possible. The brush contact is

of silver graphite material containing about 45 per cent graphite. By

using these materials it is possible to get sufficiently low electrical resist-

ance and long operational life with a brush pressure of about 10 oz per

square inch of contact area.

Servomechanism-driven Mount.—In Fig. 16-9 is shown a rotating-coil

magnetic-tube mount designed to be driven by a servomechanism, 1 and

to house a 7-in. cathode ray tube.

The deflection-coil assembly A is similar to that used in the mount

previously described except that it is designed to be somewhat more

1 Sanborn Company, Cambridge, Mass.
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rugged. This deflection-coil assembly is supported by two ball bearings,

Marlin Rockwell No. 0015.

The deflection-coil gear is meshed in a train with a 5CT synchro.

This synchro is the positioning-control device but not the drive unit.

Meshed by gears to the synchro and deflection-coil gear is a drive motor

B, which supplies the drive power to the train but is controlled by infor-

mation from the 5CT synchro fed through an amplifier back to the drive

motor. This drive motor is a low-inertia Diehl FPE 25-11. The over-

all accuracy of the mount is controlled by the amount of backlash between

the 5CT synchro C and the deflection-coil gear, the accuracy of the con-

trol transformer, the regulation of the drive motor, and the proper design

of the servomechanism amplifier.

In this mount a 1-speed servomechanism system is used, that is, the

control element, the 5CT synchro in this case, is geared 1-to-l with the

deflection-coil gear. Other systems may use one or more control synchros

running at the same or higher speeds. Typical ratios between deflection-

coil gears and control synchros consist of a 1-speed deflection coil coupled

with the single 1-speed control synchro, or a 1-speed deflection coil

coupled with two synchros, one running at unit speed and the other

running at 36-speed, where the 1-speed synchro is used for synchronism

and the 36-speed synchro for greater azimuth accuracy.

The gear train in the mount is precision-cut and precision-mounted

to get minimum torque and minimum backlash. Although minimum

backlash between the drive motor and the rest of the gear train does not

influence the accuracy of follow-up, it does materially account for the

amount of oscillation or "hunt effect" appearing in the drive motor.

Therefore, the amount of backlash between the drive-motor pinion and

the first driven gear should be kept small. The couplings between the

drive motor and its gear shaft, and the control transformer and its gear

shaft, are of an antibacklash type to eliminate added errors.

The rest of the mount consists of a focus-coil assembly D mounted on

the back of the main casting, a tube support E, and a spring-loaded tube

socket F.

A spring-loaded tube-support cradle G is mounted in front of the main

casting and exerts axial support pressure on the bulb of the cathode-ray

tube.

Rotating-coil Mount with Provision for Off-centering.—In Figs. 16-10

and 16-11 are shown an off-center PPI rotating-coil mechanism mounted

on a chassis A, which contains the indicator circuits, and a front panel B
on which are built front tube supports C. The overlay assembly D
attaches to the front panel and puts axial pressure on the tube face by

means of a sponge-rubber ring. The tube bulb is in turn forced forward

by the spring cradle E. This cradle exerts axial pressure but does little
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in the way of centering the bulb. The tube is centered by means of the

back grommet F, and the adjustable front tube clamps C. These front

tube clamps allow for variations in perpendicularity between the front

tube face and center axis of the tube neck.

Fig. 16-11—Detail of rotating-coil mount for 12-in. magnetic tube showing slip rings and

focus-coil adjustment.

The rotating deflection coil G is an air-core coil supported by a single

nonmagnetic ball bearing similar in size to a Marlin Rockwell 0015.

The rotating-coil gear // is similar to the gear in the mount previously

described and meshes with a similar pinion-gear assembly (/, Fig. 16-11).

Included in this mount is an off-centering coil assembly that ia
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mounted on roller disks J attached to the main front casting K. The
off-centering assembly includes an off-centering coil in an outside case

L, two insulated slip rings M, and an off-centering gear N. This gear is

positioned by a knob and shaft assembly from the front panel. Two
insulated brush blocks P are mounted from the main front casting and
contain brush contact arms for the two outside slip rings.

The internal rotating deflection coil leads are brought out to two
coin-silver slip rings Q and through two brush contacts R (Fig. 16-11).

Attached to the back of the front casting is a focus-coil assembly 8.

This assembly allows the focusing coil to be tilted as well as to be moved
in the x- and y-axes to get best performance from the cathode-ray tube.

The back casting T contains a rear tube-support grommet F and a
method of supporting the 5F driving synchro U. A servomechanism
has been designed to drive this mount and has been made to fit into the
space allotted to the 5F synchro. This servomechanism unit uses a
FPE-25-11 Diehl motor and a size-lCT control-transformer synchro.

To compensate for variation in the length of the cathode-ray tube,

the front and back casting assemblies, which are tied together by the
support rods V, can be adjusted forward and backward on the supporting
chassis by means of slots in the casting base W.

16-4. Magnetic Shielding of Cathode-ray Tubes.—The electron

beam in both electrostatic and magnetic cathode-ray tubes is subject

to unwanted deflection by stray magnetic fields. One of these, the earth's

magnetic field, produces a steady deflection, the magnitude of which
depends upon the geographical location. In the case of magnetic tubes
with an applied accelerating potential of 5 kv, this deflection may amount
to one-tenth the screen radius. Power transformers, motors, and other
similar equipment constitute a second source of stray fields, which are

particularly annoying because the deflections they produce are not steady.

Field intensities as high as 0.1 gauss are frequently encountered and these

are capable of introducing into the deflection pattern a ripple whose
amplitude is approximately one per cent of the screen radius.

Not only do magnetic fields from surrounding apparatus cause
spurious deflections of the electron beam, but the fields generated by the
coils on a magnetic tube, particularly the deflection coil, may similarly

affect other coils and instruments in their vicinity. If the deflection

coil is of the square iron-core type, its magnetic field decreases with the
cube of the distance from the coil center; nevertheless, its field is strong
enough so that the maximum intensity 8 in. away is about one gauss.

Ordinary eddy-current shielding will adequately stop the deflecting field

if the sweep duration is less than 500 jusec, but it is not effective for a
sweep whose duration is 1000 /xsec or longer. A suitable magnetic shield

solves both the problem of shielding a cathode-ray tube from external
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fields and of protecting surrounding instruments from fields generated by

the focus and deflection coils.

A magnetic shield acts as a low-reluctance path, diverting flux away

from the region to be shielded. To be most effective, it should completely

enclose the space to be shielded. However, experience shows that, up

to a distance from the ends equal to the radius of the cylinder, the region

inside a long cyclinder with open ends is nearly as well shielded as the

region inside an infinitely long cylinder.

For a single-layer shield made of high-permeability metal entirely

enclosing the region to be shielded the effectiveness is approximately 1

Magnetic field intensity in absence of shield _ q oo \\ _ (\ -Yl,
Magnetic field intensity with shield L \ r<>/ J

where p = initial permeability of the shield, n = the radius of a sphere

enclosing the same volume as the outer surface of the shield, and t = the

thickness of the shield.

This formula indicates that the maximum possible shielding factor

obtainable with a single-layer shield is 0.22 /* and that the shielding factor

drops down to approximately half the maximum value when t — r /5.

Since magnetic shields that completely enclose the cathode-ray tube are

rarely used, the formula cannot be directly applied to tube shields;

nevertheless, it does serve to indicate the maximum shielding factor that

may be expected and also illustrates the relationship between shielding

factor and thickness of a single-layer shield.

Since the shielding efficiency is proportional to the initial permeability

of the shield material, it is desirable to use material having a high per-

meability. Magnetization curves of a few classes of magnetic materials

suitable for shields are shown in Fig. 16-12. Each of these materials must

be carefully annealed after the shields have been fabricated in order to

secure the full benefits of its magnetic properties. The thickness of

material usually employed for cathode-ray-tube shields is 0.025 in. The

annealing process must be done in a circulating atmosphere of pure, dry-

hydrogen, and the material must be held at a temperature of 1120°C

for a period of 2 to 4 hrs followed by cooling at a rate not exceeding

55°C/hr until a temperature of 600°C is reached, whereupon the cooling

rate may be increased at will. It is usually advisable to have this proc-

essing done by the manufacturer of the alloy, or by someone specializing

in heat treating. The materials most readily available commercially

for shielding purposes are nickel-iron alloys containing just under 50

per cent of nickel,2 and those containing 70 to 80 per cent of nickel, 8

* W. B. Ellwood, "Magnetic Shields," Bell Lab. Record, 17, 93 (1938).

8 "4750" Alloy, Allegheny Ludlum Steel Corp., Brackenridge, Pa. High-perme-

ability "49," Carpenter Steel Co., Reading, Pa.

1 "Mumetal," Allegheny Ludlum; Highmu "80," Carpenter.
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sometimes with the addition of a

small amount of copper. The
greater effectiveness of the high-

nickel-content alloys for shielding

in the region of low magnetic fields

is apparent from Fig. 16-12.

Joints and holes used in the

construction of a shield seriously

affect its shielding efficiency.

Joints parallel to the flux direction

in the shield decrease somewhat
the efficiency at low field intensi-

ties but have little effect at high

intensities. There is apparently

no gain in increasing the number

of spot welds along the joint. On
the other hand, joints normal to

the direction of flux cause an

enormous drop in shielding effi-

ciency, the decrease being contin-

gent upon the shield dimensions,

small as possible.

10,000

6,000
4,000

2,000

u.
1,00°

% 600
S> 400

s 200

1 100

S 60
3 40

" 20

10

6
4

2

1

—

7

/ / -^-,;
A iA

7l

-^
$P//

**&

//
W
p(/

/ /

/'/
/

^

*

1.00.001 0.004 0.01 0.04 0.1 0.4

Magnetizing force in oersteds

Fig. 16-12.—Magnetization curves for mag-
netic metals suitable for shields.

Any necessary holes should be as

For the shielding of electrostatic cathode-ray tubes, a cylindrical or

conical form of shield is usually

employed, as illustrated in Figs.

16-1 and 16-2. The shield should

fit the tube as closely as is practi-

cable. Shielding of magnetic

tubes is less frequently required.

In some cases, when alternating

fields in the vicinity of the gun of

a magnetic cathode-ray tube cause

trouble, a small cylindrical shield

may be placed closely around the

tube neck in the region covering

the gun. If large fields extend

throughout the volume occupied

by the tube, a cylindrical shield

extending over the entire tube

length may be required.

If the disturbance of the cath-

ode-ray-tube trace is due to the

field of a transformer in the

.
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Fiq. 16-13.—Shielding efficiency of one,

two, and three concentric cylinders (for zero
frequency). Shielding efficiency = 20 logio

Ht/Hi, where He = field intensity without
shield, and Hi = field intensity with shield.

n = 5000, Ri/n = n/Bi = Ri/n = rz/R% =
Ri/n. Curve A—one cylinder Rnfr\ =
Ri/ri; Curve B—two cylinders Rn/r\ —Ri/Ri;
Curve C—three cylinders Rn/ri = Rs/n.
Cylinders considered infinitely long. Direc-
tion of flux perpendicular to axis of cylinders.

(Courtesy of Bell System Technical Journal.)
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vicinity, the addition of a shield around the transformer may be advisable,

provided that the transformer is appreciably smaller in size than the

cathode-ray tube.

Single shields of the type dis-

cussed above are usually adequate

in shielding efficiency. In cases

where the best single shield is

inadequate, a more complicated

form may be required. Except

for very thin shields, the effective-

ness of a magnetic shield can be

considerably improved by building

it of several concentric layers of

magnetic material separated by
air or copper. 1 The shielding efficiency of one, two, and three concentric

cylinders is shown in Fig. 16-13. When a shield of this type is fixed in

size, that is, when the inside and outside radii are specified, it will be most

efficient when the radii of the successive surfaces follow a geometrical

progression,

400 800 1200 1600

Separation in mils (S)

Fig. 16-14.—Shielding efficiency of two
concentric cylinders vs. the air gap between
them. Thickness of the wall of each cylinder

kept constant. Zero frequency. {Courtesy

of Bell System Technical Journal.)
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Spacing and thickness, however,

of consecutive layers is not very

critical as shown in Figs. 16-14 and

16-15. The broad, fiat maxima of

these curves indicate that there is

considerable latitude in the shield

dimensions.

In general, then, the shielding

efficiency of a multiple-layer shield

increases with the initial per-

meability of the metal, with the

thickness of the shield, and with

the number of separate layers . In

addition, there is an optimum

although not very critical spacing between layers.

16«5. Simple Overlays and Filters for Cathode-ray Tubes.—A trans-

parent or selectively transparent overlay is generally placed over the face

of the cathode-ray tube to perform any or all of the following functions.

1 W. G. Gustafson, "Magnetic Shielding of Transformers at Audio Frequencies,"

Bell Sys. Tech. J., 17, 416 (1938).

10 20 30 40 50 60 70 80 90 100

Separation in per cent ( -§-x 100)

Fig. 16-15.—Shielding efficiency of two
concentric cylinders vs. the air gap between
them. The total thickness of the shield P
is kept constant. {Courtesy of Bell System
Technical Journal.)
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1. Protection of the observer from flying glass in case of breakage of

the cathode-ray tube.

2. Provision of coordinate or other reference scales for interpretation

of signals appearing on the cathode-ray-tube screen.

3. Elimination of pattern distortion on screen due to electrostatic

effects.

4. Control, by means of a filter, of the wavelength distribution of the

light leaving the cathode-ray-tube face.

Overlays for Protection.—Protection against the results of cathode-

ray-tube breakage or implosion, which sometimes results in the gun's

forward propulsion through the glass tube face, is usually obtained by
covering the face of the tube with a circular transparent plastic or safety-

glass overlay attached to the tube mount. Such overlays are usually

curved to conform to the radius of curvature of the tube face in order to

reduce the magnitude of parallax errors when the overlay contains

reference scales. When laminated glass is used, the thickness is usually

x in., whereas plastic overlays 1 vary between £$ and \ in. in thickness,

with i in. as the usual thickness.

Scales.—Coordinate or other reference scales are almost always

required for oscillographs or radar indicators. For those applications

in which the accuracy called for will tolerate a reasonable amount of

parallax, these scales are either engraved in the plastic overlay, or are

applied to the surface of the glass overlay by a photolithographic or other

transfer process. Scales having circular symmetry may be engraved on
plastics while they are flat, and the overlay subsequently molded to

conform to the shape of the tube face, thus reducing the parallax in the

outer region of the pattern. Scales involving rectangular coordinates

are usually placed only on flat overlays, for obvious reasons. Foruse with
5-in. and smaller electrostatic tubes that are to be used as oscillographs,

it is usually satisfactory to place in contact with the tube face a thin flat

overlay with the scale engraved on the side away from the observer

because the thickness of the blown face of this type of tube is less than

£ in., and the curvature not too great.

Magnetic tubes of 5-in. and larger diameter have pressed glass faces

whose curvature is much less than could be attained with blown bulbs.

Their thickness is about 0.2 in. for the 5- and 7-in. sizes, and 0.25 in.

for the 9- and 12-in. sizes. Hence the distance between engraved scale

and the cathode-ray-tube screen is greater than T in., even if the overlay
is curved to match the tube face. Parallax therefore is serious if the
scale is placed immediately in front of the tube.

1 Usually made of Plexiglas: Rohm and Haas, Philadelphia, Pa., Lucite: E. I.

du Pont de Nemours and Co., Plastics Division, Arlington, N.J.
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In order to eliminate this parallax, an image of the reference scale

may be superposed optically upon the cathode-ray tube screen, 1 or a

system of reference marks may be applied directly to the screen by suit-

able modulation of the cathode-ray beam. 2

The scales engraved on plastics may conveniently be made self-

luminous by what is known as edge lighting. One or several small

lamps are placed as near the edge of the plastic as possible, preferably

with their filaments between the planes of the plastic surfaces. Light

from these lamps passes through the overlay readily, and escapes only

by scattering from engraved lines or other scattering areas, such as crayon

marks, in optical contact with the surface. The brightness of such lines

is greatest when the lines are on the side of the plastic away from the

observer. Color contrast between scale and signals from the tube face

may be obtained by covering the lamps with filters transmitting any

desired color.

Overlays for Electrostatic Shielding of Tube Screens.—The trace on the

screen of a cathode-ray tube may be objectionably distorted, especially

when the screen is not at ground potential, by contact of the observer's

hand with the glass, by capacity effects due to the motion of the observer's

hand in plotting, or by the similar effect produced when a reference scale

is moved in front of the face. In such cases it is necessary to provide

electrostatic shielding for the cathode-ray-tube screen. One method of

accomplishing this shielding is to coat the surface of the glass or plastic

overlay nearest the tube face with an evaporated metal film. Chromium
is a very good metal to use for this purpose because it forms a very hard,

tenacious film. Adequate conductivity for the purpose of electrostatic

shielding is provided by a film that reduces the transmission of the over-

lay by only 10 to 20 per cent in the visible region. 3 A transparent

plastic material that will not maintain an electrostatic charge is also

available. 4 A third material that is applied to the surface to reduce

reflection is a special film that also possesses antielectrostatic properties. 5

16-6. Filters.—The use of a filter of appropriate transmission char-

acteristics is generally recommended because, by such a device, it is

possible to increase the contrast when the intensity of the ambient light

is high, or to improve the performance by elimination of unwanted light

from the signal, for either visual observation or photographic recording.

The most practical color filters for use with cathode-ray tubes are

plastics that embody a dye. A wide variety of dyed plastics is available

1 See Sees. 16-7, 16-8.

2 See Sec. 16-12 and Chap. 6.

3 Evaporated Metal Films, Inc., Ithaca, N.Y. are equipped to perform this process.

* Material BT-48-306, The Bakelite Corp., 300 Madison Ave., New York, N.Y.
1 The American Optical Co., Southbridge, Mass.
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from several manufacturers. 1 For some applications, a selectively

reflecting film on glass has been used.

Filter for Improvement of Contrast.—A filter may be used with a

cathode-ray tube to improve the ease of seeing a pattern by increasing

the contrast, when the tube must be used in the presence of high ambient

illumination. The case of a green filter placed before the face of a

cathode-ray tube having a PI (green) screen is a practical illustration

of the use of such a filter. The distribution in wavelength of the emission
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-Transmission of green filter for use with PI 3creen. Curve 1, emission from
PI screen (relative). Curve 2, Plexiglas filter No. 260.

of the excited PI phosphor is illustrated in Curve 1 of Fig. 16-16, and
that of the transmission of a specific filter commercially available2 in

Curve 2 of the same figure. The light from the trace is selectively

absorbed by this filter, and calculations combining the data of these two
curves with that of the photopic eye lead to the result that the visual

brightness of the PI trace when viewed through the filter is 36 per cent

of its brightness when viewed directly. Similarly, calculations show
that the brightness of the screen surrounding the trace, due to light

incident upon it from the room, will be reduced to 6 per cent of its original

value by the interposition of this filter. This result is caused by a two-

fold absorption of the filter, for light traveling toward the screen and for

that scattered by the screen.

The net result of the use of this filter therefore is a reduction in trace

brightness by approximately a factor of 3, but coupled with a sixfold

increase in ratio of trace to surrounding brightness. The quantitative

1 Rohm and Haas, Philadelphia, Pa.

E. I. du Pont de Nemours Co., Plastics Div., Arlington, N.J.

Monsanto Chemical Co., Plastics Div., Springfield, Mass.
' Plexiglas No. 260.
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evaluation of the degree of improvement in ease of seeing and recognizing

the features of a given trace, due to this change in objective conditions,

is difficult. If a constant trace brightness is assumed, the improvement

depends upon sharpness of the trace, the amount of detail requiring

recognition, the magnitude of the surrounding illumination, and the

exact characteristics of the filter. Relatively meager experimental data

at hand indicate that the maximum amount of improvement is obtained

at the higher levels of illumination (i.e., over 50 foot-candles), and may
amount to a change from a condition of being visible but with difficulty

to one of being visible with ease, or to making visible a trace that pre-

viously was unrecognizable. A filter having a higher maximum trans-

mission, with a steeper attenuation on both sides of the maximum,
would seem to result in further improvement in visibility. The possi-

bilities of improvement by the use of such filters obviously need further

investigation.

Filters for Use with P7 Screens.—Most screens for intensity-modu-

lated radar displays are of the two-layer or cascade type. The principal

one is the P7 screen that is described in detail in Chap. 18. It has a blue

excitation layer of very short persistence, and next to the glass is an

excited phosphor layer of long persistence, which appears yellow. It is

the radiation from this yellow layer which is of primary importance to

the radar observer. The distributions in wavelength of the blue and

yellow components of the P7 screen are indicated in the dashed curves

of Fig. 16-17. Absolute intensity levels are not given, but the curves

are normalized to 100 per cent at the wavelength of peak excitation.

Figures for the relative visual brightness due to the blue and to the yellow

and longer wavelengths are not available. In the photography of P7
screens, where a panchromatic emulsion 1 and an exposure time of about

three seconds has been used, it has been found that the yellow persistent

image contributed about one third of the total exposure.

Filters for use with the P7 screen are of two general classes; those

that eliminate one of the components more or less completely without

serious change in the wavelength distribution of the other component;

and those that shift the distribution of the long-persistent component

significantly toward the red end of the spectrum.

Removal of Blue-component Radiation.—The radiation from the blue

layer is very intense at the instant of excitation. For long-time observa-

tion, this intensity undoubtedly contributes appreciably to the fatigue

of the operator. Filters that reduce the contribution of the blue com-

ponent to practical insignificance without reducing appreciably the

brightness of the yellow are those whose transmission curves are given

in Curves 1, 2, and 3 of Fig. 1617. It should be pointed out, however,

1 Eastman Super XX.
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that the matter of fatigue varies from operator to operator, and for the

detection of very weak signals, which are often detectable only in the

"flash," no filter should be used.

For the motion-picture photography of radar displays involving the

use of the P7 screen, the most satisfactory filter to date is that given in

Curve 1 of Fig. 16-17.

Removal of Yellow Component.—For visual observation of rapid

fluctuations in the intensity of signals, as for example in the observation

of pulsed-doppler effects, the long-persistence radiation is detrimental,

and hence a blue-transmitting filter is desirable. Unfortunately, no

400 450 650 700500 550 600
Wavelength in milli-microns.

Fig. 16-17.—Transmission of various plastic filters. Curve 1, Plexiglas No. 106;

Curve 2, Lucite No. H-10016; Curve 3, Plexiglas No. 121; Curve 4, Plexiglas No. 108;

Curve 5, Plexiglas No. 159; Curve 6, Polaroid XDA8FAP; Curve 7, Polaroid X815 (0.003

in.); Curve 8, Monsanto A74592TVA (0.125 in.)

dyed filter is available which has a high percentage transmission in the

blue with a relatively sharp cutoff at longer wavelengths. A good dyed

filter is that given in Curve 8, of Fig. 16-17, but this filter is available

only in thin acetate films. When laminated between clear sheets of

acetate, the transmission is reduced still further. A somewhat lighter

filter is that indicated in Curve 7. Other filters, particularly useful for

photographic work, in sizes to fit over camera lenses, are Corning No.

5543 and Wratten No. 39. Another application that calls for the elimi-

nation of the long-persistent component is the stop-frame photography

of a single scan of the tube face, in which the fainter image remaining

from the previous scan is to be removed. A blue-sensitive emulsion,

together with a blue filter similar to that of Curve 7 over the camera

lens, is satisfactory for this purpose.
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A further similar use of a blue filter is in the process of video mapping 1

where such a filter placed in front of the phototube picking up signals

from the P7 screen is helpful.

Filters for Dark-adaptation Use.—When the P7 screen is to be used

for nighttime observation, and the operator is required to preserve his

dark adaptation for other observation as well, it is imperative that the

energy received from the cathode-ray tube be predominantly in the region

of long wavelengths. It is not within the scope of this volume to discuss

adequately the factors that influence dark adaptation, or the performance

of the scotopic eye. 2 For use with P7 screens, as deep a red filter should

be used as can be tolerated while still preserving a brightness of the infor-

mation on the tube face adequate for recognition by the scotopic observer.

The filter represented by Curve 4 of Fig. 16-17 is useful for this purpose.

Curves 5 and 6 represent two versions of "dark adaptation" filters,

which, however, are probably not too useful for use over cathode-ray

tubes with P7 screens.

10 to 20% reflection

Non-reflecting surface

OPTICAL-SUPERPOSITION DEVICES

The simplest means for superimposing a reference scale upon the

cathode-ray-tube screen, in order to reduce errors of parallax, utilizes

a plane partially reflecting mirror.

Double-mirror devices are generally

used when the orientation of the

pattern is important. Since the

elimination of parallax is resorted

to only to obtain increased accuracy

of measurement, good stability of

the display pattern, which often

requires extra care in the regula-

tion of supply voltages, is also

necessary to obtain the desired

accuracy.

16«7. Single-mirror Devices.
One form of superposition device is illustrated in Fig. 16-18. In this, the

observer views the tube face normally. Interposed between the observer

and the screen is a partially reflecting glass plate placed at an angle of 45°

to the tube axis. The reference scale is usually engraved on an edge-

lighted transparent plastic plate orthogonal to the tube face, located at

such a distance from the 45° mirror that its virtual image, as seen by the

i See Sec. 16-12.

2 For a discussion of this subject, see: Charles Sheard, 'Dark Adaptation: Some
Physical, Physiological, Chemical and Aeromedical Considerations," J. Opt. Soc. Am.,

34, 464 (1944). See also Sec. 1810.

v5 edge-lighted

scale

Fig. 16-18.—Method of superposing
edge-lighted scale on a CRT pattern
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observer, is at the surface of the phosphor. Since most cathode-ray-tube

faces have some curvature, complete elimination of parallax is not possi-

ble over the entire face of the tube, and the usual adjustment is to pro-

e knob

Cathode ray tubs

12DP7

Scale lights

Fig. 16-19,—Height-indicator scale- box, cut-away view.

duce exact superposition on a centered circle whose diameter is one-third

to one-half that of the tube face.

Figure 16-19 shows a cut-away view of this type of optical super-

position device used for height deter-

mination. l Two edge-illnmin ated

scales are so arranged that then-

images may be viewed vertically on

the face of the cathode-ray tube.

Separate lights are used to illuminate

the two scales, and these are

switched by the same knob that con-

trols the range-switching. The two

pieces of Plexiglas on which the scales

are engraved are separated bj^ &$ in,,

and the scales are located on the

adjacent surfaces, in order to mini-

mize parallax. When unilluminated,

the scale net in use is almost invisible.

A slightly different arrangement using a partially reflecting mirror, is

shown in Fig. 16-20. This device is useful when a map or a plot is to be

1 See Sec. 15-5.

A
/

J

10 to 20% trans-

mission mirror

Flu. UJ-^O.-—Method of superposing maps
or plots on a CUT.
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superposed on the display. The cathode-ray tube must be tilted down-
ward if the plotting surface is to be at a convenient angle for viewing and
plotting. In order to keep the apparent brightness of the signals on

the cathode-ray-tube screen as high as possible, the mirror M has an

almost totally reflecting upper surface that allows the transmission of

only about 10 to 20 per cent of the light coming from the plotting surface

P, which consequently must be brightly illuminated. The cathode-ray-

tube pattern as viewed from A is reversed because of the single reflection.

This difficulty is readily overcome by connecting the circuits so that the

sense is correct when viewed with one reflection.

16*8. Double-mirror Device.—An arrangement that allows direct

viewing of the cathode-ray tube and the superposition of a map or plot

Fig. 16-21.—Cross-section of double-mirror unit illustrated in Fig. 16-22. HH', light
shield; L, lamp; T, cathode-ray tube; CC, chart table; M, mirror; G, partially reflecting
glass; E, eye of operator; P, chart point; P', virtual image of P; II', virtual image of
chart CC.

without reversal is shown in Fig. 16-21. The operator views the cathode-

ray-tube screen through a sheet of glass G, whose front surface is partially

reflecting (10 to 20 per cent) and whose back surface (toward the cathode-

ray-tube screen) is nonreflecting. Plotting is done on surface CC,
which is viewed by reflection from G and from the mirror M. Because

the observer views the plotting surface CC after it has been reflected

twice, it appears in the correct right-left sense. A map or other pattern

may be placed on the plotting surface CC and illuminated by an ordinary

lamp L, so that its virtual image is visible on the cathode-ray-tube screen

at II'. Excessive background light obscures the cathode-ray-tube

pattern, particularly if the signals are weak. It is important for best

performance, therefore, that the lines of the map be white and the paper

on which they are drawn be black. Illumination of the map will then

make the lines visible but not cause appreciable background light from

the paper on which the map is drawn. Figure 16-22 shows a unit of
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this type attached to a 5-in. cathode-ray tube. Maps can be placed

on the adjustable table and moved by the screw mechanism until they

match the cathode-ray-tube pattern. In one important shipborne radar

application, the PPI pattern visible in coastal waters is matched to a

printed chart. The center of the PPI display can then be exactly located

on the chart to give the position of the ship. The ship can determine its

position with high accuracy because the best match between the map
and the PPI pattern effectively averages the contributions of many
different signals in determining the position.

Fio. 16-22.—A doublo-mirror unit for superposing a map or plot on a 5-in. CRT. The
optical paths are indicated in Fig. 16-21,

The disadvantages of a device of this type, when used as a plotting aid,

are (1) its size and mechanical complexity, (2) the relatively large distance

from which the operator must view the cathodc-ray-tube screen, and (3) the

fact that, when plotting, the point of contact of the pencil is not visible.

A modification of this device uses maps recorded on 35-mm film.

A real image of the film is projected from below on the translucent

plotting surface (CC of Fig. 16-21). The film can easily be moved to

produce the desired matching between the PPI pattern and the map. 1

PLOTTING

The recording of a transient signal or waveform on a persistent screen

is only temporary, lasting for a few seconds or minutes at most, and often

1 A variety of optical superposition devices are described in greater detail in

"Radar Aids to Navigation," Vol. 2 of the Radiation Laboratory Series.
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some method of easily plotting the shape of a transient waveform or the

location of a signal on a radar display is of great practical value. Slow

changes in the display pattern are often best followed by plotting.

One important requirement for any plotting operation is that the

display pattern be stable over the entire time required for plotting.

Therefore, carefully designed sweep circuits and amplifiers, and regulated

high-voltage and focus supplies for the CRT are often necessary.

16*9. Direct Plotting.—Making marks directly on a cathode-ray tube

(or on a thin shield over the cathode-ray tube) with glass-marking pencils

or with a pen is the simplest way of plotting. There are several dis-

advantages to this method, however.

1. There is parallax between the plotting surface and the actual

screen; this parallax is accentuated if a protective shield must be

interposed between the plotter and the cathode-ray tube.

2. There is generally a distortion of the pattern because of local

changes in the high screen potential caused by contact of the

plotter's hand with the glass. This distortion can be greatly

reduced by operating the cathode-ray-tube screen at ground

potential, or by interposing between the plotter and the screen a

transparent sheet of material with the surface on the side of the

cathode-ray tube thinly covered with conducting material. 1

3. The bluntness of the pencil point makes accurate plotting difficult.

Transparent overlays, which are inscribed with fixed lines on the

side next to the cathode-ray tube and are illuminated by edge lighting,

preferably of a different color than the light from the cathode-ray tube,

are found most desirable. They are, however, limited to fixed patterns

since they are not easily altered.

16*10. Plotting by Optical Superposition.—Most of the disadvantages

of direct plotting are overcome by the optical superposition method
illustrated by Fig. 16-23. A mirror, whose upper surface is partially

reflecting (10 to 20 per cent) and whose lower surface is nonreflecting,

is interposed between an edge-lighted plotting surface and the cathode-

ray-tube screen. The position of the mirror (or plotting surface) is

adjusted so that the optical distances A and B are equal. The virtual

image of the mark is made to appear on a plane that best approximates
the curved cathode-ray-tube screen surface. The lighting makes the

marks of the plotting pencil much brighter when viewed from the bottom
side of the plotting surface than when viewed from the top side, thereby

making a mirror of low reflection coefficient practical.

The plotting points can be viewed either directly or in the mirror,

and the actual point of contact of the pencil is visible as soon as it touches
1 See Section 16-5,
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the plotting surface. The illuminated plot is in a readily available

position for study and measurement. There is much less parallax than

in the direct-plotting method, and there is no electrostatic interference

with the cathode-ray-tube pattern.

There are some disadvantages to this method of plotting also.

1. There is a limit to the density of plots that can be "looked through."

Since every line of the plot is visible in two places—directly, and

through the mirror—there are twice as many obscuring marks as

in the case of direct plotting. If the distances A and B (Fig. 16-23)

are each about one inch, the 2 in. between the direct and reflected

plots makes it easy to distinguish these plots, however. Even
with the edge lighting turned off and the eyes focused on the

10 to 20^ reflection

Non-reflection

surface
Virtual image

Fig. 16-23.—Method of plotting using optical superposition.

cathode-ray-tube screen rather than on the plotting surface, a

point is reached where the plots seriously interfere with the display.

2. All plots and maps must be drawn on transparent material and be

capable of being edge-lighted. This limitation does not exist in

the devices illustrated in Figs. 16-20 and 16-21.

3. With complete absence of ambient light it is sometimes difficult

to get the pencil to the right region for plotting before it actually

touches the plotting surface and thereby becomes visible. A series

of quick touches, without bearing down on the point so as to

make a permanent mark, greatly aids in the location of the exact

plotting point.

16-11. Remote Plotting.—In radar-systems operation, central plot-

ting boards are often used to collect the information from several differ-



570 MECHANICAL AND OPTICAL DEVICES [Sec. 16-12

ent displays that may be remotely located. The transfer to a plotting

board of data from a remote display is a difficult problem. The
simplest solution is to have the display operator call out the coordinates

of each point that should be plotted. A plotter then records these

points on the central plotting board. A good plotter can plot ten points

per minute in R and coordinates, but at best this is a slow and clumsy

process.

A second method of remote plotting uses a servomechanism. The
servomechanism is controlled by an operator who moves a marker

(for example, with the aid of one of the virtual-image plotting aids

discussed in the previous section) to the point to be plotted. The
operator pushes a switch and a solenoid-operated plunger makes a plot

on the large board. This method has not been used much because of the

complexity and limited transient response of the servomechanism and

the fact that the servomechanism can take orders from only one cathode-

ray-tube operator at a time.

A third method of plotting on a large surface some distance from

an indicator is to use photographic projection of a PPL 1 This method

has the advantage, over plotting on a persistent cathode-ray-tube

screen, that all the echoes are constantly present and are not continually

fading out during the time that one frame is being projected. It has

the disadvantage that there is a delay between the actual appearance

of an echo and the time it is visible for plotting. It is thus primarily

useful on displays where the changes of a moving signal from one com-

plete frame to the next are not very large (1 or 2 per cent of the pattern

diameter, for example) and where the developing time (10 to 20 sec)

does not cause a serious delay.

VIDEO MAPPING

16-12. General Principles of Video Mapping.—A method called

"video mapping" is a very useful means of displaying on an ordinary

indicator cathode-ray tube pertinent information such as maps or fiducial

marks mixed with the regular video signals. With simple precautions,

the plotting of moving points is also possible.

The transmitting unit of the video mapper consists of a modified

indicator, such as a PPI. In order to secure proper register of the infor-

mation to be transmitted, the transmitting unit is first used as an ordinary

indicator on which ordinary video signals are visible. Plots, maps, or

other marks may be drawn during this time on a transparent surface

that is located as close to the cathode-ray-tube screen as possible. The

indicator unit is then used to scan the map with a constant-intensity

moving spot using exactly the same scanning pattern employed in locat-

1 See Sec. 1617.
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ing or drawing the map or plot. The modulated light from this scan is

picked up photoelectrically (see Fig. 16*26) and transmitted to remote

indicators as video signals that are there presented along with ordinary
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(c) (d)

FlQ. 10-24.—Photographs of a video-map transmitter CRT with a PP1 scan (linear radial

trace 1S00 fisec/radius) and of several receiving displays with the same type of scan.

video signals. Circuits designed for video-mapping transmission are

described in Sec. 16- 13.

One of the advantages of this system is the ability of the receiving

display to receive video map signals from a large number of different

transmitter units. Since the video map signals from a stable transmitter

unit are locked to the regular synchronizing pulses, they remain fixed in
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time with respect to any ordinary video signals present. Thus, another

advantage is that the map is always correctly located with respect to

the ordinary video presentation on the receiver display no matter how it

is off-centered or distorted.

(a) (ft)

(c) id)

Fig. 16-25.—Photographs of a video-map transmitter CRT with a PPI scan (linear

radial trace, 1800 /isec/radius) and of several receiving displays with the same type of

scan. The transmitting tube transmits map video only on every fourth radial aweep.

Figure 16-24 shows photographs of the operation of a video-mapping

unit connected to a PPI. Figure 16-24a shows the appearance of the

screen of the transmitting cathode-ray tube during one complete rotation

of the radial sweep as viewed from a point close to the phototube (Aper-

ture B, Fig. 16-26). The map is clearly visible as dark lines against the

constant-intensity cathode-ray-tube sweeps. Figures 16-246, c, and d

show the receiving PPI with various degrees of magnification.
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The appearance of the received display is very similar if the map
being transmitted is drawn with transparent lines on opaque material

(lines scratched in a thin coat of Aquadag, for example), provided that

the sign of the map video is such that the map lines appear bright on the

receiving cathode-ray tube. Because of the opaque material, it is dif-

ficult to use the same transmitter cathode-ray tube for essentially simul-

taneous reception of ordinary video signals and transmission of map video

signals. A method of using alternate time-base sweeps for the two dif-

ferent functions has had limited trial. Figure 16-25 shows operation of

this sort where three consecutive sweeps are used for receiving ordinary

video signals (in this case the video signals consist of marks spaced 120

jusec apart), and one sweep is used to transmit map video signals. The

receiving displays present only the map video. Since the map video

signals appear on only every fourth sweep, the map lines appear coarser

than usual, although they are still legible. The light from the constant-

intensity mapping sweeps excites the persistent screen of the transmitter

tube somewhat. Extra background light is therefore added to that

already present due to the noise on the regular video sweeps. As long

as the individual making the plots does not get his hand between the

scanning spot and the phototube he does not interfere with the trans-

mission of the map video. Figure 16-26 shows the geometrical arrange-

ment of a typical video-mapping transmitter. The aperture A may be

about £ in. square and still pass enough light to actuate a type 931A or

1P21 photomultiplier tube located about 15 in. from the cathode-ray-tube

screen. For high accuracy and sharp signals the cathode-ray tube must

have good focus; and an accelerating voltage of 5 to 7 kv is recommended.

The decay time of the blue light from the screen should be short compared

to the time for the spot to move one spot diameter. The intensity of the

light from the blue layer of the P7 screen under short pulse excitation

decays to half intensity within less than 10 ^sec. This decay time allows

good mapping with 1000 /isec/diameter sweeps. A curved plotting sur-

face decreases parallax but is less convenient for holding prepared maps.

The error between a map drawn on the cathode-ray-tube screen itself

and a map on the flat plotting surface is not very great if the phototube

is far enough from the cathode-ray tube. For example, in the case of a

typical 12-in. cathode-ray tube, the useful screen surface is inside a circle

5 in. in radius. The radius of curvature of the cathode-ray-tube screen

surface is 20 in. and the shortest distance from the screen itself to the

plotting surface is about | in. If the cathode-ray-tube pattern is nor-

malized to a prepared, undistorted map at about 4 in. from the center

of the cathode-ray tube, and the phototube is 15 in. from the plotting

surface, a maximum error of about 1.5 per cent in the radial location of

any point will occur. If the cathode-ray tube has a radial-time-base
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display centered at the center of the cathode-ray-tube screen, the SAveep

waveform may be readily distorted to remove all the geometrical error.

If plots are made (by an operator looking through the viewing aperture,

Fig. 16-26) with respect to real video signals on the display, then the

plots will have an exact relation to the location of the real video signals

no matter what the distortion of the display may be, because the photo-

tube views the plots from essentially the same aspect and with identical

display sweeps as does the operator.

In addition to the simple geometrical arrangement of Fig. 16-26,

another scheme, in which a real image of the scanning spot is focused on

the map, has been successfully
Photo multiplier tube

Light shield

Transparency to

be reproduced

Fig. 16-26.—Geometrical arrangement of

a video-mapping transmitter. The aperture
A is small enough so that the parallax

between the spot on the CRT screen and the
marks on the plotting surface is small.

used. l The principal objection to

this system is the size and neces-

sary high quality of the optical

system. Since the image of the

spot and the map are in the same
plane there is no parallax to cause

errors. In this case a condensing

lens, which picks up a large frac-

tion of the light from the image of

the spot, can precede the photo-

tube unit. The over-all optical

efficiency can be made about the

same as in the system of Fig.

16-26.

16-13. Circuits for a Video-

mapping Transmitter.—Figure
16-27 shows a complete circuit for a video-mapping transmitter. The
phototube is followed by a cathode follower V2 so that the phototube

pickup unit may be remote from the rest of the circuit. The negative 600-
volt supply for the phototube should be regulated (four VR 150 tubes in

.series are good enough) to maintain constant gain in the phototube

itself. This unit is required to transmit signals obtained from either

opaque lines on a transparent sheet of material ("positive" map data)

or transparent lines on an opaque sheet of material ("negative" map
data). In the former case, care must be taken that both the cathode-ray-

tube face and the plotting surface be clean to prevent "noise" or inter-

ference. The switch Si is used to allow for the reversal of sign of the

input video mapping signals so that signals on the plate of Vz will always

have the same sign. The signals on the plate of Vz are always negative

because it is required that the final output signals be positive, and 5 to

10 volts in magnitude, across a 75-ohm line. Peaking of high frequencies

' See Vol. 2, Sec. 7-12.



Sec. 16-13] CIRCUITS FOR A VIDEO-MAPPING TRANSMITTER 575



576 MECHANICAL AND OPTICAL DEVICES [Sec. 1614

is introduced by the R-C network in the cathode or grid circuit of F8 ,

and low-frequency compensation in the plate circuit.

The signals on the plate of F4 , an inverter tube, should be about 3

volts in amplitude so that the "clipper" tube V7 can operate from slightly

below cutoff (set by potentiometer Ri). Diode V& sets the base of the

signals at the voltage }2\. Diode V* prevents the long positive signal

occurring between sweeps from causing V7 to draw grid current. The
flip-flop circuit, composed of Vu and Vu and triggered through amplifier

Vu, gates the suppressor of amplifier Vn so that map video signals may
pass through only during the time starting with the input trigger (which

also starts the cathode-ray-tube sweeps) and ending with termination of

the flip-flop (set by R 2). Other gating signals, such as the gating signals

that identify the location of the fixed-deflection-coil off-center PPI in

Sec. 13-7, may be applied to the suppressor of F7 . This gating is usually

needed, in the case of a "positive" map, to remove the long positive

output signal corresponding to the time the spot is off the cathode-ray-

tube screen. Since the grid of Yn operates from cutoff the gating of the

suppressor produces no pedestal in the plate signal.

Amplifier Vs limits the signals at a level controlled by #3, which also

acts as a gain control. The output cathode followers operate from below

cutoff and remove the signal base line.

PROJECTION SYSTEMS

Large images are desirable in television and in radar in order to permit

greater comfort in viewing and to permit several observers to see or

work at a single display. In radar, a large display on a flat surface is

often desirable for quick and accurate plotting.

16*14. Direct Projection of Bright-trace Cathode-ray Tubes.—The
optical system used to form the enlarged image may be either a projection

lens or a reflective optical system. The optical quality of the projection

systems must be high, in order not to sacrifice resolution. Glass pro-

jection lenses having an aperature of f/2 to f/1.5 have been designed for

this purpose, but they are relatively expensive. A reflective optical

system currently being used has an effective aperture of approximately

f/1.0 or better, and is an adaptation of the Schmidt camera developed

for astronomical use. It employs a spherical concave mirror, in con-

junction with a correction plate or lens designed to reduce to a negligible

amount the spherical aberration introduced by the use of the spherical

mirror. Suitable processes have been developed for the mass production

of the correction plates, which must have an aspherical surface, and these

are now producible in the form of either a clear plastic or a glass plate. 1

1 For a discussion of the use of reflective optics in projection television, see I. G.

Maloff and D. W. Epstein, Electronics, 17, No. 12, page 98 (Dec. 1944).
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In addition to the use of a high-aperture optical system, it is necessary

that the intrinsic brilliance of the cathode-ray-tube screen be made as

high as possible in order to achieve image brightnesses that will be satis-

factory when used under conditions of appreciable ambient illumination.

To this end, the accelerating voltages used on projection tubes range

from 25 to 50 kv, necessitating the use of considerable power in the

deflection circuits.

At low accelerating voltages, the luminosity of a spot on a cathode-

ray-tube screen increases roughly as the square of the accelerating volt-

age; but, as the potential is increased, a condition is approached where
there is little additional gain in luminosity because the screen reaches a
limiting potential, known as its "sticking" potential. The recent intro-

duction 1 of a thin reflecting aluminum backing on the screen serves both
to eliminate the restriction caused by this sticking potential, and to

increase by a factor of approximately 2 the amount of light proceeding

in the forward direction from the tube face.

The combination of the use of reflective optics and of a projection

tube employing a metal-backed screen results in television images of

high brightness and adequate resolution. Because the entire television

pattern is scanned at a frequency higher than the critical flicker frequency

of the eye, the screen does not have to have any appreciable persistence

since the integration into a continuous picture is performed by the eye.

In attempting to project the image of a radar display, a very serious

difficulty arises because of the very long time that elapses between
successive excitations of a given area. This time may amount to as

much as 15 to 30 sec; therefore, if a continuous presentation of the entire

field is desired, the screen of the cathode-ray tube must perform the
function of integration which the eye accomplishes in the television case.

A long-persistence screen is therefore a necessity.

Two attempts have been made to use a bright-trace projection tube
employing the cascade type of long persistent screen described in detail

in Chap. 18. The first involved the use of the two-layer screen in the

projection tube itself. The second method, which from theoretical con-

siderations should be more efficient than the first, used only the blue

component in the cathode-ray tube, and placed the long-persistent yellow

component on the projection screen. Even this second method failed to

yield an adequate persistent image brightness.

16-15. Projection of Televised Long-persistent Display.—The sen-
sitivity of some pickup tubes, such as the RCA Image Orthicon, is such
that even the very low luminosity of the P7 radar screen 10 to 15 sec

after excitation may be sufficient to yield a usable signal from the Orthi-

con. This idea was tried as a joint project by the Watson Laboratories
1 See Sec. 2-6.



578 MECHANICAL AND OPTICAL DEVICES [Sec. 1616

of the Army Air Forces and the Radio Corporation of America, and
involved the use of the techniques of television. The face of a normal

P7 long-persistent cathode-ray tube, on which the radar signal appeared,

was scanned by means of a camera employing an Image Orthicon as the

pickup tube. The scanning was done at a rate of 40 frames per second,

and the signals from this unit were applied directly to a television receiver

and projected by means of a reflective-optical system originally designed

for theater projection of television images. Thus adequate brightness of

the projected image, even up to a 12-ft diameter, was available.

The tests showed that although the sensitivity of the pickup unit

was sufficient to yield a signal from the PPI traces many seconds after

their excitation, the extreme range in signal brightness, from the initial

flash to that of the persistent image 10 to 15 sec after excitation, was so

great that the Image Orthicon and the associated equipment could not

accommodate the entire range of signals at a single setting of the controls.

When adjusted to give satisfactory reproduction of the low-brightness

signal, the peak light of the PPI "spoke" overloaded and paralyzed the

device; conversely, if the device was adjusted so that it was not over-

loaded at the peak, the signal level of the persistent image was insuffi-

cient to show.

The obvious advantages of this system are that standard television

equipment may be used, and that the desired information may be

transmitted over great distances if desired. However, considerable

research and development of the pickup tube, or other means of obtaining

signal storage, will be necessary before the method becomes feasible

for use.

16-16. Direct Projection of Dark-trace Cathode-ray Tube.—The
characteristics of the so-called dark-trace cathode-ray tube adapt it

especially to the projection of radar images. The screen of the dark-

trace tube is composed of an alkali halide, usually KC1, evaporated

onto the face plate of the tube from an evaporator cup inside the tube. 1

When illuminated by white light, the unexcited screen appears white,

whereas the regions struck by the electron beam are caused by this beam
to develop an absorption band extending throughout the visible portion

of the spectrum, with its peak at approximately 5600 A. As a result

of this, the signals appear on the tubes as a magenta-colored darkening.

In order to project an image of the face of a cathode-ray tube of this

type, it is only necessary to illuminate the tube by means of an external

light source to a level sufficiently high to yield the desired image bright-

ness of the projection screen. This level will depend upon the type of

optical system used for projection.

1 For a more complete description of this type of screen and its properties, see

ChaD. 18.
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The persistence time of the darkening of such, a screen depends upon

the signal strength, the number of times the signal is repeated on the

same area, and the illumination level and the temperature of the face

plate. Unlike the P7 luminescent screen, in which the rate of decay of

luminosity increases with increasing excitation, the rate of decay of the

darkening of strong signals on a dark-trace screen is less than that of

weak signals. The persistence of the darkening can vary from a fraction

of a second to an indefinite period (years) depending on the four condi-

tions mentioned above.

Fig. 16-28.—Projection indicator.

The idea of using the dark-trace tube in a projection indicator for

displaying radar echoes apparently came from England, and an early

development of the method occurred there. The device as there

developed employed a lens system for projection, and used a number of

high-pressure mercury lamps to illuminate the face of the tube.

In the United States, the development of this form of projection

indicator has centered around the use of a reflective-optical system.

A photograph of an experimental model of such a rotating-coil pro-

jection-PPI indicator is shown in Fig. 16-28. The plotting and projec-

tion surface is 25 in. in diameter, and the optical system is folded in
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order to conserve space. This unit serves as a remote indicator, requiring

a 2-volt video input signal, a 20-volt trigger pulse, and information as

to the instantaneous direction of the radar antenna, in the form of

synchro voltages.

The principal circuits and controls of this indicator are located in a

shallow end box, which permits ready access to the various components

for test and adjustment. This feature is illustrated in Fig. 16*29.

Fig. 16-29.—End view of control hox.

This view also shows the power-supply chassis, which furnishes 9 kv for

the cathode-ray tube, as well as +300-volt and bias supplies. Besides

the video amplifier, range-mark generator, and sweep amplifiers, the

circuits employed in this indicator contain two additional features

necessitated by the use of the dark-trace type of cathode-ray tube.

These are

1. An automatic video-gain control, energized by a tachometer

generator geared to the shaft that rotates the deflection coil.

This control varies the gain of the video amplifier from at zero

rotational speed to full gain at a speed of 4 rpm in order to prevent

the excessive long-persistence darkening of the trace which would
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otherwise occur in case the antenna stopped rotating. Therefore

this type of indicator can be used only for continuous scanning.

A modulation of video gain with range, so that points near the

periphery of the tube face receive a higher signal level than those

Mirror

Mercury

7~
Image plane

Spherical mirror

Spherical CRT face

drc lamp k—-^L,
Condenser ^ L^-^xi

Mirror-

Field lens Front-surface

mirror

Fig, 16-30.—Projection and illumination optics used in dark-trace projection indicators.

Fig. 16-31.—Side view of illumination and projection system.

near the center of the tube, in order to compensate for the geom-
etry of the PPI display.

The projection and illumination optics employed in this indicator are

shown diagrammatically in B^ig. 16-30. A side view of the illuminating

and projection system is shown in Fig. 16-31. Although the illuminating

system illustrated in Figs. 16*30 and 16-31 employs a high-pressure

mercury lamp whose light is projected vertically downward to the plane

mirror near the field lens, a 1-kw tungsten lamp has been used to advan-
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tage in other models of this equipment. In this case, the light path

from the source to the mirror is made horizontal instead of vertical.

The projection system is designed for a magnification of approxi-

mately 6.5, producing a 25-in,-diameter image from the type 4AP10

cathode-ray tube, whose face has a nominal diameter of 4 in. With

either of these illumination systems, the illumination level of the cathode-

ray-tube face should be approximately 8,000 to 10,000 foot-candles in

order to yield an image brightness sufficient to be used in an ambient

illumination on the projection surface of 1 to 2 foot-candles.

Fig. 16.32 illustrates the method of supporting the cathode-ray tube

and associated equipment in the optical system. Since all of the light

Fig. 16-32.—Detail of tube mount and drive.

that reaches the projection screen must pass through the correction plate

that encircles the deflection coil, it is important that the support for the

tube, as well as the deflection and focus coils, be designed so as to intercept

the minimum possible amount of light. Figure 1632 also indicates the

methods of adjustment of the correction plate to secure its accurate

location on the optic axis, and of the positioning of the cathode-ray tube.

The adjusting screws provide independent lateral adjustments for both

the correction plate and for the spider that supports the tube and asso-

ciated equipment. The axial position of the cathode-ray tube is con-

trolled by the knurled ring near the tube clamp. The adjustment of

both the correction plate and the tube face itself must be carefully done

because the high-aperture optical system has only a small depth of focus.

Figure 16-32 shows one method of driving the deflection coil, using a
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10-to-l worm gear driven by a 10-speed size-5 synchro located in the

compartment above. In this case, a microswitch (not shown) is used

to secure proper phasing of the deflection coil. A more satisfactory

although more complex method of drive uses a 1-speed servo system.

In this system, it is still desirable to use a worm gear to drive the coil,

because this type of drive intercepts a minimum of light. The driving

shaft in this case has the geared-up driving motor at one end, and the

geared-down 1-speed comparison synchro at the other, both being out-

side the optical path.

Although this type of projection indicator, as developed, is far from

being completely satisfactory, it is the only method that at the present

time permits the instantaneous projection of large radar images. The
shortcomings of the device as described are a low contrast of relatively

weak echoes, and an excessive persistence of strong or often repeated

signals, which leave a dark trail behind slowly moving strong targets,

or tend to smudge up the entire picture when a change of sweep range is

made.

These persistent signals may be removed by the application of heat

or of a diffuse electron beam. Used together, the two methods are

capable of removing badly burned-in signals within a few minutes, but

this process makes the unit inoperative for the reception of information

during this clean-up period. If a mercury arc lamp is used as the source

of illumination, the controlled radiation from one or more infra-red

sources such as cone heaters directed obliquely toward the tube face may
be used to raise the temperature of the screen to such a point as to secure

satisfactory decay time. If a 1-kw tungsten lamp is used, the large

amount of infra-red energy in such a source will raise the temperature

of the tube face well over 100°C, unless heat-absorbing niters are inter-

posed in the illuminating path. By this means, plus the use of a hot or

cold air blast on the tube face, a wide range in the operating temperature

of the screen is possible.

The use of 15 kv instead of 9 kv as the accelerating voltage on the

cathode-ray tube would increase the image contrast and the resolution,

but at the expense of an aggravation of the difficulty caused by the

burning-in of oft-repeated signals. Although raising the temperature

of the tube face to 150°C will eliminate this burning-in, this high tem-

perature will also cause weak signals to disappear very rapidly. It is

advisable to have a wide range of control on the screen temperature, so

that the decay rate may be adjusted to meet the needs of any given

situation.

Another approach to the solution of the problem of burn-in and decay

rate necessitates the development of a cathode-ray-tube gun and asso-

ciated focusing and deflecting equipment to create a considerably higher
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contrast gradient in the excited area of the screen than is possible with

the present equipment. If this can be achieved, a lower peak contrast

may suffice to make the presence of a signal detectable for an entire

scanning period. If a satisfactory reduction of the burn-in problem is

to result, 1 the beam-modulating circuits must be so designed that the

peak screen excitation is properly limited to allow no more than a safe

upper limit to this excitation. It should also be noted that the adoption

of this method would necessitate a reeducation of operators to the

acceptance of a low-contrast display as opposed to the higher-contrast

but otherwise unsatisfactory presentation now available.

16-17. Photographic Projection.—Another method for obtaining a

large image of the display of radar echoes on a cathode-ray tube, which

does not suffer from the decay of signal strength with time but presents

a picture of an entire scan at a constant brightness, involves the projec-

tion of the developed photographic image of an indicator cathode-ray

tube. This method obviously does not permit the instant availability

of the information on the projection screen since there is a maximum

delay in presentation of information of the time required for one whole

frame or scan plus that required for developing the image. Since it is

important that this time interval be as small as possible, a reduction of

the processing time to a minimum is desirable.

An automatic photographic projection equipment of this sort was

designed and built by the Eastman Kodak Company in cooperation with

the Radiation Laboratory. This equipment contains a camera for

photographing the screen of a cathode-ray tube, means for rapid process-

ing of the photographic film, and an optical system for projecting the

processed image. In addition, there is provision for the repetition of the

entire process in synchronism with the antenna rotation.

The use of special film, developer, and a high processing temperature

(170°F) produces an image of high contrast but low fog and graininess

which is ready for projection 10 sec after the development process

begins. The diameter of the image is 0.285 in. on 16-mm film. The

resolution and contrast of the projected image, which may be 6 or 8 ft.

in diameter, are remarkably good, considering the high magnification

involved.

A photograph of the apparatus is shown in Fig. 16-33. The various

steps of the complete cycle are controlled by a series of cams that operate

microswitches, which in turn control the various functions by operating

solenoids or clutches. The cam timing chart illustrated in Fig. 16-34

indicates the sequence of the various steps and their duration. The

apparatus also includes a vacuum line that serves to remove the developer

and fixer from the film after use, and compressed air for cooling the film

1 See Sec. 1814 et seq.
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during projection. The processing of the film takes place in a small cup

just large enough in diameter to include the area of the film on which the

cathode-ray-tube image is formed. A detail of this processing cup, as

well as a diagrammatic sketch in elevation of the processing system, is

shown in Fig. 16*35. The film passes horizontally under the processing

cup with the emulsion side up. It is held stationary during the time of

one complete scan of the radar antenna, during which time the camera
lens and prism system located below the film project a greatly reduced

Projector lamp

Prism and

Film storage and
processing chamber

/
/ T-/ Timingcams

Fig. 16'33.—Photographic processing and projection equipment.
Eastman Kodak Company.)

(Photograph courtesy of

image of the cathode-ray-tube screen through the film base onto the

emulsion. This image is centered on the axis of the processing cup.

Upon the completion of one rotation of the PPI, the processing cycle of

Fig. 16-34 commences with the energizing of a solenoid controlling a

cam-shaft clutch, and a continuously running motor engages the cam
shaft for one revolution. Developer is poured into the cup, and after

2.7 sec is removed by suction applied to the annular space in the cup.

At 3.1 sec, fixer is poured into the cup and continues in action until

6.6 sec, whereupon it in turn is removed from the cup. A short rinse

of developer follows in order to eliminate the corrosive action of the acid
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fixer on parts of the projection apparatus. This developer is then

removed and suction applied in order to dry the film from 7.5 sec until

9 sec. At this time a solenoid lifts the cup from contact with the film

and shortly thereafter the film is quickly advanced by a pull-down

sprocket to the projection position, which is 1.5 in. (5 sprocket holes)

from the taking and developing position, and the next exposure may
begin.

It is not necessary to close the camera shutter during the development

process because the desensitizing action of the developer prevents the

recording of additional data once the development cycle has begun.

Fig. 16-34.—Cam timing chart; 10-sec cam-shaft cycle.

If the apparatus is adjusted to project a new picture once every

30 sec (for example when photographing alternate scans of 15-sec period),

24 hr of operation will result in approximately 2900 pictures, and will

require 360 ft of film. Only one fifth of this film will contain data, but

the space between taking and projection cannot be reduced much beyond

the 1.5 in. used in this equipment. The amount of developing and

fixing solutions required is moderate since only the area actually receiving

photographic exposure is developed. A little over one-half gallon of

developer and half this amount of fixer will process 3000 pictures.

The accuracy of both the pull-down sprocket and of the perforation
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in the film must be of a high order if the wandering of supposedly "fixed
"

spots in the projected image is not to be excessive. In the apparatus
here described, such fixed spots will lie within a circle of i-in. diameter

on the projection screen, when the projected image is 8 ft in diameter.

The screen used in photographing the cathode-ray-tube traces may
be either the double-layer P7 screen or the blue Pll screen. The latter

is preferable since the thinner screen layer results in somewhat greater

Solenoid

Needle valve

Supply bottle

Heat exchanger

Nozzle

Processing cup

iverflow cut-off

switch

Solenoid

Needle valve

Solenoid

Glass wool packed filter

Collecting vessel — ^™-
ttV--- Drain cock

Fig. 16-35.—Diagram in elevation of processing system.

resolution. Although this equipment embodied an f/1.4-aperture
1-in.-focal-length camera lens, an opening of f/4 was found sufficient

for good exposure for normal tube operation.

In projecting the image, an f/2 projection lens is used in conjunction
with a 300-watt lamp. The light is directed vertically through the

horizontal film, and a prism is used to project the beam horizontally on-

to a vertical plotting surface.

To make use of this device as a means for plotting on a large scale,

two methods of plotting may be used. One of these employs front



588 MECHANICAL AND OPTICAL DEVICES [Sec. 1617

projection with plotting from the rear of the screen, and the other uses

front projection as well as plotting from the front of the screen.

For front projection and rear plotting, the projected photographic

image is formed on a diffusing, partially transparent sheet in close but

not optical contact with the front face of a clear plastic or glass plate.

The projected image is visible from both sides of the screen. The plots

are made od the back surface of the clear plate by plotters who record

the position of signals by using china-marking pencils of various colors.

These marks are made visible by edge illumination of the plate by a series

of enclosed lamps along its vertical edges.

The thin screen receiving the projected image must be such that it

will scatter the light from the projector enough so that observers viewing

the screen from the front will not see the projection source reflected in

the screen; on the other hand the degree of diffusion cannot be so great

as to blur the plots located behind this surface. To minimize this

effect, the thickness of the edge-illuminated plate should be kept as

small as possible (i to | in.), and the separation between screen and

plate should be negligible. To achieve the latter requirement, it is

advantageous to curve the plotting plate to form a section of a cylinder

of large radius of curvature. A 2- or 3-in. bow in the 8-ft width is

sufficient to provide mechanical contact between plate and screen over

the entire area by applying tensile stress to the screen along its vertical

edges. Although the mechanical contact so achieved is good, the

natural roughness of the screen material provides only a very small

number of points of optical contact. Such optical contact is undesirable

because the light flux in the clear plate would be transmitted at these

contact points, and would make the projection screen self-luminous if

extensive optical contact took place. It is for this reason that the

projection screen is not made an integral part of the plotting plate.

To date, no completely satisfactory material has been found for the

diffusing projection screen.

The problem of the previous paragraph can be overcome and the

space behind the projection surface for the plotters can be saved if

projection and plotting are both done from the front of the screen.

Then a conventional type of beaded motion-picture screen may be

employed. This method involves the use of separate projectors at the

front for adding auxiliary grid squares and other markings, as well as

an opaque projector for each plotter. In principle, this method is not

difficult, but the details of this apparatus have not been carried to

completion.

Tests have been made to determine what percentage of the signals

appearing on the original PPI will be recorded by this photographic-

projection plotting method. A separate camera photographed a PPI
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continuously for 10 min. During this time plotters behind the screen

recorded what they saw. At the end of the 10-min interval, the large

screen containing the plotters' tracks was photographed, and this wa?-

compared with the 10-min direct exposure of the PPI tube itself. This

comparison indicated that approximately 90 per cent of the signals

actually present were plotted on the screen.



CHAPTER 17

SPOT SIZE

By R. D. Rawcliffe and T. Soller

The size of the luminescent spot on an operating cathode-ray tube is

an important factor in determining the resolution, or fineness of detail,

which can be distinguished in a radar or television display, but it is by

no means the only factor. In radar, the beam width and pulse length,

the i-f bandwidth of the receiver, the sweep speed, spot size, and lumi-

nance level of the cathode-ray tube, and the characteristics of the human
eye all enter into the determination of the over-all resolution in any

given case. 1 The factors that affect the contrast and resolution in tele-

vision are discussed by various authors. 2 It should be noted that, in

the cathode-ray tube itself, the contrast and resolution are affected by

factors other than the current distribution in the spot itself, such as

internal reflections in the glass face plate and the use of metal-backed

screens. Internal reflections may be significantly altered by varying the

thickness of the face plate, and by the application of a nonreflecting film

to the outer face.

The present chapter is limited to a discussion of various methods

that have been devised to measure spot size, and to the conditions of

operation which produce a minimum spot size in a given cathode-ray

tube.

17*1. Meaning of Spot Size.—One of the major difficulties in the meas-

urement of spot size is due to the indefinite nature of the spot. In the

ideal case in which there are no aberrations or defocusing of the beam
due to imperfect electron lenses and deflecting systems, the distribution

of charge in the beam falls off exponentially with the square of the dis-

tance from the center of the beam. If the response of the fluorescent

screen is assumed to be linear, the light in the spot falls off in the same

manner, and the spot then has no sharp boundary. The decision as to

what constitutes the boundary of the spot must therefore be arbitrary.

The usual definition of the edge of the spot is that it is the contour for

which the brightness has fallen to some fraction K of that at the center

of the spot. In most methods of measurement, K is so chosen that if the

1 See Sees. 1-11, 112, 18-10, and 18-11 for a further discussion of these various

factors.

2 V. K. Zworykin and G. A. Morton, Television, Wiley, New York, 1940.

C. H. Bachman, General Electric Review, 48, 13-19, September, 1945.

590



Sec. 17-2] SPOT-SIZE MEASUREMENTS WITH A MICROSCOPE 591

centers of two spots are one spot "diameter" apart, the two spots can

just be resolved.

In practical cathode-ray tubes, imperfections in the electron optics

cause spot deformations that considerably complicate spot-size measure-

ments. The spot frequently is not round, especially near the edge of

the tube. In the case of electrostatic focus and deflection cathode-ray

tubes, the asymmetry usually takes the form of an astigmatic spot, an
ellipse with a large ratio of major to minor axes, with the entire area

more or less uniformly bright. For magnetic focus and deflection

cathode-ray tubes, the energy distribution in the distorted spot may be

much more complicated. For example, the spot may have "tails," such

as are illustrated in the first few photographs of Fig. 3-4. A measure-

ment of spot size which has real significance is extremely difficult under

these circumstances. It is usually true that the brightness of the tails is

enough less than that of the center of the spot so that the tails have
negligible effect on ordinary measurements of the minimum resolvable

separation of the two spots. The tails do not, however, have negligible

effect on the true resolution, particularly in the resolution of two spots of

unequal intensity, because the tail from the strong spot may be nearly

as bright as the weaker spot itself. Tails also degrade the over-all con-

trast on the screen. With spots that are not round, spot size cannot be

expressed by a single number, and resolution measurements become
more complicated.

The methods of spot-size measurement to be discussed in this chapter

are applicable to both electrostatic and magnetic tubes. However, the

analysis of the performance of electrostatic tubes has been made almost

entirely on the basis of the shrinking-raster method, 1 and the typical

values of line width for such tubes, which were mentioned in Sec. 2-8,

refer to this method. The discussion of other methods mentioned refers

specifically to magnetic tubes.

17*2. Spot-size Measurements with a Microscope.—The simplest

and probably also the least accurate method of measuring spot size is

that of direct measurement with a microscope. The best type of micro-

scope for this purpose is one that contains a reticule scale so that the

image of the spot may be superposed on the reticule for measurement. A
magnification of about ten is best for most measurements unless the spot

size is less than about 0.1 mm. For ease of measurement, a microscope

mount such as that shown in Fig. 17-1 is useful. With this mount, the

microscope can be moved independently in two coordinates, each motion
being measured by means of the vernier scales shown. This "cross

motion " is also very convenient for many other types of measurement,
notably pattern distortion and sweep linearity.

1 Discussed in Sec. 17-4.
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Iii direct measurements with a microscope, the edge of the spot is

determined by the judgment of the observer. The reproducibility is

fair, perhaps ± 10 per cent with a given observer under controlled condi-

tions, but there is at least twice that variation from observer to observer.

The ambient light should be kept constant and should be noted, because

it seriously affects these spot-size measurements. These measurements

do not agree with those made by other methods, but are larger by a

factor of about two than those made by methods in which spots or lines

are shrunk together until just resolved. Although the latter measure-

Fig. 17*1.—Microscope and cross motion for measurement of spot size.

ments correspond more nearly to actual operating conditions, the micro-

scope measurements are useful for rapid comparisons of tubes and coils.

In addition to the speed with which the measurements can be made,

this method has the added advantage that the spot itself is seen. An
experienced observer can often infer from the spot distortion observed

the type of correction needed in the deflecting and focusing fields to

reduce the distortion.

The beam current and duty ratio at the time of spot-size measure-

ment should reproduce actual operating conditions of the tube under

test if a satisfactory correlation of results is to be obtained. The beam

should therefore be "pulsed" during the microscope observation.

17*3. Spot Measurements by the Double-pulse Method.—The

double-pulse method is particularly well-suited to the measurement of
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spot size on a rotating-coil PPI pattern, although it can be used with

other scans as well. A block diagram of the circuits required is shown in

Fig. 17-2. A synchronizer provides a trigger to start the sweep through

the deflection coil; a second trigger, delayed by a variable amount after

the sweep trigger, to start the double-pulse generator; and a linear sweep

for the A-scope, the start of which coincides with the second trigger.

The sweep driver provides a linear sweep current through the rotating

deflection coil as well as a suitable square-wave voltage for brightening

the trace on the cathode-ray tube. The double-pulse generator pro-
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Fig. 17-2.—Block diagram of apparatus for spot-size measurement by the double-pulse

method.

duces two square waves adjustable from about £ to 10 /xsec in duration

whose rise and fall are as fast as possible (less than 0.1 /xsec). These

pulses are delayed by times that are independently adjustable so that one

can be run through the other. They are mixed and applied to the

cathode-ray-tube grid in such a way that the grid is at ground potential

during either pulse and is biased negatively at other times. These

pulses may be observed on the A-scope. The sweeps on both cathode-ray

tubes are so calibrated that the separation of the spots on the PPI tube

can be determined by measuring their separation on the A-scope. The

operation, then, consists of varying the delay of one of the pulses until

the two spots on the PPI tube are just resolvable, and then calculating

their separation from the separation on the A-scope.
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The double-pulse method is especially useful for measurements on

tubes with long-persistence screens because the spot measurements can

be made in the persistence instead of the "flash" as must be done with

most other methods. Since the flash is usually filtered out as well as

possible in the operation of long-persistence tubes, measurements in the

persistence involve one less step in the application of measured data to

practice. In measurements on dark-trace tubes (P10 screen) the double-

pulse method is one of the few permissible because other methods cause

too severe an excitation of relatively large areas of the screen. In the

double-pulse method, only a very small area need be darkened at a

time.

When a PPI type of scan is used, this method has the advantage that

a visual inspection of the appearance of the rotating pair of dots, well-

separated, gives an indication of any asymmetry due to misalignment of

parts of the electron gun. It must be remembered that in order to iso-

late the effects due to the tube itself, adequate care must be exercised in

the alignment of the focus and deflection coils with respect to the tube.

Quantitative measurement of spot size as a function of angular position

may then be made.

17*4. Shrinking-raster Method of Measurement of Resolution (Line

Width).—The method commonly used by manufacturers of cathode-ray

tubes to specify the performance of tubes with regard to spot size is the

"shrinking-raster" method. A television-scan pattern, known as a

raster and composed of a large number of equally spaced lines, is applied

to the tube under test. These lines are produced by sawtooth scanning

at a frequency of 60 cps along one axis and at 35 to 105 times this fre-

quency along the perpendicular axis. Figure 17-3 is a simplified block

diagram of apparatus for this method of measurement, which uses fre-

quencies that give a 100-line pattern.

The amplitude of the fast scan is first adjusted until the length of

the lines is approximately 90 per cent of the maximum screen diameter.

The low-frequency scanning amplitude is then expanded until the lines

are clearly separated. After suitable adjustment of current and optimum
focus have been achieved, the pattern is slowly "shrunk" until the line

structure first disappears at the center of the screen. The width of the

pattern at this time, divided by the number of lines in the pattern, is

called the "line width." A single measurement does not suffice because

the resolution near the edge of the tube is usually inferior to that at the

center, and, furthermore, the astigmatic effects in electrostatic tubes may
make the relative line widths in perpendicular directions dependent on

the focus adjustment.

In measuring electrostatic tubes, two measurements are made as

follows:
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1. Adjust for best focus at the center of the pattern and measure at

this point, called Position "A."

2. Without readjusting the focus, interchange the low- and high-

frequency scans and make the measurement at a point that is a

distance of three-eighths of the maximum bulb diameter along the

direction of high-frequency scan. This point is known as Position

"B," and the measurement is made at the less favorable of the two

alternative B positions.

This procedure is designed to give a measure of the astigmatic effects in

a given tube. If these effects are serious, the ratio of the two measure-
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Fia. 17-3.—Simplified block diagram of apparatus for the shrinking-raster method of line-

width measurements.

ments will be large. For a good tube, the ratio will be near unity. In

any case, in actual operation the focus adjustment will be so made as to

give the best average spot size and this value will be between the values

found for Positions A and B.

In magnetic tubes, astigmatic effects are usually much smaller than

in electrostatic tubes. Measurements are therefore made at Position A,

i.e., at the center of the high-frequency scanning line, and at Position

"C," the less favorable of the two alternative positions three-eighths of

the maximum bulb diameter along this same line. These measurements

are markedly influenced by the quality, dimensions, and location of the
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focus and deflection coils used, and therefore these conditions must also

be specified in order that the measurements may have significance.

A photometric investigation 1 of the raster lines applied in the shrink-

ing-raster method of measuring line width has been made for the case of

a magnetic type 5FP7 cathode-ray tube operated at Eb = 4 kv. Photo-
graphs of the raster, with the lines well separated, were taken at four

different beam currents and were analyzed by the use of a Moll micro-

photometer. Contours were obtained for several values of the beam
current. These contours can be very closely represented by Gaussian
distributions.
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Fig. 17*4.—Comparison of line-width measurements.

Line widths were determined visually for each beam current by
shrinking the raster until the lines were just unresolvable. A comparison

of the line widths so obtained and the contours determined by the micro-

photometer reading shows that at each current the intensity at the edges

of a line defined by the shrinking-raster method is about 40 per cent of

the peak intensity. A photometric analysis over the raster as shrunk

to measure line width shows that the minima are only 10 to 15 per cent

lower in intensity than the maxima, and that these maxima are at the

peaks of the individual lines.

By the use of the Gaussian curve best fitted to each line, the width

of the line at the intensity points that are 1/e of the peak intensity was
calculated for each of the beam currents used. The graph and table

shown in Fig. 17-4 compares these line widths with those found by the

shrinking-raster method. It is evident from this figure that there is a

1 Measurements by A. Crampton and B. Cherry at the Radiation Laboratory,

M.I.T.
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definite linear correlation between the two sets of results, so that the

shrinking-raster method yields line widths proportional to the actual

width of the lines reckoned at a definite percentage intensity.

17«5. Polka-dot-raster Method.—In order to avoid some of the

objections to the shrinking-raster method, the "polka-dot raster" method

was devised. The two methods are similar except that in the latter

spots instead of lines are measured, and complete measurements can be

made at any point on the tube face. A block diagram of the apparatus

is shown in Fig. 17-5. The synchronizer, which is similar to that shown

in Fig. 17-3, provides trigger pulses at 60, 300, and 4800 cps, all of which

Synchronizer

Triggers

4800 cps'

-^300 cps

y^j, 60 cps

Fast gate
and sweep
generator

Slow gate
and sweep
generator

Every

fifth pulse

Fig. 17-5. -Block diagram of apparatus for the polka-dot-raster method of spot-size

measurement.

are "locked in" with the 60-cps line frequency. The 60- and 4800-cps

trigger pulses are used to initiate slow and fast sweeps that form a raster

on the cathode-ray-tube screen similar to the " shrinking"-raster except

that it appears in one quadrant only, and is considerably smaller. The

marker pulse generator provides fast, sharp, voltage pulses, which are

applied to the cathode-ray-tube grid in order to produce a row of spots

on the screen for each fast sweep. The pattern, then, consists of a

number of rows of these spots, as illustrated in Fig. 17-6. In order to

make the illustration clearer, the size of the spots in this photograph is

considerably larger than that occurring under most operating conditions.

The pulse generator must be extremely good in order to produce pulses

that are so short that the motion of the sweep during the pulse duration
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is negligible compared with the spot size. The generator used in the
original equipment produced pulses resembling a half sine wave about
0.05-Msec wide, of adjustable separation down to about 0.3 /*sec, and
variable in amplitude from to 100 volts. Both sweep circuits are also

used to generate square waves to gate the cathode-ray tube. One such
wave from the fast sweep generator is applied to the second grid to blank
the tube between fast sweeps. A second such wave from the slow sweep
generator is applied to the cathode to suppress the return of the slow
sweep. Superimposed on this second square wave is an intensifying
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Fig. 17-6.—Photograph of section of cathode-ray-tube face showing polka-dot pattern.

square wave initiated by the 300-cps trigger pulse to brighten every
sixteenth fast sweep. The A-scope is used to observe the marker pulses

on a fast sweep, whose start can be delayed by a variable time after the
4800-cps trigger pulse so that pulses on any portion of the raster may be
measured.

The spot-size determination, then, consists of two steps:

1. As in the shrinking-raster method the slow sweep is shrunk down
to the minimum resolvable separation of two spots at any given
point on the screen. The spot "diameter" in the direction of the

slow sweep is measured with the microscope (Fig. 17-1) as tV of

the separation of two intensified lines.

2. The other dimension of the spot is measured along the fast sweep.
The spots themselves are shrunk together to minimum resolution,
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their separation is determined on the A-scope, and the spot

diameter is calculated from the known sweep speeds on the A-scope

and on the tube being tested.

Only a small raster is needed because measurements are made on a

small area approximately a centimeter in diameter. The raster is moved

around to various positions on the screen by superimposing direct current

on the sweep current through the coil in the same direction as the sweep

current. Reversing switches are needed in the leads to the deflection

coils to allow measurements in all four quadrants of the screen.

An obvious modification of this method is the application of the

intensity-modulated high-speed sweep to a rotating deflection coil,

producing a PPI type of pattern. This pattern is then contracted until

the limit of resolution is reached, and the spot size is determined by

measuring the width of the pattern and dividing by the number of

" dots." This method is very similar to the double-dot method described

in Sec. 17-3, but avoids the necessity of measurement of sweep speed and

time separation of pulses.

17«6. Other Methods of Measurement of Line Width or Spot Size.—
This section briefly mentions several methods for the determination of

line width or spot size which have not been directly investigated, and for

which no quantitative data are on hand. The list is not complete, how-

ever, for the number of methods used for these determinations is almost

as great as the number of investigators in this field.

One method uses a double-image prism the thickness of which is

such as to give a separation a little greater than the widest line

that is to be measured. A single line is scanned across the face of the

cathode-ray tube and examined by means of an instrument that contains

the prism and a lens giving suitable magnification. The prism is rotated

until the two images just begin to merge. A calibrated scale on the

mount gives a direct reading of line width. The results obtained with

this device should correlate closely with those obtained by the shrinking-

raster method.

Another method involves covering a given line on the cathode-ray

tube with one of a series of fairly closely spaced opaque lines whose width

increases from line to line by an arbitrary ratio. The fines are formed on

a clear film base by a photographic process. The known width of the

particular line that is judged to just cover the line on the cathode-ray

tube is taken as a measure of its width. Obvious difficulties with this

method include the parallax between the line observed and the "cover-

ing" line, and the different intensity distributions of the lines produced

by various tubes.
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Other methods involve the direct measurement of the energy distri-

bution in a single spot. One technique is to produce, by means of a
high-quality lens, a greatly enlarged (20 to 40 times) image of the spot

to be measured and then to measure the energy distribution in this

enlarged image. 1 A box containing a high-sensitivity photo-multiplier,

e.g., a 931 tube, placed directly behind a small circular aperture, is made
to move across the image in such a manner that the aperture is exactly

in the image plane, and the motion is accurately controlled. The size

of the aperture depends upon the degree of resolution desired and the
sensitivity and stability of the photo-multiplier circuit. In general, an
aperture of dimensions between 2 per cent and 10 per cent of that of the
enlarged image may be used.

The entire contour of a spot can be obtained by a series of equally

spaced traversals across the spot image. This method is slow, and
unless the spot shape is exceedingly irregular, two traversals at right

angles through the estimated center of the spot, along the major and
minor axes of symmetry, will yield equivalent information. A direct

record of the distribution may be obtained by synchronizing the motion
of the aperture with that of a pen-and-ink recorder. A simple apparatus
of this type has been built, and indicates that the method affords a rapid

quantitative assessment of energy distribution across a spot. A versatile

instrument, incorporating adjustments that make it possible to measure
a spot located at any position on the tube face, and with the direction of

travel of the pickup aperture variable at will, would be a very useful tool

for an investigation of this type.

17*7. Comparison of the Various Methods of Spot-size Measurement.
Because of the many uncertainties connected with spot measurements,
the conditions of measurement should duplicate operating conditions

as closely as possible.

No techniques of measuring spot size are completely satisfactory.

Gross defects in the focus are usually shown up reasonably well but small

variations are often not detected. Measurements of limiting resolution

usually rate tubes producing diffuse spots as being equal to those produc-
ing clean, sharp spots. However, when the tubes are inserted in operat-

ing equipment, there is usually unanimous agreement that the tubes
producing the sharp spots afford better resolution. A' particular case

in which this phenomenon occurred repeatedly was in the comparison
between magnetic tubes containing standard guns and some tubes that

had limiting-aperture guns. It is felt that hidden among the many
variables that affect spot size there must be some important ones that

are not being adequately measured or controlled in any of the existing

spot-measurement methods.
1 R. B. Windsor, Radiation Laboratory, M.I.T.
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One variable that must be carefully controlled is the beam current,

since the spot size changes rapidly with this current. If the cathode-ray

tube is deflection-modulated (A-scope), the beam current is steady and

may be read with an ordinary d-c meter. Measurements by the shrink-

ing-raster method are then close to operating conditions. If, however,

the cathode-ray tube is to be intensity-modulated (television scan; PPI),

the measurements should be made with a pulsed beam and with sweep

speeds approximately equal to those to be used under operating condi-

tions. The polka-dot-raster method is definitely better than the ordinary

shrinking-raster method for these measurements.

When the beam is pulsed, measurements of beam current are difficult

to make because of the high frequencies involved. It is nearly impossible

to measure the beam current accurately by observing the voltage across

a known sampling resistor by means of an oscilloscope because the

distributed capacity in the oscilloscope and in the cathode-ray tube is

so large that a very small sampling resistor must be used. The voltage

drop across the resistor is then very small and the deflection on the oscil-

loscope is almost unreadable. A video amplifier might be used, except

that the difficulties connected with calibrating and operating such an

amplifier would prevent accurate measurements.

The best method consists of measuring the instantaneous grid-to-

cathode voltage on the tube with an oscilloscope and then reading off

the instantaneous current from a grid-voltage-beam-current character-

istic curve previously measured with steady voltages on the tube. It is

assumed that the high-frequency and low-frequency characteristics of

the tube are the same.

This scheme runs into trouble, as do all others, if limiting-aperture

guns are used. Because the limiting aperture is connected internally to

the anode, there is no method of separating current to the screen from that

masked off by the aperture. Spot-size measurements in terms of light

output would be more useful than those in terms of beam-current values.

These measurements could be made independently of the current masked

off by the aperture. However, because the response of existing fight

meters is given by the total light output of the screen, and because the

response of the screen is not linear with beam current, light measurements

are also difficult.

17*8. Effect of Various Parameters on Spot Size.—The performance

of a cathode-ray tube is the result of the interplay of a large number of

factors, most of which have already been discussed in earlier chapters.

The present section will point out the effects on the spot size of varying

(1) certain electrical parameters, such as the anode voltage Eb and

the second-grid voltage Eev (2) the beam current i,n, and (3) the tube

size.
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Effect of Anode Voltage Eb on Spot Size.—Theoretical considerations
for an ideal gun involving simplifying assumptions have led Zworykin
and Morton 1 to the conclusion that the spot size should be inversely

proportional to Eb and should be independent of the potential of the
crossover. In their analysis, they assume a two-lens system, in which
the second lens forms an image of the crossover. On the other hand,
Liebmann, 2 assuming that three and not two lenses are actually involved
in the image formation, and that the cathode and not the crossover is

imaged on the screen, finds that the spot size should be practically inde-
pendent of the final-anode voltage. Liebmann also gives experimental
data supporting this conclusion.

Figure 17-7 indicates the relation between spot size and Eb as deter-

mined by the polka-dot-raster method discussed in Sec. 17-5. This

curve indicates that within the

limits of experimental error the

spot size is independent of Eb in

the range between 3 to 10 kv.

The measurement at 2 kv is not

significant because the intensity

of the pulsed spot at this voltage

is too low to permit accurate

measurement.

Line-width-measurement data
using the shrinking-raster method
for various values of Eb are not

very extensive. They indicate a slight improvement of line width with
increasing Eb , but not nearly great enough to satisfy the inverse y/E~b
relation.

It is not true, however, that no gain in performance will accrue by
raising the value of Eb ; later discussion will indicate the advantages of

making Eb as high as practicable.

Effect of Second-grid Voltage EC2 on Spot Size.—Figure 17-8 indicates

typical experimental data obtained on a 7BP7 tube in which both spot
size and ECs voltage are plotted logarithmically. The polka-dot method
of measurement was used with a final anode voltage Eb = 5.5 kv, a beam
current, im = 100 /xa (peak of pulses), and the second-grid voltage Ec%

variable. The focus-coil gap was 2f in. from the reference line.

Similar curves for other tubes, having the same type of gun and vary-
ing in size from 5 in. to 12 in., indicate that neither the break at 500 volts

nor the exact slope of the curve illustrated are significant because some
other tubes measured show a break at various lower values of ECi , whereas

1 V. K. Zworykin and G. A. Morton, Television, Wiley, New York, 1940, pp. 369 ff.

2 G. Liebmann, Proc. I.R.E., 33 (1945), pp. 381-389.

Fig.

0123456789 10
Anode voltage Eh in kv

17*7.—Relation between spot size and
accelerating voltage.
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others have no break. Also, the slopes of the curves vary considerably,

and in general they are less steep than the curve illustrated. From the

relatively meager data at hand, it appears that the spot size of tetrode

magnetic cathode-ray tubes operated at constant current and total

voltage varies with second-grid voltage in the range of useful operating

values according to the relation

S.S. = const. #~n
,

where the value of n has been found to vary between 0.32 and 0.65 from

tube to tube. Since an average value of n = 0.5 is probably reasonable,

these measurements indicate in a general way that the spot size varies*

inversely as the square root of the

second-grid voltage.
20

Measurements of this sort,

using theshrinking-raster method,

have not been very extensive or

too reliable. The variation found

is in the same direction, but much
smaller in amount. A great

number of additional data are

obviously needed to establish

more quantitatively the relation

between spot size and second-grid

voltage.

Effect of Beam Current on Spot

Size.—The spot size for any given

cathode-ray tube operated at a

constant accelerating voltage increases with increasing beam current.

This increase in spot size is primarily due to two factors: (1) The increase

in "object size" with increasing beam current, whether this "object" be

considered as the emitting area of the cathode or as the size of the cross-

over; and (2) the increasing aberration due to the focusing lens since the

diameter of the electron bundle also increases with increasing beam cur-

rent (see Sec. 2-12).

Extensive experimental determinations of the relation between spot

size and beam current, under well-controlled conditions, are not available.

A great many measurements have been made by the various methods

previously described, but not under identical conditions of voltage and

coil position. All of these results seem to indicate that, whatever method

of measurement is adopted, the experimentally determined points can be

associated with straight lines as indicated by sample plots shown in Fig.

17-9. These are not intended to represent average performance for the

tube sizes indicated as far as absolute value of spot size is concerned.

0.2

100 200 400 600 800 1000
Second-grid voltage in volte

Fig. 17-8.—Spot size as a function of second-

grid voltage.
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They do, however, indicate the

general relation between spot size

and beam current for any given

tube. The fluctuations from tube
to tube are considerable. In

general there is a somewhat
greater difference between 5 in.

and 7 in. tubes than Fig. 17-9

indicates. Measurements at

beam currents as low as 30 n&
indicate that the curves seem to

continue toward the axis of

ordinates along the line followed

at higher beam currents. The
curves extend to values of beam
current far beyond what can be
considered to be the useful operat-

ing range. In the useful operat-

ing range of the cathode-ray tube,

namely between 50 and 300 jua, the

ratio of the spot size at 300 pa, to

that at 50 n& varies with tube size,

and has approximate values of 1.8,

1.5, and 1.3 for 12DP7, 7BP7, and
5FP7 tubes, respectively. It

should be noted that the spot size as determined by the microscope
method is approximately twice that measured by the other methods.
Also, in making the measurements the procedure adopted was to adjust

200 400 600 800
Beam current in ju a

Fig. 17-9.—Typical plots of line width as
a function of beam current. A, 5FP7,
shrinking-raster method; B, 7BP7, double-
pulse method; C, 12DP7, double-pulse
method; Z>, 7BP7, microscope method.

Fxg. 17-10.—'Illustration of geometrical magnification of focusing lens (see Table 17*1).
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the focusing current so as to obtain the best focus at each value of beam
current. In practice the focus current would probably remain constant
and set at the best

'

' average " value so that the spot size for currents other
than that corresponding to the "average" would be appreciably larger

than indicated by these curves.

Effect of Tube Size on Spot Size.—With a given gun type and constant
operating conditions in tubes of various sizes, the relative spot sizes for
the various sizes of tubes should be calculable from the object-to-image
distances and the location of the focusing lens, if aberrations are neglected.
Figure 17-10 indicates the object-image geometry; and Table 17-1 gives

Table 171. -Geometrical Magnification of Focusing Lens for Common Tube
Types

Tube Magnification

type
A B C m

3HP7 2.25 2.75 2.20 2.20
5FP7 2.25 2.75 3.45 2.75
7BP7 2.25 2.75 5.50 3.67

(3.75 2.75 10.25 3.47
12DP7 <3.0 3.5 10.25 4.58

12.38 4.12 10.25 6.03

numerical data for the common tube types used in radar. Table 17-2

indicates the ratios of spot size as calculated from the data given in

Table 171, and also presents some experimental values determined by
the various methods of spot-size measurement.

Table 17-2. -Calculated and Observed Values of Spot-size Ratio, R, fobThree
Common Tube Sizes

Tubes compared 7BP7 : 5FP7 12DP7 : 5FP7

Dimension A, Fig. 17-10 2.25 2.25 3.75 3.0 2.38 2.25

Calculated R from Fig. 1710 1.33 1.26 1.67 2.19

Observed values of R:
Shrinking-raster method
Microscope method
Polka-dot method

1.25

1.36

1.50

1.5

2.4

2.2 2.4 2.7

The data indicate that the experimentally determined spot-size ratio

agrees fairly well with the calculated values for the 7BP7 and 5FP7
types, in which the object-lens geometry (Dimension A in Fig. 17-10) is
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identical for the two types, but that for the 12DP7 and 5FP7 comparison

the correlation is poor. The reason for this is that the aberrations

resulting from the larger beam across section at the focusing lens in the

case of the 12DP7 type make the experimentally determined spot size

larger than would be expected from the tube geometry. The discrepancy

between experimental and calculated values decreases as the focus coil is

moved nearer the gun of the 12DP7 and the beam across section at the

focusing lens is thus reduced.

It is safe to assume that the ratio of the spot sizes is approximately

equal to the ratio of the screen diameters, i.e., 1.4 for the ratio of 7- to

5-in. tubes, and 2.4 for the ratio of 12- to 5-in. tubes. In other words,

for a given type of gun and associated components, the resolution, as

determined by the maximum number of resolvable dots, is independent

of the size of tube used.

17-9. Conclusions Regarding the Attainment of Optimum Resolution

from Cathode-ray Tubes. Magnetic Cathode-ray Tube.—From the pre-

ceding discussions, it is evident that many factors must be considered to

achieve the best performance from a cathode-ray tube. Some of these

factors relate to the electrical conditions of operation, whereas others

pertain to the quality and adjustment of external parts, such as focus and

deflection coils. Often the optimum adjustment of one of the com-

ponents, for example the focus coil, must be a compromise between

geometrical magnification and lens aberrations.

In operating magnetic tubes it is desirable from the standpoint of

brightness and resolution to use as high an accelerating voltage, Eb ,
as

possible. The light output as a function of Eb at constant current

density is of the form L.O. = KEb , in which the value of n varies with

screen material and conditions of excitation. In general, n decreases

with increasing current density. Typical values of n are n « 1.5 for

willemite (PI) screens for values of Eb in the range of 4 to 10 kv, and

n « 2 for the long-persistence cascade (P7) screens in the range of 4 to

10 kv. For radar work involving the use of long-persistence screens,

then, the light output goes up roughly as the square of the total applied

voltage. 1 If gain in brightness is primarily desired, a fourfold increase

is attainable by raising Eh from 4 to 8 kv, if it is assumed that beam cur-

rent and spot size do not change (same current density as at 4 kv).

However, a significant reduction in beam current at the higher voltage

is possible and desirable, because improvement in both brightness and

spot size may still be attained at the higher voltage by this method.

For example, compared with a beam current of 200 /xa at Eb = 4 kv, a

beam current of only 50 na, at Eb = 8 kv will result in a reduction in

1 For a discussion of the behavior of screens under various conditions of excitation,

see Chap. 18.
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spot size of roughly one-third (from Fig. 17-9), with a corresponding
spot area a little less than one-half as great as at 200 jua. The current

density j = ifA corresponding to the 50 pa, condition will therefore be
approximately one-half that associated with a beam current of 200 jua at

4 kv. Hence, a twofold increase in brightness coupled with a 50 per
cent gain in the number of resolvable spots may be achieved by doubling
the accelerating voltage. It must be remembered that additional power
will also be required to drive the deflection coil at the higher voltage.

Although the driving current increases only as the square root of the
accelerating voltage, the power goes up linearly.

It is also very advantageous from the standpoint of spot size to
operate the cathode-ray-tube with as high a voltage on the screen grid
(Et2) as possible, as indicated by the results shown in Fig. 17-8. The
added increase in resolution so achieved is again coupled with an increase
in brightness just as in the discussion of the previous paragraph. As
was discussed in Sec. 2-12, an increase in Ec% not only changes the cutoff

bias of the tube, but also decreases the slope of the modulation character-
istic so that a higher grid drive is necessary to achieve a given beam
current. The possibility of reducing the beam current necessary at the
higher accelerating voltage Eb is therefore advantageous in terms of

video output voltage required when ECi is also raised in order to improve
spot size.

In addition to the electrical conditions of operation, the location of

the focus coil along the tube neck should be adjusted until the best
compromise between increasing magnification and increasing aberrations
is reached, as was discussed in Sec. 3-4. Also, it is important that the
mechanical adjustment of the focus coil to make its axis coincide with
that of the electron beam be properly made, as was discussed in Sec. 3-6.

The quality of the deflection coil also affects the tube performance,
particularly near the periphery of the screen. The factors involved in

deflection-coil performance are discussed in Sees. 8-9 and 8- 10. It is to
be noted that the deflection defocusing for any given deflection coil is

decreased as Eb is increased. The curves of Fig. 2-32 indicate that, for a
given beam current, the cross section of the electron bundle is decreased
as Eb is increased. This cross section, for a given nonuniformity of

field produced by the deflection coil, determines the amount of deflection

defocusing.

Electrostatic Cathode-ray Tube.—The factors that affect the perform-
ance of electrostatic cathode-ray tubes have already been discussed in

Chap. 2.

The same considerations that obtain for magnetic tubes in regard to
the use of as high an accelerating voltage as possible hold also for electro-

static tubes. In tubes that have a postdeflection acceleration electrode,
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the ratio of total voltage to second-anode voltage must be kept below a

certain maximum, however.

The deflecting circuits for electrostatic tubes should provide push-

pull voltages, rather than single-sided voltages; and an "astigmatism-

control" adjustment should be available to adjust the mean potentials of

the two pairs of deflection plates to the optimum values with respect to

the second-anode potentials. In addition, if the trace is intensity-

modulated, pulsing of the focusing anode Ax will also be advantageous

in order to adjust the focus at all values of beam current.

The elimination of stray electrostatic and magnetic fields, 1 particularly

a-c fields, from the region occupied by the cathode-ray tube is very

necessary for best performance.

* Sec. 164.



CHAPTER 18

SCREENS FOR CATHODE-RAY TUBES

By W. B. Nottingham

18*1. General Introduction.—All the cathode-ray-tube screens to be
described in this chapter were designed for visual observation and are of

two types: (1) light-emitting screens and (2) light-absorbing screens.

These will be discussed in the order named.
Luminescence and Phosphorescence.—All luminescent materials useful

as cathode-ray-tube phosphors emit light subsequent to the termination
of the actual electronic excitation, as illustrated by Fig. 18-1. It is

assumed that the electron excita-

tion of the screen is constant over

the period of time from h to t% and
is off until time U. Prior to th
there is no light output but,

during the period 1 1 to 12 , the light

increases according to a curve that

is characteristic of the type of

phosphor used. As soon as the

excitation is discontinued at time

a

U U -*- Time
- Luminescence (or fluorescence)

—— Phosphorescence

*3 U

-*- Time

Fig. 18-1.—The rise and fall of screen lumi-
nance under pulse excitation.

h, the light output starts to fall, and the light then emitted is called

"phosphorescent light."

Screens are rated according to the persistence of phosphorescence as

"short," "medium," and "long." In general, a short-persistence screen

will have a period of phosphorescence comparable to the time required

to excite the screen to a reasonably constant luminance level. This
period may be as short as a few microseconds or as long as one millisecond.

If the period of useful phosphorescence is greater than about twenty
milliseconds and less than two seconds, the screen is considered to have
medium or intermediate persistence. Useful luminance may be obtained
from long-persistence screens for some minutes after excitation has ceased.

The precise nature of the rise of luminescence depends on the com-
position of the luminescent material, those details of manufacturing
procedure which influence crystal size, the impurity content, and the
method of excitation. The excitation may be by direct electron impact
or by the absorption of light. Excitation of a phosphor by light in a

609
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cathode-ray tube is generally associated with a multiple-layer screen,

in which the layer bombarded by the electrons emits radiant power that

is absorbed by the layer in contact with the inner surface of the tube

face. This layer emits the light seen by the observer.

Test Equipment.—Three major pieces of test equipment have been

used to study the screen properties described here. In the first 1 the

screen is excited by accurately controlled pulses of electron current

lasting from a few microseconds to 200 Msec, and occurring in sequences

of 2 to 20 at 500 /usee intervals. An associated equipment was capable

of measuring the radiant power as a function of the time, both during

and after excitation. The data were recorded photographically.

This equipment was later supplanted by one in which the cathode-

ray-tube screen was excited by a television-type raster generated by a

high-speed horizontal sweep and a low-speed vertical sweep. By means

of this pair of sweeps, a rectangular area of the cathode-ray-tube screen

was excited by electrons in -^ sec. Earlier investigation had shown that

luminance measurements made a few tenths of a second after the excita-

tion just described could be interpreted without detailed attention to

the fact that one part of the screen had been excited 16 msec earlier than

another part.

The third piece of equipment employed the raster method of exciting

the screen but was very different in detail and was used to evaluate light

absorption on the "dark trace" screen. The measuring procedure

followed the plan of illuminating the tube face by suitably controlled

lamps and then measuring directly on a pen-and-ink recorder2 the

decrease in reflectance that followed the electronic excitation of a small

rectangular area on the tube face.

18*2. Electronic Structure of Matter.—Screen materials of particular

interest may be grouped into four categories: (1) the silicates, (2) the

sulfides, (3) the fluorides, and (4) the alkali halides, particularly potas-

sium chloride. The most important sulphides are those associated with

solid solutions of zinc sulfide and cadmium sulfide. A very brief and

qualitative discussion of the nature of the electronic structure3 of zinc

and sulfur atoms and some of the electronic properties of the zinc sulfide

crystals is given here.

1 W. B. Nottingham, "Excitation and Decay of Luminescence under Electron

Bombardment," EX. Report No. 6-4S, Jan. 22, 1942.

2 General Electric High-speed Photoelectric Recorder. Catalog No. 32C77,

nearest equivalent described in GEA2394A as Model No. 8CEIGK27.
s G. Herzberg, Atomic Spectra and Atomic Structure, Prentice-Hall, New York,

1937.

N. F. Mott, and R. W. Gurney, Electronic Processes in Ionic Crystals, Clarendon

Press, Oxford, 1940.

F. Seitz, The Modern Theory of Solids, McGraw-Hill, New York, 1940.
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Electronic Structure of Zinc Atoms.—Of the 30 electrons associated
with a normal zinc atom, 28 are in the K-, L-, and M-levels. The two
remaining electrons are known as "valence electrons" and are associated
with the N-level. If zinc is vaporized and then excited by intense heat
or electron bombardment, radiant power that is largely concentrated
close to a specific set of wavelengths is emitted.

Some of these wavelengths are in the ultraviolet, others are in the
visible, and still others are in the infrared part ofthe spectrum. An analy-
sis of these "spectrum lines" yields information concerning the electronic

levels associated with the zinc atom which normally are not occupied by
electrons, but which are available to hold electrons for very short periods
of time in case sufficient energy is given to an individual atom to cause
one of the valence electrons to make a transition from its normal state of

lowest total energy to one of the excited states. The emission of radiant
power is associated with the return of the atom as a whole to its normal
unexcited state. The sharpness of the energy levels into which the elec-

trons are able to go is a direct indication of the fact that the valence
electrons cannot absorb energy of small and arbitrarily chosen amounts,
but can absorb only relatively large steps of energy equal to those required
to transfer the atom as a whole from one state of energy to another.

The Electronic Structure of the Sulfide.—The sulfur atom has a nuclear
charge of 16 and is therefore surrounded by 16 electrons, of which two
are in the K-shell, eight are in the L-shell, and six are in the M-shell.

Thus, the valence of sulfur might be considered to be —2 since the M-
shell has a particularly symmetrical configuration when it is accom-
modating eight electrons. Hence, in a crystal formed by a combination
of zinc and sulfur, each atom of the former tends to yield its two valence
electrons to fill the gap in the outer shell of sulfur. In the crystal there

are normally just as many zinc atoms as there are sulfur atoms, and the
crystal structure is such that each zinc atom is surrounded by four
sulfur atoms and each sulfur atom is surrounded by four zinc atoms.
The valence electrons are in a region of strong electric fields very different

from those associated with the isolated atoms. Although some of the
character of the original occupied and unoccupied levels of the atoms is

still maintained, the fact that such a large number of electrons must be
accommodated in a geometrical space so small compared with that
available when the atoms were all separated gives rise to a new distribu-

tion of the occupied electronic energy levels which can be described
better as occupied bands. It is one of the properties of a perfect crystal

of zinc sulfide that the energy levels associated with the filled band are
just sufficient to accommodate all the electrons and that there is a gap in

the energy level system between the uppermost level of the filled band
and the lowest level of the nearest unoccupied band.
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Electronic Band System.—Figure 18-26 illustrates this band system

in a very qualitative way. In Fig. 18-2a the curved lines represent

potential energy differences shown along the vertical scale as a function

of the radial distance out from an individual atom in free space, whereas

in Fig. 18-26 they show the potential as a function of the distance through

a crystal with each atomic nucleus indicated by the plus sign. Note

that there are two classes of electronic levels, namely, filled levels and

unoccupied levels, and that there is a gap in the system of levels in which

there are no places available for electrons. Insulating crystals are thus

differentiated from conducting crystals, which differ from the system

shown in Fig. 18-26 in that no gap exists between the occupied and the

unoccupied levels. Conductivity is associated with the ease with which

electrons can be given a very small amount of energy from the external

Unoccupied *

~\ levels /**

There are no energy
levels here M

Filled Filled

levels levels

L

r\i k

Fig. 18-2.—Idealized energy levels of a single atom and of an insulator, (a) Single atom.
(o) Insulator.

field and caused to migrate through the lattice of the solid with very

little resistance being offered by the presence of the atoms. In the

idealized crystal shown, there can be no electron conductivity unless,

for some reason, electrons can be given sufficient energy to lift them

from the filled band into the unoccupied or " conduction" band. If such

energy is given, then the crystal becomes electronically conducting.

No crystal is as perfect as the one illustrated in Fig. 18-26 because of

the presence of irregularities and impurities in the lattice. Even aminute

excess of zinc atoms over the number required to be exactly equal to

the sulfur atoms present can be considered to be an impurity in the zinc

sulfide lattice. The introduction of copper atoms or silver atoms may
also make important modifications in the system of energy levels and

thus alter the luminescent properties of the crystal.

Impurity Levels.—Three forms of irregularity are illustrated in Fig.

18-3 for nonionic crystals, such as the sulfide. The irregularities of the

first type, shown dark to indicate the presence of electrons in the "loca-

lized" states, are thought to be due to metallic impurities. The second
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type, shown schematically with an open circle to indicate the presence of

vacant electronic levels, is associated with an excess of the nonmetallic
element. The third type of localized impurity level assumes that a
partially filled electronic level is available.

Consider now a few of the possible transitions that may be expected
to take place in a solid characterized by all the features illustrated in
Fig. 18-3. A convenient unit of energy is that associated with the dis-

placement of an electron through a difference of potential of one volt.

That unit of energy is known as "one electron-volt." The average
kinetic energy associated with the motion of particles at room tempera-
ture is about 0.03 electron-volt (ev).

The difference in energy between the highest level of the filled band
and the lowest level of the conduction band is likely to be 2.5 to 4 ev.

+ +++ + ++ + +

Fig. 18-3.—Electronic structure of an insulator with three types of localized impurity
shown. Type 1—•— impurity center with electronic states filled; type 2—O— impurity
center with unoccupied electronic states; type 3 —O— impurity center with both filled
and unfilled electronic energy level.

If high-energy electrons bombard a crystal, some of them deliver energy
to the electrons in the filled band and excite them into the conduction
band. Thus during the excitation and a short time thereafter, vacancies
will exist in the filled band and mobile electrons will be found in the
conduction band. In order for the electrons of the conduction band to
return to the vacant levels, a sort of recombination process must take
place. Such recombination without the aid of the so-called "trapping"
states is, however, not particularly efficient.

Electron and Hole Traps.—The vacancies in the filled band have con-
siderable mobility and are likely to be attracted to the impurity levels
shown schematically as being of the type 1 in Fig. 18-3. These impurity
levels yield electrons to fill the vacancies in the normally filled band
and thus trap the vacancy, giving rise to a process known as the "trapping
of the electron holes." This trapping of the electron holes is likely to
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take place in a very short time and afterwards an electron from the con-

duction band can refill the hole by falling from the conduction band into

the trapped hole. Associated with this transition, light is very often

emitted.

Since an impurity atom in the presence of a lattice may be there in a

variety of different ways, the impurity levels that are capable of trapping

the holes, as just described, will probably not all be equally spaced with

respect to the lowest level of the conduction band. As a consequence,

the light emitted will not be confined to a narrow range of wavelengths

but is likely to extend over a rather considerable range in wavelength

depending on the distribution of the relative levels that constitute the

hole traps.

It is also possible that in certain structures there may be localized

impurity levels like that shown schematically as type 3. The implication

here is that such an impurity level already has in it a hole capable of

receiving an electron from the conduction band, and it may also be par-

tially occupied so that it is capable of receiving another hole by delivering

an electron from that localized state into the filled level whenever a

deficiency has been produced there following excitation. It is impossible

to show all the "dynamic features" of these various possible impurity

systems since it is expected that, following each change in the population

of electrons in the neighborhood of an impurity level, the level itself

changes because of the local readjustment of the atoms in case the

changed condition lasts long enough for the neighboring atoms to take

up new equilibrium positions.

If the crystal contains impurity levels of the kind indicated as type 2,

these may serve as traps for the electrons that have been excited into

the conduction band. They are called "traps" because once an electron

finds its way into such a localized level it is not easy for it to make a

direct transition to the normally filled band or into a hole trap. During

the time that the electron is finding its way to the electron trap, most

of the holes of the filled band will have been occupied by transitions

from impurity levels of the types 1 and 3. Thus the holes as well as

the electrons will have been trapped. Associated with the trapping proc-

ess, energy may be stored within the crystal and held for hours if the

crystal is maintained at a very low temperature. Once an electron is

trapped in a localized state of type 2, it is very improbable that it will

make a transition out of that state without first being reintroduced to the

conduction band. If the trapping state lies only a few tenths of an

electron-volt below the lowest level of the conduction band, then even at

room temperature there will be a finite probability that the electron will

jump from the trapping level into the conduction band. In case this

jump takes place, the electron is free to travel through the crystal until
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it is again trapped in another high-level trap or in a low-level trap.

There must be some tendency for the electrons to be attracted locally

toward the "holes" because these are local centers of excess positive
charge. The second alternative corresponds to a transition from the
conduction band into one of the levels in which a hole is trapped and
energy is emitted in the form of light.

Excitation and Emission.—The sequence of six sketches in Fig. 18-4

may be used to summarize this discussion. The normal state of the
crystal is shown in block a. The excitation transition is shown in block
b. Here an electron is lifted from the filled band into the conduction

(«) (b) (c)

Normal state

w
/

Trapping of electron at

upper impurity center

Electron excitation: electron

bombardment or absorption
of radiant power (hv3 )

Temperature transition to

conduction band

Electron transition to capture
hole at low impurity center.

Emission of light quantum
hp2 when electron falls to
low impurity center

Fig. 18-4.—Block illustration of sequence of steps from excitation to phosphorescence.

band by the absorption of energy from a bombarding electron or from
absorbed radiant energy. Block c shows the capture of the hole in the
lower impurity center. Block d shows the capture of the electron in the
upper impurity center. Block e shows the transition of the electron from
the upper impurity center back to the conduction band as a result of a
statistical fluctuation in the temperature energy. The absorption of

energy from an infrared source or even from further electron bombard-
ment constitutes another means of inducing the transition of block e.

The final transition is that of block /, in which the electron falls from the
conduction band into the lower impurity center with a consequent emis-
sion of light hv-t. It is evident from these diagrams that hv2 will always
be less than hvh which is the limiting quantum energy required to excite

the phosphor.
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The sequence of excitation and emission shown by Fig. 18*4 represents

only one of the many possible sequences likely to be encountered in differ-

ent luminescent materials. Innumerable experiments may be performed

which will yield information concerning the electronic levels and the

transition probabilities that determine the behavior of screen materials.

Only a small fraction of these experiments has been performed and very

few of them have been coordinated in such a way as to yield the informa-

tion that is required concerning a single phosphor. The experimental

results to be reported in this chapter are therefore inconclusive although

they do contribute some new and useful information concerning the

phosphors investigated.

Surface Traps.—It is not certain that all the upper trapping centers

are confined to irregularities localized within the crystal at impurities of

the type 2 such as would be associated with the presence in the lattice of a

sulfur atom with only three zinc atoms in its immediate proximity instead

of four. It has been suggested 1 that crystal surfaces are capable of trap-

ping electrons. It is assumed that surface-trapped electrons have surface

mobility so that they may interact on each other as would be the case for

a two-dimensional "electron gas." The quantum theory of such a gas

is analogous to the Fermi theory of electrons within a conductor. If this

assumption is made and a calculation is carried through for the emission

of radiant power in phosphorescence, theory and experiment are in rea-

sonably satisfactory agreement. The agreement is not conclusive, how-

ever, for it is possible to postulate a suitable distribution of "volume"

traps in contrast to the "surface" traps that would yield the same

luminance-decay curve. The important point is that the experimental

phenomena that have been observed demand that the trapping levels are

not all of equal depth as expressed in the energy units required to reexcite

an electron from a trapping center to the conduction band. 2

Nomenclature.—There is general agreement concerning the use of the

word "phosphorescence" to describe the luminance of the phosphor that

is observed a considerable time after the cessation of excitation. The

word "fluorescence" is likely to mean either one of two phenomena.

The common use of the word is associated with the luminance of a phos-

phor during the period of excitation. A detailed consideration of the

probable mechanism involved shows that internal electronic processes

associated with phosphorescence contribute to the luminance of a phos-

phor even during the period of excitation. Therefore, it has been advo-

1 Unpublished results of theoretical analysis by H. M. James of the M.I.T. Radia-

tion Laboratory.
* J T Randall and M. H. F. Wilkins, "Phosphorescence and Electron Traps,"

Proc. Royal Soc., 33, 50 (May 20, 1940) (RC(C)22); 168, 209 (March 30, 1941).

G. F. J. Garlick and M. H. F. Wilkins, "Short Period Phosphorescence and Electron

Traps," Proc. Royal Soc, 303, 328 (Feb. 29, 1944).
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cated by Leverenz and others that the term "luminescence" be used to

identify the luminance associated with the excitation period of a phosphor
and that the word "fluorescence" be used to identify those processes in

which the electron returns from the conduction band to a lower electronic

level without first having been held in any sort of localized trapping
center. It is evident that, as thus defined, fluorescence may extend a
short interval of time after the cessation of excitation, although the time
element may be a fraction of a microsecond. A clear distinction between
fluorescence and luminescence is made so seldom that it may be necessary
to misuse the word fluorescence in this chapter on occasion, in order not
to confuse readers who have firmly associated with the word its more
general meaning rather than its specific meaning. The word lumines-

cence will be applied in the strict sense in which it is defined as being
associated with the emission of light during the actual period of excitation.

This use avoids the necessity of distinguishing between the fluorescent

process and the phosphorescent process as being responsible for the
luminance observed during the excitation period.

Spectral Absorption.—Investigation of the spectral absorption and
emission characteristics of phosphors yields information important to

the understanding of the electronic processes involved in the excitation

of phosphors. It is, however, difficult to perform experiments that give

good quantitative information.

Crystals of all phosphors show absorption in the violet and ultra-

violet part of the wavelength spectrum. The absorption curves 1 for

three phosphors of interest are shown in Fig. 18-5a. The curve for zinc

sulfide shows a maximum in the relative absorptance at approximately
320 mpi and a long-wavelength threshold in the absorptance at approxi-

mately 440 m/x. The location of the threshold has not been accurately

determined, but in terms of the models described in the previous section,

the threshold may be interpreted measuring the energy difference between
the highest occupied level of the electron band and the lowest unoccupied
level of the " conduction band." This energy difference is approximately
2.8 ev. It is possible that the 2.8 ev represents the difference in level

between an occupied impurity state and the conduction band. An inves-

tigation of the details of the absorption characteristic in the neighborhood
of the threshold could answer such a question. The peak in the absorp-

tion is a measure of the energy most likely to be absorbed and probably
gives the order of magnitude of the energy difference between the middle
of the normal occupied band and a part of the conduction band to which
transitions are most easily made. In the case of zinc sulfide, this energy
difference is approximately 4.0 ev.

1 H. W. Leverenz, "Research and Development Leading to New and Improved
Radar Indicators," NDRC 14498, RCA, June 30, 1945.
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Fig. 18-5.—Absorption and emission curves for sulfide phosphors, (a) Relative

absorption bands for zinc and cadmium sulfides. (6) Relative emission bands for

zinc and sulfides, (c) Assumed increase in infrared absorption after electronic excitation

of a long-persistent sulfide phosphor.
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Crystals of cadmium sulfide are very similar in structure to those of

zinc sulfide, as would be expected since the cadmium atom bears a close

resemblance to the zinc atom with the exception that there are 48 elec-

trons required to balance the nuclear charge on the cadium nucleus and
the two valence electrons are in the O-shell instead of the N-shell. In
either zinc or cadmium, the electronic structure of the shell just inside

the valence shell is one that accommodates 18 electrons. As a conse-
quence of the need to accommodate more electrons, the interatomic
spacing in the cadmium sulfide crystal is 7 per cent greater than that of
the zinc sulfide crystal.

The energy levels of the zinc and cadmium atoms are very similar in

general structure, with the actual energy differences somewhat less

throughout for cadmium than for zinc. It is therefore to be expected
that a cadmium sulfide crystal would have energy bands, both occupied
and unoccupied, similar to those of zinc sulfide, and that the differences

in energy between corresponding bands would in all probability be less

for cadmium sulfide.

Since the structures of these sulfides are so nearly the same, it is

possible to have "solid solutions" of almost any proportions from 100
per cent zinc sulfide to 100 per cent cadmium sulfide. As the proportion
of cadmium sulfide increases, the lattice constants increase almost lin-

early in proportion to the atomic fractions of the two constituents, zinc

and cadmium. The absorptance and the emission properties change in

the way that is qualitatively illustrated in Figs. 18-5a and 18-56.

Glow Curves and Infrared Excitation.—Two types of experiment in

addition to those already mentioned yield information concerning the
electronic transitions after the phosphor has been excited (see footnote 1,

page 623). The first shows that, at the temperature of liquid nitrogen
(78°K), there is almost no phosphorescence, but that, as the temperature
increases, the crystal becomes luminous. At the present time such
experiments are only qualitative. Quantitative observations of the
luminance as a function of the temperature and the time would yield

significant data that might be analyzed to give information concerning
the distribution of the electron-trapping levels in crystals prepared to
have specific structural properties and impurity content. The second
class of experiment shows that the decay of luminance at a particular
temperature is accelerated if the crystal is irradiated by power associated
with wavelengths longer than the threshold for excitation. For example, l

the luminance of a phosphor may be observed quantitatively to be falling

with time along a certain reproducible line, as indicated in Fig. 18-6.

The line a-a! represents the normal decay characteristic after a specific
1 H. E. Ives, and M. Luckiesh, "The Effects of Red and Infra-red on the Decay of

Phosphorescence in Zinc Sulfide," Astrophys. Jour., 34, 173 (1911).
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excitation at a specific temperature. If the phosphor is irradiated by an

infrared source beginning at the time h, then the luminance rises suddenly

to a sharp maximum indicated at b, after which it falls very rapidly to b',

which may be only a very small fraction of the luminance that would

have been present at the time fa, had the infrared exposure been absent.

The enhancement of phosphorescence in the presence of infrared has

been of much practical and theoretical interest. It would be of interest

to try to observe an increase in the spectral absorptance factor in the

infrared as a function of the wavelength and the degree of excitation of

the phosphor crystal, but such experiments have not been performed in

detail. In view of the general observation that the shorter the wave-

length of the infrared used to

stimulate phosphorescence the more

effective it is, it might be assumed

that the increase in infrared absorp-

tance after excitation would follow

a curve like that of Fig. 18-5c. On
the other hand, it would be worth

investigating in more detail with

the phosphor at a low temperature

because it might be possible to get

new information on the energy

levels into which the electrons have

become trapped and the transition

probabilities associated with the

removal of the electrons from the traps into the conduction band.

18*3. Screen Transmittance and Absorptance.—It is evident from a

comparison of Figs. 18-5a and 18-56 that sulfide crystals are fairly trans-

parent to their own emission spectra. Practical cathode-ray-tube

screens are usually prepared by depositing millions of individual crystal

grains onto the glass face-plate surface by a suitable manufacturing pro-

cedure. The most commonly used method for the sulfides is that of

allowing the crystals of material to settle from a liquid suspension under

the influence of gravity. This method produces a very uniform screen

with the larger crystals in direct contact with the glass and the smaller

ones, which settle somewhat later in time, filling in the interstices between

the larger crystals. The excitation of a screen of this kind by the absorp-

tion of radiant power is a maximum at the surface that first receives the

incident irradiance. Figure 18-7 shows qualitatively a much magnified

section of the coating of screen material on a glass surface as though the

coating were actually a two-layer system of crystals. The irradiant flux

per unit area decreases as a function of the distance through the poly-

crystalline screen, as indicated in the sketch above the crystalline section

U tx t2

Time-

Fig. 18-6.—Influence of infrared energy
applied at h on phosphorescent decay.



Sec. 18-3] SCREEN TRANSMITTANCE AND ABSORPTANCE 621

shown. The two factors largely influential in determining the decrease in

radiant flux are (1) the multiple and diffuse scattering that takes place

at the crystal boundaries and results in a considerable back reflection of

the incident radiant flux and (2) the absorption of the radiant flux as it

is propagated through individual crystals and is absorbed in the excitation

process. The general shape of this curve indicates that the volume con-

centration of excitation will be more or less proportional to the radiant

flux present at each depth within

the screen structure. Lumines-

cence or phosphorescence, as the

case may be, will have a volume
distribution determined by the

exciting irradiant flux density, but
the observer who is interested in

the luminance of the surface as

seen through the glass must con-

sider the attenuation of the light

as it is transmitted through the

screen material. Luminance that

originates near the glass surface is

transmitted more efficiently than

that originating deeper in the

screen material as is shown by the

transmissivity diagram in Fig.

18-7.

The quantitative data shown
in Figs. 18-8 and 18-9 apply to

phosphors of the zinc sulfide-

cadmium sulfide family. Screens

were prepared in the usual way
using proportions of these phosphors in sufficient quantity to put 5, 10,

and 15 mg/cm2 onto the different face plates, and the main body of the

blank was removed after the screens were completely processed so that

spectral transmission curves could be obtained. Figure 18-8a shows the

three curves that apply for 7 per cent cadmium sulfide, and Fig. 18-86

shows the three curves that apply for 25 per cent cadmium sulfide. These
curves indicate that the threshold of the absorption band is close to 490
m/x for Fig. 18-8a and 530 m/* for Fig. 18-86.

Among the phenomena which influence the transmissions are the

reflections occurring at the two phosphor surfaces and the two glass sur-

faces, and the absorption in the glass. These effects are independent of

the thickness of screen material for the range of thicknesses included in

the experimental data. The transmission is also affected by the diffuse

Fig. 18-7.—Magnified sectional view of a
luminescent screen on glass. Curves show
decrease in exciting irradiance with pene-
tration distance and change in transmissivity
of emitted radiance at various distances from
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scattering at the crystal boundaries within the screen itself and by the

optical absorption within the individual crystals. These effects depend

on thickness in such a way that there is a linear relationship between

the logarithm of the transmittance and the screen thickness as shown

for the selected wavelengths specified in Figs. 18-9a and 18-96. The fact

that all three straight lines on each figure extrapolate back to a common
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Fig. 18-8.—Spectral transmissivities of

two phosphor types and three screen, thick-

nesses, (a) (93)ZnS:(7)CdS:Cu. (6) (75)-

ZnS:(25)CdS:Cu.

mg/cm 2

Fig. 18-9.—Plots to determine absorp-

tion coefficients at wavelengths shown for

two screen materials. T is the transmission

in per cent, (o) (93)ZnS : (7)CdS : Cu. (6)

(75)ZnS:(25)CdS:Cu.

value of 71 per cent at zero thickness is of considerable interest. If the

transmission of the glass is assumed to be 86 per cent when two reflection

surfaces and the absorption in the thick face plate are allowed for, then

a diffuse reflectance at each surface of the phosphor of approximately

8-5 per cent will account for the observed over-all transmissivity.

For normal screen thicknesses of approximately 10 mg/cm2
,
the light

emitted from crystals farthest away from the observer will probably

suffer an attenuation of approximately 50 per cent in comparison with
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the light emitted from the crystals nearest the observer. The nonuni-

formity of excitation must be considered since, if the excitation is by
means of absorbed radiant power (although the most effective radiant

power is no doubt in the ultraviolet range, not shown in Fig. 18-9), the

excitation density in the crystals farthest from the observer will be
greater, by a factor of 10 or more, than that of the crystals near the

observer.

Optimum Screen Thickness.—These considerations make it evident

that for any given case there must be an optimum thickness of screen

coating material for the production of cathode-ray tubes of maximum
luminance output per unit of excitation energy. This optimum thickness

will depend on the duration of excitation, the time after excitation at

which observations are made, the details of the excitation cycle, and the

magnitude of the excitation. If these factors can be specified, the screen

thickness for optimum performance can be easily determined. If a tube
is to be designed to fit a very wide range of excitation conditions, however,
it is more difficult to choose the best screen thickness for optimum over-

all performance.

Since most instruments for measuring the luminance of a cathode-ray

tube do not differentiate between the contributions from the crystals

near the measuring equipment and those from the crystals that are more
highly excited but farther away, it is evident that a theoretical analysis

of decay of luminance, or radiance, with time, will not be easy. Over
certain ranges of excitation, a factor of 10 plays a very important part

in determining the precise nature of the decay characteristics.

18«4. Excitation by Pulsed Light.—In the double-layer cathode-ray-

tube screen (see Sec. 18-9), the radiant excitation enters the screen

material from the side that is opposite to the one viewed. Researches
may be made, however, on screens in such a manner as to minimize the

nonuniformity of the excitation by irradiating the crystals to be excited

from the same side as they are viewed. Also, a filter can be used to

confine the exciting radiation to wavelengths fairly near the threshold

wavelength and thus reduce the absorption. Since it is by means of the

absorption that the crystals are excited, a practical balance must be
achieved between the intensity of the exciting radiation and the degree

to which the crystals are to be excited.

The two sets of data presented in Fig. 18-10 show the buildup of

radiance 1 of various cathode-ray-tube screens as a function of the number

1 Throughout this chapter, radiance is expressed in logarithmic units, the unit
employed being the '

' centibel
'

' (abbreviated cb ) . This unit is denned by the equation
100 logio (Pi/Pi) = A cb. The zero level of the centibel scale was arbitrarily set at
10-15 w X cm-1 X m/i-1 . For cathode-ray-tube screens having a wavelength dis-

tribution similar to that of FT screens (see Fig. 18-32) the conversion between radiance
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of repeated excitations by radiant energy. The upper set of curves

applies to measurements of radiance taken 1 sec after each application

of the excitation, whereas the

lower set of curves shows the

radiance 10 sec after each applica-

tion of excitation. The time

interval between excitations was

10 sec for both sets. For all the

data shown, the exciting irradi-

ance per excitation was held con-

stant. In the plots shown the

horizontal and vertical scales are

so proportioned that, if the radi-

ance increases in direct proportion

to the number of pulses applied,

the slope of the curve drawn
through the experimental points

will be unity. Thus the slopes

greater than 45°, which are parti-

cularly prominent in phosphor

2005 for the 10-sec observations,

indicate that four times as much

radiance is observed after the second pulse as is observed after the first

pulse.

Table 18-1.

—

Characteristics of Various Phosphors
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Fig. 18-10.—Buildup under excitation by
radiant energy of various relative levels.

Screen excited at 10-sec intervals, with

observations at 1 sec and 10 sec after each

excitation.

Code EX Weight,

mg/cm1
Composition

Description of

phosphor

21

22

02
04
05
06
P7

EX1921
EX1922
EX2002
EX2004
EX2005
EX2006

14.4

24.4

14.4

14.4

14.4

14.4

(85)ZnS:(15)CdS:Cu

(85)ZnS:(15)CdS:Cu

(100)ZnS:Ag
(77.5)ZnS:(22.5)CdS:Cu

(75)ZnS:(25)CdS:Cu

(93)ZnS:(7)CdS:Cu
(88)ZnS:(12)CdS:Cu

P7 yellow component

P7 yellow component

P7fiuor

Orange phosphor

Deep orange phosphor

Blue-green phosphor

P7 screen

The increase in radiance after approximately twenty excitations is

very small, but it is measurable for practically all phosphors up to fifty

expressed in centibels and luminance expressed in foot-lamberts or equivalent foot-

candles (B) is

B = 2.27 X 10-« X 10°b/10°.

For further details, see W. B. Nottingham, "Notes on Photometry, Colorimetry, and

an Explanation of the Centibel Scale," RL Report No. 804, Dec. 17, 1945.
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excitations. In some cases hundreds of excitations are required before

the observed radiance no longer increases.

The copper-activated zinc sulfide-cadmium sulfide phosphor with
25 per cent cadmium sulfide (EX2005 in Table 18-1) was studied in

some detail, to determine the influence of the intensity of the irradi-

ance on the buildup characteristic over a total range approximately 20
to 1. In order to establish the irradiance level used to excite this

screen, a freshly prepared magne-
sium oxide surface was substi-

tuted for the fluorescent screen,

and measurements were made of

the integral of all the photoelectric

current produced at the cathode

of a 931 multiplier phototube as a
result of its irradiation by the light

from the magnesium block. The
absolute intensity values associ-

ated with each curve have no par-

ticular significance, although the

differences indicated are an accu-

ratemeasure of the relative energies

associated with each excitation

represented. Figure 18-11 shows
the buildup of radiance in the

2005 screen as a function of the

number of excitations at the differ-

ent irradiation levels shown and
observed 1 sec after each excita-

tion. The time interval between
excitations is 10 sec. Measure-
ments of the buildup observed

10 sec after excitation are shown in Fig. 18-12. Again the scales are so

chosen that linear increases in radiance with pulse number show as a
slope angle of 45°. The words "superproportional" and "subpropor-
tional" are associated with slopes respectively above and below 45°.

At the lowest level of irradiance, shown in Fig. 18-11, superproportion-
ality continues up to five excitations. When the observations are made
10 sec after each excitation, superproportionality continues up to nine
excitations. In both cases, the higher the excitation level, the quicker
subproportionality sets in. Double-layer cathode-ray-tube screens that
are constructed according to procedures that give perfect separation of
the two layers of the phosphor are certain to exhibit characteristics
similar to those of Figs. 18- 11 and 18-12.
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Fig. 18-11.—Buildup under excitation by-

radiant energy of various relative levels.

Tube No. EX2005, Phosphor: (75)ZnS: (25)-
CdS:Cu, deep-orange emission. Screen ex-
cited at 10-sec intervals, with observations
1 sec after each excitation.
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18*5. Persistent Screens in Radar Displays.—For many types of

operation, particularly those in which long persistence is needed, screens

that are excited by radiant energy using the cascade principle have

advantages over those excited directly by electrons. The most satis-

factory long-persistence screens seem usually to exhibit at least some

superproportionality but this may be a related and not a causal phe-

nomenon. In any case the observational effects of superproportionality

are not well understood.

Although the cascade screen

has found its greatest usefulness

in intensity-modulated displays

requiring long persistence it was

originally applied as an aid in

detecting signals on an A-scope,

particularly in the presence of

man-made interference (jam-

ming). Many types of inter-

ference are met with but nearly

all are characterized by the fact

that the jamming signals are not

synchronized with the radar set

and therefore have no fixed pat-

tern on a display involving range.

The benefit derived from the per-

sistent screen is, therefore, due to

the fact that through its integrat-

ing or averaging properties it

assists the operator in distinguish-

ing a signal that appears at the

same position on each sweep.

Particularly in the presence of cer-

tain forms of strong pulsed inter-

ference the benefits derived are

extremely great.

The use of a cascade screen in an A-scope sometimes also results in

an enhancement of the signal-to-thermal-noise discernibility. If the

signals dealt with are very weak, the receiver gain must be set so high that

random displacements of the electron beam occur at all points along the

range sweep. If averaged over a long time, these fluctuations will, in the

absence of a signal, give rise to a continuous band of luminance on which

is superposed the bright flash of the electron beam as it sweeps across the

tube face. If a moderately strong signal is present, the average vertical

position of the band will be appreciably higher at the range of the signal
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Fig. 18-12.—Buildup under excitation by
radiant energy of various relative ' levels.

Tube No. EX2005, Phosphor: (75)ZnS: (25)-

CdS:Cu, deep-orange emission. Screen ex-

cited at 10-sec intervals, with observations

10 sec after each excitation.
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than at other points, a fact that is easy to recognize even without long-

time averaging. If, however, the signal is very weak, its principal effect

is an enhancement of the average luminance at the position of the signal.

As stated in Chap. 1, a practiced operator is able to perform visual and
mental averaging processes over periods of several seconds and thereby

detect very weak signals by virtue of this change in luminosity even when
using a short-persistence tube. It has been found, however, that in cer-

tain cases the ability to recognize such a weak signal is slightly enhanced
by the use of selected tubes having long-persistence cascade screens.

Only a small fraction of the cascade-screen cathode-ray tubes made
for use as A-scopes showed the enhancement of luminance at the

location of a weak signal to a sufficient degree to be particularly note-

worthy as a means of distinguishing between the signal and the noise

unless, shortly after the A-scope had been operating for a few seconds,

the electron beam were cut to zero and the observer made the evaluation

on the basis of phosphorescence only. Such tubes were described as

having a significant degree of "smoothing," and experiments indicated

that, for these, an improvement in signal-to-noise discrimination of about
3 db was likely and, indeed, a maximum improvement of 6 db has been
reported. The particular physical properties of the screen that exhibited

this improvement were never identified. The indications were that the

phenomenon of superproportionality was necessary but not sufficient to

insure success.

In the United States, in the development of the cascade screen, the

emphasis was placed upon its use in intensity-modulated displays, rather

than in A-scopes, since the detection of weak signals on the latter is

relatively unimportant in modern equipments. In intensity-modulated

displays, especially those associated with slow scanning rates, cascade

screens are superior to single-layer screens because of their reduced
initial flash and their increased luminance at relatively long times after

excitation. The assistance in detecting weak signals that can be derived

from the integrating properties has been discussed in Sec. 1-11. Direct

experiments have failed to show any benefits deriving directly from the

phenomenon of superproportionality, but this phenomenon is without

doubt intimately associated with those properties that do make this type
of screen superior. Operational and physiological investigations have
not been sufficiently well coordinated with the physical properties of the

cathode-ray-tube screens themselves to permit clear understanding of

the really significant features that should be developed to yield an
improvement in the performance of a specific radar indicator.

18«6. Some Electrical Properties of Screen Materials and Glass.

—

Cathode-ray-tube screen materials are generally very poor conductors

at the temperatures at which they normally operate. To deliver an
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electron current to the cathode-ray-tube screen, an exactly equal number
of other electrons must be removed from the screen, in order that it not

charge up negatively and finally stop the continued arrival of electrons.

The fact that the secondary electrons leave with a very much lower

average kinetic energy than that of the primary ones means that the

difference in energy is supplied to the screen material and must be

dissipated as radiant power or conducted away as heat.

High-energy electrons that strike crystals of the phosphor penetrate

a considerable number of interatomic distances before they have lost all of

their kinetic energy. If the electrons within the crystal are distributed as

shown in schematic form in Fig. 18-4a, the arrival of a high-speed electron

within the crystal can be expected to give rise to a large number of trans-

itions comparable with that shown in Fig. 18-46. Although the minimum
energy that is absorbed by one of the electrons in the normally filled band

is probably 2.5 to 3 ev, it is more probable that an energy of about 10 ev

will be absorbed and a great many electrons may absorb even as much
as 25 or 30 ev. Those with high energy which are excited within a few

atomic distances (10
-7 cm) of the surface are likely to escape from the

crystal into the evacuated space. For Pyrex glass, two or three electrons

are ejected from the surface of the glass 1 for each bombarding electron

that arrives with an energy of 400 ev. Although measurements have not

been made on zinc sulfide or cadmium sulfide crystals, it is almost certain

that at least four or five electrons are ejected from the crystal for each

electron that bombards the screen. On the average, only one of the four

or five electrons ejected reaches the anode coating used to collect the

secondary electrons.

All the electrons that are excited are considered to be secondary

electrons. Those that escape may be classified as external secondary

electrons and those that remain within the crystal are classified as internal

secondary electrons. For each internal secondary electron, there is a

hole in the normally occupied band which will diffuse through the crystal

until it is captured, as was explained in connection with Fig. 18-4c.

Prior to the capture of either the hole or the secondary electron, they

diffuse through the crystal with equal average velocities. Any tendency

for either the holes or the electrons to diffuse at different velocities is

counteracted by the electric forces of attraction that exist between them.

Penetration of High-energy Electrons.—Theoretical considerations

lead to the conclusion that the electron penetration into a solid substance

is proportional to the square of the kinetic energy of the bombarding

electron. For practical purposes, the kinetic energy may be taken to

be directly proportional to the difference in potential between the anode

1 C. W. Mueller, "Secondary Electron Emission of Pyrex Glass," Jour. App. Phys.,

16, 453 (1945).
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and the cathode of a cathode-ray tube. Leverenz 1 has computed the

proportionality constant that relates maximum range to the electron

energy. These constants of proportionality are Used in Table 18-2. The
maximum penetrations computed for 4000-volt electrons are shown in

Table 18-2.

—

Theoretical Penetration of 4000-volt Electrons for Various
Phosphors

Phosphor a sJoooi BUM

Zn,SiO« 25.0 X 10-« 400

BejSiO* 26.8 429

CaWO* 24.6 394

ZnS 28.3 452

CdS 32.4 519

ZnF, 22.8 365

KC1 46.5 744

* Theoretical maximum penetration distances x expressed in mp by formula: x ~ aV1 where V is

electron energy in ev.

Column 3. For zinc sulfide, the maximum penetration is thus competed

as 452 in.fi. If one considers the interatomic spacing found in most of

these crystals, it is evident that 4000-volt electrons penetrate approxi-

mately 1000 atom diameters. As a very rough approximation, it may
be assumed that the number of internal electrons produced per unit of

pathlength is more or less constant and independent of the primary

electron energy. This statement is based on the observed relationship

between the radiance produced in a phosphor and the electron energy.

In most cases studied, the radiance increases with the square of the volt-

age. There are some examples in which the "square law" is very

accurately the best representation of the experimental results. 2

Insulator and Screen Potentials.—For all cathode-ray-tubes, some
consideration must be given to the "sticking" or "limiting" potential

of all insulating surfaces that are likely to be bombarded by electrons.

In Fig. 18-13 the difference in potential between the phosphor and the

second anode is plotted as a function of the anode potential for a Zn2SiO«

phosphor. Above 6000 volts, a difference in potential between the screen

1 H. W. Leverenz, "Problems Concerning the Production of Cathode-ray-tube

Screens," J.O.S.A., 27, 25 (1937); and H. W. Leverenz, "Final Report on Research

and Development Leading to New and Improved Radar Indicators," NDRC 14-498,

p. 128, June 30, 1945.
2 W. B. Nottingham, "Electrical and Luminescent Properties of Willemite under

Electron Bombardment," Jour. App. Phys., 8, 762 (1937).

W. B. Nottingham, "Electrical and Luminescent Properties of Phosphors under
Electron Bombardment," Jour. App. Phys., 10, 73 (1939).

S. T. Martin andL. B. Headrick, "Light Output and Secondary Emission Charac-

teristics of Luminescent Materials," Jour. App. Phys., 10, 116 (1939).
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and the anode develops and continues to rise in such a way as to indicate

that the screen potential is not changing, even though the anode potential

continues to increase. This behavior arises from the fact that for the

particular phosphor studied 6400-volt electrons produce on the average

just one external secondary electron for each primary electron.

The maximum potential at which at least one external secondary is

produced per primary electron is dependent both upon the phosphor
material itself and upon the condition of its surface. It is possible to

influence the secondary emission by covering the surface with a very thin

layer of electropositive material, such as barium "getter," and in that

way to increase the sticking potential. Calcium tungstate (CaWOO
has the lowest sticking potential (4000 volts) of all phosphors that have
been investigated quantitatively. The sticking potential of clean

«9 Second-anode potential in volts

1,000 2,000 3,000 4,000 5,000 6,000 7,000 8,000

V I 9 I 9 ? V-nOI2«

|Ji,ooo

112,000

Fig. 18-13.—Screen-to-anode potential as a function of the second-anode potential. Wille-
mite ZnSiO«:Mn. [Courtesy of J. Appl. Phys., 8, 762 (1937).]

willemite (Zn^iOO is approximately 6500 volts. Although Martin and
Headrick 1 have reported zinc sulfide sticking potentials as low as 7 kv,

no examples of sticking potentials below 10 kv were observed at the

Radiation Laboratory. The sticking potential can be determined by
investigation of the dependence of the luminescence on anode voltage or

by an examination of the raster distortion or lack of raster compression

that is associated with the maintenance of constant sweep fields and the

increase in the anode voltage. Both methods, although indirect and not

very accurate, seem to be sufficient for the discovery of any major

difficulty that may arise from an insufficiency in the yield of external

secondary electrons.

Mueller's2 measurements of the secondary emission from Pyrex glass

show that its potential must be close to 2500 volts. The sticking poten-

tials for most glass surfaces likely to be used in cathode-ray tubes will

probably not exceed 3 or 4 kv. In some cathode-ray tubes a consider-

able length of uncoated glass is permitted between the anode coating

1 S. T. Martin and L. B. Headrick, op. cit.

* C. W. Mueller, op. cit.
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Fig. 18-14.—Buildup under repeated elec-

tron excitation. Screen excited at 10-sec
intervals, with observation 1 sec after ex-
citation. Q = 20 m/*c/cm* per raster. See
Table 18-1 for screen compositions.

nearest the face plate and the screen itself. If the magnitude of the

electron sweep is sufficient to drive the electron beam out to the glass

wall, then it would seem that there would be a tendency for this surface

to become very negative with respect to the anode. The fact that no
trouble from this source has ever been reported probably depends upon
two factors. The first consideration is that the quoted sticking poten-

tials apply to glass bombardment
with normal incidence, and the

secondary-emission yield resulting

from bombardment with grazing

incidence is higher than that ob-

tained with normal incidence.

This effect would go far to mini-

mize the likelihood of finding the

glass wall some thousands of volts

more negative than the anode

when high-voltage operation is

attempted. The second factor is

the influence of the surface and volume conductivity of the glass, in the

sense that if the number of electrons that strike the glass per unit area is

small, the actual surface and volume conductivity may play a useful part

in the discharge of the uncoated area. There is also a possibility that

enough sulfide sticks to the uncoated glass to alter its secondary emission.

18-7. Single -layer Sulfide

Screen Excited by Electrons.—
Extensive studies have been made
of the luminescent and phospho-

rescent properties of single-layer

zinc sulfide and zinc sulfide-

cadmium sulfide screens during

and after excitation by electrons.

Figures 18-14 and 18-15 illustrate

the buildup of phosphorescence

that results from repeated appli-

cations of raster excitation 1 on six

different single-layer screens.
The curves of Figs. 18-14 and

18-15 for electron excitation are very similar in character to those

shown in Fig. 18-10 for excitation by light and apply to the same
phosphors. Although there are small differences between the results

1 The charge density per unit area per raster or per excitation is the determining
factor that governs the excitation if the time at which the observation of phosphores-
cence is made is long compared with the time used to excite the screen
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Fiq. 18-15.—Buildup under repeated elec-

tron excitation. Screen excited at 10-sec
intervals with observations 10 sec after each
excitation. Q = 20 m/uc/cm* per raster.

See Table 18-1 for screen compositions.
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obtained on the different phosphors, all the former curves are uniformly

less steep than those of Fig. 18*10. Before the physical explanation for

these properties is discussed, it would be well to examine the decay that

follows electron excitation.

Phosphorescent Decay.—Figures 18-16 to 18-21, inclusive, show the

change in phosphorescence as a function of the time following the last of

a series of either electronic or radiant excitations. Observations apply
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Fig. 18-16.—Phosphorescent decay after radiant—or electronic—excitation. Yellow
component of P7 screen (85)ZnS: (15)CdS:Cu. Screen thickness 14.4 mg/cm1

. Timet
in seconds.

to phosphorescence following 1, 11, or 50 excitations. The time of

observation extends from 1 to 20 sec. In the first five figures, the data

for electronic excitation are shown as solid lines, and the dashed lines

show the results following excitation by radiant energy. The coordinate

scales are so chosen that the slope of the curve at any time is the exponent

S of the inverse time decay law that may be used to represent any small

segment of the actual decay curve.

Decay Laws.—The first type of decay is generally known as " mono-

molecular" decay and is associated with conditions in which the number

of transitions that take place per unit of time is directly proportional to
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the number of active particles. Thus if n is the number of electrons in

a conduction level,

dn = — an.

The further assumption is made that the phosphorescence observed at
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Fig. 18-17.—Phosphorescent decay after radiant—or electronic—excitation. Yellow
component of P7 screen (85)ZnS: (15)CdS:Cu. Screen thickness 24.4 mg/cm*. Timet
in seconds.

any particular time is directly proportional to the time rate of change of

electron population in the conduction band:

P = -c—

•

r C
dt

(2)

The method of plotting experimental data is that in which a number
proportional to the logarithm of the phosphorescence P, which may be
denoted as (cb)j», is plotted as a function of the logarithm of the time. It

follows from Eq. (2) that the slope of such a logarithmic curve is given

by Eq. (3) or simply by Eq. (4).

rf(log 10 P) _ d(logio n) _ £dn
n dtd(logio t)

ci(logio P)

d(logio t)

d(logi

= -at.

(3)

(0
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The reciprocal of a is defined by Eq. (5) as t.

i-i

3ec. 18-7

(5)

The tangent to the curve plotted as described would have a slope of — 1

at the time t.
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Fig. 18-18.—Phosphorescent decay after radiant— or electronic—excitation. Phosphor
composition (77.5)ZnS : (22.5)CdS : Cu. Screen thickness 14.4 mg/cm J

. Time t in seconds.

The average lifetime in the excited state is equal to t. It may be seen

from the equation

(cb), = (cb)o- 43.43=,
v

(6)

that if, instead of plotting (cb)p as a function of log t, (cb)p were plotted

as a function of the time, then a phosphor that decays according to the

monomolecular law would have a characteristic decay curve that is a

straight line of the slope — 43.43/J. The average value for t for any part

of such a curve can be obtained by drawing the best straight line through

the experimental points and determining the increment of time required

for a change in the value of (cb)p of 43.43 cb.
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The second law of decay, commonly found in reactions that involve

the recombination of separated entities, is known as the bimolecular law.

It is evident that if there are no more electron holes at the lower elec-

tronic levels than there are electrons in the conduction level, the prob-

ability of an electron's finding a hole will be directly proportional to the

number of electrons that are in the conduction level. It follows that
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Fig. 18-19.—Phosphorescent decay after radiant—or electronic—excitation. Phosphor
composition (75)ZnS:(25)CdS:Cu. Screen thickness 14.4 mg/cm*. Time t in seconds.

the time rate of change of electrons in the conduction level should be
proportional to the square of the number of electrons there:

dn a 2

Tt - -^ •

The solution of this equation is

no

1 + nofit

(7)

(8)

in which n represents the number of electrons in the conduction band
at the time t = 0. Again, if the phosphorescence is proportional to the
time rate of change of electrons in the conduction band, Eq. (9) shows
the expected variation with the time.

P = c/3

(1 + no/3*)
2 (9)
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If the logarithm of the phosphorescence is plotted as a function of the

logarithm of the time, it is evident that the slope of such a curve will
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Fia. 18-20.—Phosphorescent decay after radiant— or electronic-excitation. Phos-

phor composition (93)ZnS: (7)CdS:Cu. Screen thickness 14.4 mg/cm*. Time t in

seconds.

not be constant, but will start out at zero, just as was the case for the

exponential decay:
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d(logio
= -2

n B

(10)

Again there is a time h at which the slope of the curve is unity:

WojS
(ID

The time t\ is dependent not only on the proportionality factor, B, but

also on the extent to which the excitation has taken place, that is, on the

value of no.

It is also evident from Eq. (10) that for times large compared with ti,
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the slope of the curve approaches but does not exceed —2. The equa-

tion relating (cb)p and time is /

(cb), = (cb) - 200 logw<*> (12)

The observed decay in phosphorescence for the sulfide is not well

represented by either of the preceding two reaction formulas. None of
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0.2 0.4 0.6 0.8 1.0 1.2

Fig. 18-21.—Phosphorescent decay after electronic excitation. Phosphor composition
(ZnS:Ag). Screen thickness 14.4 mg/cm*. Time t in seconds.

the curves shown has an absolute value of slope as great as 2 and most of

them have slopes that range between about 0.7 and 1.4.

The fact that the observed decay characteristics differ so radically

from those expected on the basis of either of the two decay laws indicates

that the concentration of electrons in the conduction levels continues to

be replenished by the feeding of electrons up from the traps into the con-

duction level. The problem may be approached from either of two points

of view. One might start with the observed phosphorescence as a
function of the time and try to work back to find the corresponding

concentration of electrons in the conduction level, and then analyze the

distribution in trapping levels and the corresponding transition probabil-

ity that would yield the required conduction-level concentration. The
second approach might be to make a direct study of the distribution of
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trapping levels by observing the stimulated phosphorescence obtained

under the influence of infrared irradiation when the phosphor is held at

a very low temperature.

Deexcitation of Screens.—
Almost all the experimental ob-

servations reported in this chapter

have followed the complete de-

excitation of the phosphor since

experience shows this to be the

surest way of obtaining repro-

ducible results. The phosphor

was deactivated by irradiating it

with a strong beam of radiant

power obtained from an incandes-

cent lamp and passed through a

filter that absorbed all the radiant

power confined to the wave
lengths shorter than 590 m/x.

The length of time required to

deactivate a screen in this way is

approximately one minute.

Following such deactivation, the

phosphorescence observed subsequent to a definite excitation is always

accurately reproducible. The curves of Figs. 18-22 and 18-23 illustrate

how the screen properties change with time of excitation. In Fig. 18-22,

there are seven curves showing the

decay in phosphorescence for the

period of time from 2.5 to 30 sec,

following excitation lasting from

0.25 min to 16 min. The lumi-

nance observed at 30 sec after 16

min of excitation is 83 cb higher

than that observed at 30 sec after

0.25 min of excitation. The slope

of the decay curve changes from

0.95 for the short excitation to

0.50 for the long excitation. It

follows from these observations

that wide differences in the appar-

ent properties of the screen will

be observed if the extent of excitation is not accurately known.

If the screen is thoroughly deactivated by means of red light before

the application of the continuous raster, the results obtained will be

Fig. 18-22.—Phosphorescent decay after

raster excitation at (cb)/ = 500 for times
shown. Time t in seconds.
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Fig. 18-23.—Change in phosphorescent

levels after varying periods of raster exci-

tation at 500 cb, observed at times indicated.
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reproducible but dependent upon the exact time that the continuous

raster is allowed to play upon the surface of the phosphor. For the data

shown in Fig. 18-22, the luminance level during the excitation period was
constant at 500 cb for all the curves. These data are plotted in a different

way in Fig. 18-23, in which the abscissa is the logarithm of the time of

excitation. It will be noted that the rise in all curves is more or less

uniform with the logarithm of the time of excitation up to about 2 min,

after which the rise is less rapid. Even up to 16 min, the observed

550

1.0

LQg
10

'

Fig. 18-24.—Phosphorescent decay after 5 min of raster excitation at cb/ levels shown.
Time t in seconds.

phosphorescence level at any specified time is still increasing with the

time of excitation.

The curves shown in Fig. 18-24 are of interest because they illustrate

the unexpected fact that the luminance 5 min after excitation to the very

high initial luminescence of 800 cb is less than that obtained when the

initial level of luminescence is only 600 cb or a factor of 100 less than in

the previous case. All the curves shown there follow an excitation period

of 5 min during which 18,000 rasters were applied to the phosphor.

Four General Conclusions.—Four general conclusions that may be

drawn from an inspection of Figs. 18-16 to 18-21 maybe listed as follows.

1. Slopes of all curves decrease as the number of the excitations used

is increased.

2. For repeated electronic excitation, the slope of the decay curve

may decrease to 50 per cent of its single excitation value, whereas,

for radiant excitation, it seldom falls to less than 75 per cent.
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3. The slopes of curves following extended electronic excitation

gradually approach those for radiant excitation if the levels of

radiance are comparable.

4. Many of the observed slopes over the entire range over which

they have been investigated are less than 1. It is necessary to

conclude that outside the range of observation the slopes will ulti-

mately exceed 1 since, if this were not true, the integral of all the

power radiated would not remain finite.

There is nothing fundamentally different about electronic excitation

compared with excitation by radiant power except for the excitation

density. The absorption coefficient for electrons is so much greater than

that for radiant power that at 4 or 6 kv practically all the excitation is

confined to a depth of 600 to 1000

lOOO fc-^k—

I

1 1 1 1
1 mju. Since the average thickness

of the usual single-layer sulfide

screen is between 20 and 30 n, all

the excitation that yields light to

the observer is contained in a very

thin shell on the phosphor surface

which is probably not more than

5 per cent of the entire volume of

crystalline material. For the ex-

periments described here, the

transmissivity of the screen as a

whole was so great that it is

reasonable to consider that the

irradiation excited the entire

volume of the screen to a sufficient

level to have a comparable radi-

ance when one considers a com-

parison between theelectronic and

the radiant excitation shown. Thus the volume density of excitation for

electron bombardment was probably 20 to 50 times as great as that

encountered for the radiant excitation.

Short-time Decay ofPhosphorescence.—The data available on the decay

characteristic of sulfide phosphors less than 1 sec after excitation are

very incomplete. The curves shown in Fig. 18-25 are typical of those

that are available. These curves show the decay of phosphorescence

following excitation under electron bombardment with a voltage of 6 kv

and an approximate current density of 4 ma/cm2
. The three curves

show the decay in phosphorescence following excitation for three different

lengths of time—30, 50, and 200 jusec. In each case, a single pulse of

| 600

I
8 500
£

400

300

^^
N^V

*iVs

s
s

\^̂
-6 -5 -4 -3 -2 -1

Fig. 18-25.—Phosphorescent decay fol-

lowing single pulse excitation and current

density of j =4 ma/cm2
. Time t in seconds.

Excitation period 30 /usee — ; 50 /tsec ;

200 /*sec . Screen type: (88)ZnS: (12)-

CdS:Cu.
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electrons at the specified current density and voltage was used to excite

a fully deexcited screen. The logarithm of the time of observation after

the termination of the excitation period is shown as the abscissa, and the

ordinate is the radiance expressed in centibels. 1

Much of the theoretical significance of the curves of Fig. 18-25 is

lost because of the fact that the pulse length used to excite the screen

was far too long. The observed variation in radiance covered a range of

4,000,000-fold in value and it is very likely that the actual variation for

a particular crystal was no less than 10,000,000- and probably no greater

than 50,000,000-fold. All curves show a slope that is less than 1.0,

out to 10 msec, and greater than 1.0 beyond this time. To show the

radiance per unit of charge, relative to the solid line, the dotted curve

should be displaced upward 82 cb and the dashed curve 40 cb. Such a
displacement would put the dotted curve above the solid line throughout
the entire range of observation whereas the dashed line would be higher

at some points than the dotted line and at other points would be lower

than the solid line. The accuracy of the measurements was such that

the width of the line used to represent the results in Fig. 18-25 is greater

than the uncertainty of the values obtained. The small variations are

not an indication of experimental error, but are probably determined by
the statistical distribution in depths of the trapping levels.

Short-time Luminescence.—Additional complexities concerning the

excitation of phosphors are illustrated in Fig. 18-26, which shows six

conditions of excitation involving the bombardment of a phosphor by a
given number of electrons. These electrons were first distributed over

such a large area that the average current density was 1.0 ma/cm2
, later

distributed over a smaller area to give a density of 4 ma/cm2
, and finally

concentrated into such a sharply focused beam that the density was 30
ma/cm2

. Pulse lengths of 50 and 200 /isec were used. The lumines-

cence increases more rapidly for the high current density than it does

for the low current density. At the end of 50 /xsec the total luminescence
produced by the electrons delivered at a low current density is higher

1 In order to make intercomparison of observed data as valid as it can be under the
circumstances, corrections have been made, whenever possible, to indicate the results

that would have been obtained from a 50 cm* raster or excited area even though the
actual area used may have been much less.

For pulse excitation, the number of pulses in a group is given by N; the length
of each current pulse is expressed in microseconds as L, and the current density in

milliamperes per square centimeter is j. The product N L • j — Q and the unit is

millimicrocoulombs per square centimeter. With excitation by a raster of over-
lapping lines the value of Q is given in the same units as above by Q = (iT)/A where
i is the electron beam current in microamperes; T is the time required to apply the
raster in milliseconds (16.7 msec for <V sec); and A is the raster area in square
centimeters.
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than that produced with a higher current density. There is very little

increase in luminescence for the ensuing 150 /*sec, in the case of the high-

est current density studied; whereas for the curve, j = 1, the lumines-

cence is still increasing very noticeably at 200 jusec. A very short

time decay after either the 50- or the 200-/xsec excitation with j = 30 is

independent of the time of excitation between these limits. Data not

shown here, however, indicate that after a long period of observation of

the phosphorescence the 200-/xsec excitation is measurably higher in

radiance level than is the 50-Msec excitation. The curves for j = 4

ma/cm2 are also very similar although not identical, and represent the

phosphorescent decay curves already shown in Fig. 18-25.
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18-26.—Time curves of luminescence and phosphorescence for pulse lengths of 50 and
200 /«sec. Three current densities shown. Phosphor: (88)ZnS: (12)CdS:Cu.

The inverse relations between the curves over the first 20 jusec is an

exhibition of the phenomenon of superproportionality; whereas, at 25

Msec, the superproportionality is followed by subproportionality or sat-

uration. The curves of both Figs. 18-25 and 18-26 serve to illustrate the

extreme complexity of the detailed behavior of both the rise in lumines-

cence and the fall in phosphorescence, during and subsequent to electron

excitation.

If the integral of the power radiated during the first tenth of a second

is very high, then the screen is said to exhibit high "flash." There are

two approaches to the problem of flash reduction. One solution involves

the use of a cascade screen that functions first to convert the electronic

excitation to radiant power that in turn excites the layer next to the glass

to emit radiant power largely confined to wavelengths associated with

yellow or orange light. A filter may be used to absorb the blue light

transmitted through the "glass" layer. The second method used for

the reduction of flash depends upon the development of single-layer

phosphors that have very nearly exponential decay characteristics of

moderately long duration.
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18*8. Properties of Other Single-layer Light-emitting Screens.—Two
classes of phosphors known as the "silicates" and the "fluorides" were
investigated to some extent. The most commonly used silicate is known
as "willemite" or "zinc silicate" (Zn2Si04 :Mn). Willemite has an
approximately exponential type of decay with a time constant of approxi-

mately 14 msec. If the decay in

phosphorescence were accurately

represented by the exponential

law, then a plot of (cb)p as a func-

tion of the time would yield a

straight line of constant slope.

Actually the line is slightly convex

downward and over different

small segments of the curves the

characteristic time t varies between

8 and 16 msec.

Time Constants for Silicates

and Fluorides.—Magnesium sili-

cate (MgSi08:Mn) and cadmium
silicate (CdSi0 3:Mn) have also

been found to yield quasi-expo-

nential decay of phosphorescence,

phors are shown in Fig. 18-27.
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Fig. 18-27.—Phosphorescence of two silicates

as a function of time.

Typical results for these two phos-
An analysis of the curves gives a value

for i for the MgSi03 of approximately 80 msec; and for CdSi0 8 , t varies

from 25 to 35 msec, as the time at which the slope is measured is increased.

The investigation of the fluorides, namely, zinc fluoride (ZnF2 :Mn)

7nn ,

and zinc magnesium fluoride
8
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X̂^ -(90)ZnF2 :(1(

50)7pP- •'

))MgF2 :Mn

5Q) Mot- Mr.
.. z . 51 J

ZnF2 :Mn -^S •^

(ZnF2:MgF2 :Mn), shows that the

decay of phosphorescence follow-

ing electronic excitation of these

phosphors is also essentially ex-

ponential. Some typical results

are illustrated in Fig. 18-28. The
three curves shown are for differ-

ent proportions of MgF2 and ZnF».

The proportions of ZnF2 are 100,

90, and 50 per cent. It is evident

that there is a small tendency
toward higher time constants as the proportion of magnesium fluoride is

increased. The total range of time constants is approximately 80 to 1000
msec.

The phosphorescent characteristics of the fluorides are subject to
alteration as a result of electron bombardment. The changes are

Fig.

0.1 02 0.3 0.4 0.5 0.6 0.7 0.8

Time in seconds

18-28.—Phosphorescence of three fluo-
rides as a function of time.
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illustrated by Figs. 18-29 and 18-30. The abscissa scales of these figures

and also of Fig. 18-31 represent the logarithm of the total quantity of

charge used to bombard the screen in life-test experiments. Since the

charge put into the screen by the application of a single raster was 20

a
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1 \
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Fig. 18-29.—Change in radiance levels

of ZnF2:Mn phosphor following excitations

repeated at the rate of 60 per second with
charge density per excitation of 20 mjuc/cm 2

.

Total g in microcoulombs per square centi-

meter.

100

^ Peak^

cb at 0.1 sec \*\
|

\ \
cb at 0.5 sec—

^

A

2.5 4

Fig. 18-30.—Change in radiance levels of

(50)ZngFs:(50)MgFs:Mn phosphor follow-

ing excitations repeated at a rate of 60 per
second, with charge density per excitation of

20 m/ic/cm 2
. Total q in microcoulombs per

square centimeter.

millimicrocoulombs (m^c) per square centimeter per raster, and the total

extent of the aging summed to 0.2 coulomb per cm2
, it is evident that

the aging shown is the equivalent of the application of ten million rasters.

The bombarding and measuring voltage was 4 kv. The luminescence

observed at the termination of an excitation is identified as the "peak"
value, and the phosphorescence

observed at the end of 0.1 sec and

0.5 sec is so indicated. In all

cases, the phosphorescence de-

creased in consequence of the

aging, and the amount of this

decrease (A cb) is shown as the

ordinate in Figs. 18-29 and 18-30.

Figure 18-29 applies to a typical

zinc fluoride (ZnF2 :Mn), and Fig.

18-30 corresponds to a zinc

fluoride-magnesium fluoride [(50)-

ZnF2 :(50)MgF2 :Mn)]. The spreading of the curves of Figs. 18-29 and
18-30 is a direct indication that the exponential time constant has

decreased. The extent of this decrease in the time constant is illustrated

in the two curves of Fig. 18-31, in which the time constants in milliseconds

that apply from 0.1 to 0.3 sec are plotted as the ordinates.

2 3 4 5
Log

10 «

Fig. 18-31.—Time constants for phos-
phorescent decay (exponential) for two
phosphors shown as a function of total charge

q (fic/cm 2
) applied at a rate of 60 excitations

per second at 20 mjic/cms per raster.
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The fact that the changes in the properties of ZnF2 are noticeably

greater than the changes for the ZnF2MgF2 phosphor is a point in favor

of the latter, and in addition its longer time constant is also an advantage
for some purposes. This phosphor has been used for a small lot of pro-

duction tubes and has received the RMA designation P12. An explana-

tion of the phenomenon of phosphor aging under electron bambardment
has not been discovered.

18-9. Properties of Double-layer Sulfide Screens.—The principal

distinguishing feature of the double-layer or cascade cathode-ray-tube

screen is well indicated by its name. The word "cascade" in this partic-

ular application indicates that the electrons bombard the "electron

layer" to excite it to a high level of radiance, and that the radiant power
emitted by this layer is absorbed to a considerable extent in the neigh-

boring layer (often identified as the "glass layer"), which becomes
excited throughout its volume and reemits radiant power in the form of

a time-delayed phosphorescence. Although the time of excitation in

certain extreme cases may be as short as 1 jusec, the time interval over
which the luminance may be observed may extend to some tens of

seconds. It is not absolutely necessary to use a cascade screen to get this

extension in time of observation, but experience shows that if luminance
is required 10 sec after the excitation has taken place, it can be obtained

with less high-intensity flash with the cascade screen than with the single-

layer screen.

In order to construct a screen of the cascade type, a glass blank is

prepared by suitable cleaning processes for the deposition of the "glass

layer," which is usually a zinc sulfide-cadmium sulfide phosphor, cop-

per-activated. The most common method of applying this layer is by
gravitational settling from a water suspension of suitably prepared
crystals. The weight of material deposited generally falls within the
limits of 8 to 15 mg/cm2

. There are other methods of applying the

phosphor layer to the cathode-ray-tube blank, and there are many
technical details that influence to some extent the efficiency and other

properties of the phosphor screens. It is beyond the scope of this pre-

sentation to discuss them. It has already been indicated that if the glass

layer is excited only by the absorption of radiant energy, then its buildup

properties are enhanced to the highest extent, and, associated with this

condition, the luminance produced by a single excitation is low. It is

possible to guarantee that almost no excitation of the glass layer is pro-

duced by the direct electron bombardment by the introduction of an
optically transparent "barrier layer" that is sufficiently thick to absorb

any electrons that might possibly have found their way between the

individual crystals of the electron layer. Although many experimental

tubes have been produced with a barrier layer to separate the electron
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layer from the glass layer, it is not considered necessary in order to meet

the normal specifications associated with the P7 screen type.

Luminance Characteristics of P7 Components.—After the glass layer

has been applied, an electron layer of comparable thickness is applied to

the cathode-ray-tube face plate. Zinc sulfide activated with silver is

generally used for the electron layer because this phosphor is very

efficient in terms of the radiant power that it emits within the wave-

length band that gives rise to excitation in the glass-layer phosphor.

The relative spectral power distribution associated with the radiant

emittance of the usual electron layer is shown in Fig. 18-32, along with

the relative power distribution

associated with the radiance of a

typical glass-layer phosphor.

The electron layer just de-

scribed is often known as the "blue

screen" and sometimes as the

"blue fluor." A color analysis of

the spectral power distribution

shown in Fig. 18-32 shows that

the dominant wavelength 1 is 451

Tan and that the excitation purity

is 98.4 per cent, when referred to

the equal-energy source as the achromatic spectrum. Computation

shows that the glass-layer spectral power distribution of Fig. 18-32

yields a dominant wavelength of 563.2 mp and an excitation purity

of 76.3 per cent. This component of the cascade screen is often called

the "yellow layer" since it is both yellow in color and yellow in its radiant

emittance. For many applications, the P7 screen is viewed through a

filter that absorbs practically all the blue and blue-green light. The

transmission characteristic of this filter is very close to that of the

Wratten filter No. 15, which has a negligible transmission for wave-

lengths shorter than 500 m/x and is very transparent for wavelengths

longer than 550 m^. With this filter in place, almost all the blue light

that is not absorbed in the glass-layer phosphor is absorbed in the filter.

Therefore, the high-intensity flash associated with the electron bombard-

ment of the electron layer is practically eliminated. An analysis of the

1 W. B. Nottingham, "Notes on Photometry, Colorimetry, and an Explanation of

the Centibel Scale," RL Report No. 804, Dec. 17, 1945. The dominant wavelength

is obtained by the drawing of a straight line on a chromaticity diagram (Fig. 18-47)

from an achromatic point such as E through the sample point such as G to intersect

the spectrum locus. The dominant wavelength may be read off the wavelength scale

indicated along the spectrum locus. The excitation purity measures the fractional

distance from the achromatic point to the sample point with the total distance to the

boundary of the domain of realizable colors taken as unit distance,

500 550 600

Wavelength in mju

Fig. 18-32.—Relative spectral power dis-

tributions of radiance from yellow and blue

phosphors of P7 screen.
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spectral power distribution associated with the radiance as viewed
through the filter yields a new dominant wavelength of 571.2 m/x and a
purity of 99.8 per cent.

Liminal Contrast Determined by Luminance Level and Object Size.—
Cathode-ray-tube screens to be used in intensity-modulated indicators

must be evaluated with respect to two important properties, (1) signal

recognizability and (2) signal resolution. Both these properties depend
on physical and electrical properties of the radar system, and also upon
the characteristics of the cathode-ray-tube screen itself. In addition

to the physical factors that must
be considered, there are also the

physiological and the psychologi-

cal limitations of the observer.

Figure 18-33 presents important

physiological data obtained by an
NDRC project operated as

the "Tiffany Foundation." 1 The
curves of Fig. 18-33 show
the liminal contrast required for

the observer to see various-sized

objects as a function of the adap-

tion level of the observer ex-

pressed in foot-lamberts. The liminal observational conditions are such
that the observer is 50 per cent certain of seeing the object that subtends
the angle indicated in minutes of arc.

Although these data do not bear directly on cathode-ray-tube screens

as such, they do yield quantitative information that is of very great

importance for the designer of cathocfce-ray tubes and cathode-ray-tube

equipment. For most applications of the cascade screen, the adaption
level is between 10-4 and 10~2 foot-lamberts. Small target patterns of

interest, as observed from the normal distance of approximately 30 cm,
subtend angles of about 20 min. Therefore the curve designated 18.2'

is of most interest. The adaption level of the observer is determined
partly by the light present in the observation room and partly by the

light given off by the cathode-ray tube. In the PPI display, the lumi-

nance of the cathode-ray tube is not constant but is likely to vary con-

siderably, depending on the nature of the pattern of radar echoes being

displayed. If the number of echoes present is negligible, then under
normal operating conditions the observer sees a faint luminance over the

entire face of the tube, and a rotating "spoke" of luminance that indicates

the position of the range sweep. The luminance produced by this spoke
is largely due to signals created by receiver noise and such other disturb-

» OSRD, Report No. 6401, Fig. 37.

-6 -5 -4 -3 -2 -1
Log

jo
adaption luminance

Fig. 18-33.—Liminal contrasts (50 per
cent certainty) for surfaces, with subtending
angles shown, for observers adapted to
luminance levels indicated. Adaptation lu-
minance in foot-lamberts. (Reprinted from
OSRD Report 6401, Tiffany Foundation.)
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ances as may be present. The screen surface therefore exhibits a very

nonuniform appearance because of the statistical nature of the excitation

that it is receiving. If the screen excitation were perfectly uniform, and

equal to that of the adaption level of the observer, then an increase in

luminance of 10 per cent would be required for an observer to be more

than 50 per cent certain that the signal from a radar echo were present.

The problem in practice is not so simple as this because of the random

nature of the noise (see Sec. 1-11).

Signal resolution also depends upon all these factors. Although the

curves shown in Fig. 18*33 cannot be said to be directly applicable to a

quantitative analysis of the physiological and psychological problems of

resolution, it is easy to see from these curves that the lower the level of

luminance and the lower the level of retinal adaption, the poorer the

resolution sensibility of the observer.

Certain radar applications have no dearth of signal strength but do

depend upon the ability of the system to display small differences in

signal strength. Again, the cathode-ray-tube screen plays a very impor-

tant part in the determination of the ultimate resolution capability of a

system. Uniformity of screen response is an obvious and very important

requirement. The data shown in the curves of Fig. 18-33 apply to regions

that have such sharp boundaries that any further increase in contrast

gradient cannot be detected by the observer.

Contrast Gradient.—It is well known that if two regions differ in

luminance it will be difficult or impossible for an observer to recognize

this difference unless the luminance gradient or contrast gradient is

sufficiently great. Best results are obtained with sharp boundary lines.

It is easily demonstrated qualitatively, and experience with television

displays indicates, that picture quality depends more on contrast gradient

up to a certain limit than it does on contrast itself. Cathode-ray tubes

that are viewed directly by the observer, and not indirectly by means of

an optical system, are subject to reduction in contrast gradient by the

scattering of light within the screen material. The normal P7 screen is

probably one of the coarsest screens used commonly in cathode-ray-tube

displays. The gross thickness of this screen may range from 50 to 150 /*•

With moderately high accelerating voltages, useful electron beams may
be focused so sharply that the screen material and structure are limiting

factors in the control of resolution and contrast gradient. It is therefore

to be expected that for applications where the signal strength is always

adequate some sacrifice in luminous efficiency would be justified if, in

return, a better screen were produced from the point of view of uniformity

and reduction in internal scattering of light so as to increase resolution.

Short-time Luminescence of F7 Screens.—The rise in luminescence

under pulse excitation is illustrated in Fig. 18-34 in which the curves
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Fia. 18-34.—Time variation of radiance
from P7 screen, excited by 200-jusec square-
wave pulse at two current densities indicated.
(Dashed curve is for single-layer screen,
from Fig. 18-26).

correspond to the excitation of a P7 screen with a single 200-jusec pulse

applied at a charge density of 2 ma/cm2 for the solid curve and 11 ma/cm 2

for the dashed curve. The marked difference in shape of these curves

when they are compared with those of Fig. 18-26 is demonstrated by the

replotting of one of the curves

from Fig. 18-26 on the graph of

Fig. 18-34. This curve is shown
dashed. Three points may be
noted. (1) the initial luminance

seems to rise very fast; (2) it is

followed by a very much slower

increase in luminance with some-
what less tendency for the P7
screen, compared with the yellow

sulfide, to "saturate" when bom-
barded by electrons; and (3) the

decay in phosphorescence immediately following the period of excitation
is distinctly slower for the P7 than for the single-layer screen. For the
two P7 curves shown, the total amount of current used was the same, but
the area excited was 5£ times larger fo the 2 ma/cm2 curve as compared
with the other. Over the first few microseconds of excitation, super-

proportionality is very evident,

whereas over the greater portion

of the illustrated curves the

luminance (per unit area) is sub-

proportionally related to the

current density.

Short-time Phosphorescence of

PI Screens.—In Fig. 18-35 the

centibel value of the phosphores-

cence is plotted as a function of

the time following the termina-

tion of the excitation period of 2

Msec.

Equation 10 may be rewritten

to make it more applicable to Fig.

18-35.
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Fig. 18-35.—Short-time decay of phos-
phorescence following 2-jusec pulse excitation
at current densities shown. Curves com-
puted by Eq. (14) with h = 3.6 ixsec and
2.1 /usee.

Slope = d(nP)

dt t + h (13)

Although Eq. (13) shows that the magnitude of the slope can be expected
to decrease with the time, the observed decrease in slope is more rapid
than that computed by this equation. It has already been stated that
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the slope of the long-time decay characteristic is much nearer to 1.0 than

it is to 2.0 and, therefore, it is worth while to see whether or not a modi-

fied form of Eq. (12) might come nearer to fitting the observed data of

Fig. 18-35. The equation chosen is the following:

(cb)p = (cb)o- lOOlogio(*> (14)

Values of ti have been chosen as 3.6 /xsec and 2.1 /zsec for the two

curves of Fig. 18-35. The experimental points are shown as the dots

Fia. 18-36.—Phosphorescent decay of typical P7 screen following 12.5-fisec pulse excitation

with three current densities shown. Time t in seconds.

and circles for the two current densities of 2 ma/cm 2 and 11 ma/cm2
,

respectively, and the lines shown were computed by means of Eq. (14).

Short- and Long-time Phosphorescence of P7 Screens.—The long-time

decay curves of a typical P7 screen are shown in Fig. 18-36. Here again,

the observations are to be associated with a given amount of the exciting

current applied as a single pulse of 12.5-/xsec duration and focused to give

the three current densities of 2, 11, and 45 me/cm2 as indicated. It is

evident that the general trend of the curves corresponds to a decay that

is even slower than 1/t. On the average the decay is represented by

(l/<) 08. The actual luminance differences between the curves are greater

than might be thought at first glance, since there are so many orders of

magnitude of luminance represented in this plot. The greatest separa-
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tion between the curves is approximately 50 cb, which is a factor slightly

greater than 3. Since the details of the decay in phosphorescence during

short intervals of time are far less important from the practical point of

view, more attention was given to the measurement of phosphorescent

decay within the range of time from 0.2 to 20 sec and very extensive

data have been taken at the 1-sec point.

Raster Excitation.—In order to establish a definite routine for screen

excitation, the tube-testing equipment was designed to apply a single

raster to a given part of the screen and to repeat its application at inter-

vals of 1 sec, for eleven consecutive applications. Figure 11-37 is a

reproduction of a typical pen and ink pattern. At the time t = the

first raster was applied and the record shows that a very sudden increase

in luminance took place and was followed within a few tenths of a second

by the phosphorescent decay curve. At t = 1, 2, and 3, the second,

third, and fourth rasters were applied, as shown. Between the third and
the fourth seconds, the amplifier gain was reduced by 50 cb or 10 - 6

. An
additional decrease in gain of 50 cb is shown to have taken place between
8 and 9 sec. The long-time decay of phosphorescence is shown with two
increases of amplifier gain, each of 50 cb, which occur between 11 and 12

sec and between 14 and 15 sec. For routine measurements, the lumi-

nances indicated at the three points a, b, and c, are of particular interest

and when these are converted to their corresponding centibel levels are

noted respectively as (cb)i, (cb) 5 , and (cb)i .
' These luminance levels

are those observed 1 sec after the first, fifth, and tenth rasters respectively.

For all measurements, the gain level was established prior to the measure-
ment in terms of a suitably adjusted standard lamp. It was an easy
matter of computation to take into account the gain used for a given

experiment and combine it with the observed deflection of a recording

instrument, as indicated at point b for example. The property of super-

proportionality is clearly demonstrated by the record of Fig. 18-37. The
symbol (?5 : i is defined as the ratio of the luminance observed 1 sec after

the fifth raster to that 1 sec after the first raster and the symbol Gio.i

is the ratio of the luminance 1 sec after the tenth raster to that observed
1 sec after the first raster. In the case shown, the superproportionality

is demonstrated by the G values, which are G6.i = 7.2 and Gion = 14.1.

These values are typical of P7 screens when excited by a charge density

of 20 m/ic/cm2 in each raster.

The phenomenon of superproportionality is the most characteristic

feature of the cascade screen and serves as a relatively simple means of

distinguishing cascade from a single-layer construction. Although the

superproportionality phenomenon identifies a cascade screen most clearly,

no direct correlation has ever been established between the buildup
ratios and operational superiority.
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In addition to the radiance levels, (cb)i, (cb) 5 , and (cb)io, routine

measurements generally include observations of two other quantities,

(cb)/ and (cb)<. The radiance obtained during the period of excitation,

(cb)/, is determined by measurements when rasters are repeated 60 times

per second. The quantity (cb)* is much more involved and is an indica-

tion of the integrated radiant emittance observed over a specified time.

In the actual experiment the integral of all the photoelectric current

obtained over a total period of 1 sec is used, including the radiance emitted

during the single-raster excitation and the phosphorescence that followed.

It was customary to have the screen in the completely deexcited state

8 14 16 2210 12

Time in seconds

Fig. 18-37.—Reproduction of pen and ink recording of P7 phosphorescence during and
after application of 11 single rasters applied at 1-sec intervals. Readings a, b, and c

proportional to luminance after first, fifth, and tenth excitation. Gain changes 50 cb at 3,

8, 11.5, and 14.5 sec.

before the application of the single raster. The computational procedure

that has been followed expresses (cb); as the radiance level that, if main-

tained constant for a period of 0.1 sec, would yield an integrated radiant

emittance exactly equal to the actual integrated emittance that was

observed over a period of 1 sec.

All the quantities just described and also the decay characteristics

depend on the charge density used for the excitation, the electron energy

expressed in terms of the anode-to-cathode potential difference, the

physical and chemical structure of the phosphors, and the constructional

procedure used for the manufacture of the screen. In the paragraphs

that are to follow, a selection of the best-established phenomena will be

described and numerical data presented.

One-second Buildup Properties of Six Cascade Screens.—The buildup

properties of six different cascade screens are illustrated by Fig. 18-38.

In all cases, the charge density per raster was 20 imic/cm2 and the anode
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voltage was 4000 volts. The centibel levels indicated are those observed

1 sec after the pulse number indicated along the abscissa. The logarithm

of this pulse number is plotted on a scale such that if the slope of the

line for a given tube exceeds unity then superproportionality is indicated,

but, if the slope is less than unity, subproportionality is indicated. It is

evident that for all the tubes shown, with one exception, superproportion-

ality is present for the first few applications of the raster. The three

curves identified by G correspond to the three proportions of zinc sulfide

to cadmium sulfide, where the symbol (80): (20) gives the respective per-

centages. These curves indicate a systematic trend related to composi-

tion, in that the buildup decreases

very markedly as the cadmium
content increases. This same
trend is shown by the three curves

that have the common letter R.

The one designated (88) :(12) is the

RCA version of the P7 screen.

Differences in manufacturing
technique are responsible for the

fact that the trend in the curves

is not given strictly by the zinc-

to-cadmium proportions.

Phosphorescent Decay for Six

Cascade Screens.—The decay

curves following selected numbers

of raster excitations are shown in

Figs. 1839a to/. In all cases, the

decay following a single raster is faster than the decay covering

the same period of time following 11 or 100 rasters. It is to be noted

that the rasters referred to were applied singly with a 1-sec interval

between rasters until the last one had been applied, and the decay ourve

corresponds to the change in phosphorescence with the time starting the

instant that the last of the series of rasters was applied.

The vertical separation between curves is a direct indication of the

magnitude of the buildup factor as determined at any arbitrarily chosen

time represented in Fig. 18-39. There seems to be a general trend toward

lower buildup values as the cadmium content of the phosphor is increased.

It is interesting to note that there is relatively little difference in the decay

characteristics as one screen is compared with another when all are

excited by a single application of the exciting raster. The fact that the

buildup of the (70): (30) phosphor is so small, as compared with the P7
phosphor, is just another way of stating that the decay of phosphorescence

following repeated excitation is very nearly the same as the decay in

0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 IS 2.0

Log
10
number of rasters

Fig. 18-38.—Buildup properties of six

different cascade screens. Measurements
made 1 sec after excitation. Va = 4000
volts; Q = 20 m/uc/cm 2 per raster.
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Fig. 18-39.—Phosphorescent decay for six different cascade screens. Excitation:

1, 11, and 100 rasters. 1-sec interval. Q = 20 mjic/cm*, per raster. Vo 4000 volts.

Time t in seconds.
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phosphorescence after a single excitation. In contrast, for the P7 screen,

the decay in phosphorescence is extremely slow following extended

excitation in comparison with a single excitation. It is evident from

these curves that if, for some particular application, the phosphorescence

following extensive excitation is required to fall off rapidly, then a high

concentration of cadmium content is called for.

Single-layer Compared to Cascade Screens.—Data are not available

for satisfactory comparisons between the results obtained for single-

layer screens and the various cascade screens just described. Such data

as can be offered are presented in

Fig. 18-40. In this figure, the

solid lines are a reproduction of

Fig. 18-39/ whereas the dotted

lines area reproduction of the data

of Fig. 18-16 and the dashed line

shows data obtained on a single-

layer screen following an excita-

tion of 100 rasters. It would

have made the comparison more

significant if complete data were

available for the decay after a

single raster and after 11 rasters

for the same tube as the one for

which the 100-raster data are at

hand. It may be concluded from

the comparison that the decay

characteristics of a cascade screen

that has a (70) :(30) glass layer is

steeper even after 100 excitations

than is the decay characteristic of

600
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.^ 10°

\
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Log

-0

R(88): (12) single layer

D(85) : (15) single layer

G(70) : (30) cascade

Figures on curves indicate number
of rasters used to excite screen.

Fig. 18-40.—Comparison of phosphores-

cent decay from selected cascade and single

layer screens. Time t in seconds.

a single-layer P7 type of screen material when excited directly by elec-

trons. The two single-layer screens represented in Fig. 18-40 involve two

slightly different screen compositions. The upper curve shows the decay

of an RCA single-layer phosphor of composition (88) :(12) after excitation

by 100 rasters. The phosphor represented by the dashed curves was a

Du Mont single-layer screen of composition (85): (15). It follows from

the comparison of data, Figs. 18-39ct to/, that cascade screens have a wide

range of decay characteristics which overlap satisfactorily with the charac-

teristics of single-layer screens. Detailed analysis of application problems

combined with an investigation of screen properties should yield

improvement of operating equipment designed to meet specific indicator

demands.

Operating conditions are not such that the charge density per excita-
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tion is constant. It is likely to vary over two or three orders of magni-

tude from about 1 to 1000 m/uc/cm 2 per excitation. This wide range

makes it exceedingly difficult to make any simple statements concerning

the performance characteristics of a given cascade screen.

Properties Dependent on Charge Density.—A few of the properties of

a cascade screen of the P7 type have been studied over a wide range of

charge density per excitation (see footnote 1, page 631). Figures 18-41

and 18-42 present some of these data. In Fig. 18-41, Si represents the

initial slope of a buildup curve such as that of Fig. 18-38, in which the

luminance is expressed as a function of the logarithm of the number
of repeated excitations, and Sio rep-

resents the slope at the time of the

tenth excitation. Within the range

of Q shown, which extends from 4

mjxc to 6000 mjuc, the slopes repre-

sented by Si are greater than 1.0 up
to 300 m/ic. The indication is that

the slope for charge densities less

than 4 m/xc is definitely less than 1.

Thus the buildup curve for very low

current densities is one that starts off

slowly and finally gains in such a

manner that after 10 excitations at

1-sec intervals have been applied, the

observed phosphorescence increases superproportionally with the number
of excitations given. The slope $10 falls very rapidly as the Q is increased

and has fallen to the very low value of 0.1 at approximately 1000 mjuc.

The ratio of the phosphorescences indicated by Gio.i is very dependent

on the charge density per excitation and is indicated in Fig. 18-42. It

may be seen there that the phosphorescent output 1 sec after the tenth

excitation is barely more than 2 times the phosphorescent output 1 sec

after the first excitation, if the charge density is 1000 imtc/cm2 or more;

whereas, with a charge density of 10 m/ic/cm2
, the ratio of phosphores-

cences is approximately 19. The exact value of this ratio for a given

charge density is very dependent on the particular phosphor and the

production procedure by which the screen was created. Maximum
values of Gio.i of over 30 have been observed whereas, in other cases, the

maximum value at the optimum Q does not exceed 12.

Properties Dependent on Anode Voltage.—Experimental determinations

have been made of the luminescence (during electron excitation) as a

function of the electron energy expressed in volts. If the luminescence

in arbitrary units is L and the electron energy in volts is Ve , it has been

lJO

!"
0.4

02

2 4 6 10-20 4060100 200 60010002000 6000

Q in Tn/ic/cm1 per excitation

Fig. 18-41.—Slopes of btiildup curves
for typical P7 cascade screens, for excita-

tions repeated at 1-sec intervals, for the Q
values shown. Si = initial slope; iSio =
slope at tenth excitation.



Sec. 18-9] PROPERTIES OF DOUBLE-LAYER SULFIDE SCREENS 657

found that the following equation represents the experimentally deter-

mined results. 1

L = K(Ve - V )\ (15)

In Eq. (15), if is a constant of proportionality, and Vo is the so-called

"dead voltage." For most cases observed, Vo = and therefore may

ai
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5
S
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n
2 4 6 8 20 40 100 600 2000 6000

Q in m/tc/cm2 per excitation

Fig. 18-42.—Buildup ratio 610:1 for typical P7 screen as a function of charge density per
excitation.

be omitted but, in a few cases, a better fit of the experimental data at

low voltages is obtained by assigning a small value to Vo. The exponent

n has been observed to vary from approximately 1.4 to 3.0 with many
cases on record of values that are approximately 2.
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Fiq. 1S-43.—Dependence of fluorescence and integrated flash levels on anode potential Va

in volts.

The relation between phosphorescent output and voltage has been

investigated over a very limited range of electron energy. The results

1 W. B. Nottingham, "Electrical and Luminescent Properties of Willemite Under
Electron Bombardment," J. App. Phys., 8, 762 (1937).

W. B. Nottingham, "Electrical and Luminescent Properties of Phosphors Under
Electron Bombardment," /. App. Phys., 10, 73 (1939)
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obtained with a charge density of 20 nutc/cm2

per raster are shown in Figs. 18*43 to 18-45

inclusive. The centibel level of "fluores-

cence," which measures the luminance level

attained by the screen area when bombarded
by applications of the raster repeated 60 times

per second, is designated by (cb)/. Figure

18-43a shows that L/ is approximately pro-

portional to the 1.7 power of the electron

energy. The luminance level described as the

"integrated flash" has been defined above and
is represented by (cb) ». The exponent n (Fig.

18-436) for the dependence of (cb)< on electron

energy is 1.8. The three lines of Fig. 18-44

show the phosphorescent levels, (cb)i, (cb) 6,

and (cb)io. They are measures of the phos-

phorescent luminance 1 sec after the first, the

fifth, and the tenth repeated raster with a

repetition period of 1 sec. The corresponding

exponents n of Eq. (15) are 2.0, 1.7, and 1.2.

The fact that the increase in (cb)io is very

definitely less rapid with voltage is further

illustrated by the lines of Fig. 18-45, in which

the G ratios are plotted as a function of the

logarithm of the electron energy and show
that the buildup ratios decrease as the voltage increases. All the data of

Figs. 18-43 to 18-45 apply to a particular 5FP7 cathode-ray tube, and
therefore to a cascade screen that has a glass

layer composition represented approximately

by the formula (88)ZnS:(12)CdS:Cu. In-

sufficient data has been taken to insure that

these results are typical of the voltage char-

acteristics of P7 screens in general.

18*10. Properties of Triple-component

and Other Special Screens.—A cathode-ray-

tube screen was desired which would register

in one color if the tube area in question were

bombarded repeatedly and if the area re-

ceived only a few bombardments would yield

luminance of a distinguishably different color.

Although none of the tubes produced was

successful enough to be of any practical use

in the particular application for which they

g> 410
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390

330

370
3.5 3.6 3.7 3.8

L°8io^
Fig. 18-44.—Dependence

of phosphorescence levels on
anode potential Va in volts.

Slope (cb) i = 2.0 ; slope (cb) 5 =
1.7; slope (cb)io = 1.2.
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Fig. 18-45.—Dependence of

buildup ratio on anode poten-
tial in volts.
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were designed, some discussion of the principles and difficulties involved

will be of value.

The psychological interpretation of the sensations created when the

retina of the eye is illuminated involves considerations that cannot be

clearly evaluated in terms of available published information. In spite

of this lack of detailed quantitative information, some of the qualitative

aspects deserve discussion. The International Commission on Illumina-

tion (I.C.I.) system of color specification offers an excellent means for the

quantitative expression of color appearance of individual sources of

known relative spectral power distributions. Furthermore, if two or

more sources are viewed simultaneously, it is possible to evaluate the

color appearance of the mixture in terms of the relative proportions of the

mixed components.

Some Properties of the Human Eye.—The sensation attributes of light

are brightness, hue, and hue saturation, and the corresponding quanti-

tative attributes are luminance, dominant wavelength, and excitation

purity (see footnote 1, page 646) . The human eye has two classes of light-

sensitive receptors, known as "cones" and "rods." At the very low

levels of retinal illuminance, the rods gain in sensitivity as the eye becomes

dark-adapted and become so sensitive in comparison with the cones that

the psychological interpretation of the sensations produced is dominated

by their properties. The rods are capable of delivering only the sensation

of brightness and do not yield any sensation of color. Thus if the phos-

phor of the cathode-ray tube is excited to a high state of luminance, the

eye may identify the color as being yellow, but if a given area is allowed

to decay to a sufficient extent that the sensations produced are dominated

by the response of the rods, then even though the relative spectral power

distribution remains unaltered, the sense of the hue will be lost com-

pletely and the observer will only be able to state that he recognizes a

sensation of brightness.

When the eye is in the state of dark adaption and the levels of retinal

illuminance are very low, the response is said to be "scotopic." This

implies a total lack of hue discrimination, a considerable reduction in

visual acuity, and a wavelength-sensitivity curve that is shifted toward

the shorter-wavelength part of the visible spectrum. Curve A of Fig.

18-46 expresses the variation in the level of retinal irradiance as a func-

tion of the wavelength that is required to stimulate a constant sensation

of brightness. This curve shows that a given amount of power con-

centrated near 510 mp will be just as effective in the production of the

sensation of brightness as 10 times that amount of power concentrated

near the wavelength 580 mju. At high levels of retinal illumination, the

eye is said to be in a state of "photopic vision." The photopic properties

include all the sensation attributes that involve hue and hue saturation in
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addition to the sensation of brightness. At high levels of retinal illumina-

tion, a contrast of 0.5 per cent between adjacent fields of luminance can be

detected if the boundary line between them is sufficiently sharp. As the

level of retinal illumination falls, a greater contrast between the fields

must be present in order for the observer to recognize differences in

luminance (see Fig. 18-33) . The power of the eye to discriminate between

equally luminous surfaces that differ slightly in dominant wavelength or

excitation purity is also a function of the level of retinal illumination.

yOQ
Thus hue or color discrimination

is dependent not only on the rela-

tive spectral power distribution

but also on the state of dark

adaption of the eye and the level

of retinal illumination used in the

observation. In normal opera-

tion, cathode-ray tubes are

observed under conditions for

which the eye is in an intermedi-

ate state of adaption, called

"mesopic," between that for

scotopic vision and that for pho-

topic vision.

Curve B of Fig. 18-46 is a plot

of the "standard luminosity

curve" so placed with respect to

curve A as to locate the threshold

of cone response relative to the

threshold of rod response. If the

radiance level required to stimu-

late the rods to yield a sensation of

brightness is exceeded by an
amount that is less than the vertical separation between curves A
and B of Fig. 18-46, the sensation stimulated will be devoid of any sensa-

tion of hue, and the level of retinal illumination is said to fall within the

"photochromatic interval."

The conclusions that must be drawn from this discussion are (1) that

the higher the level of retinal illuminance used, the smaller is the differ-

ence in dominant wavelength or excitation purity which can be detected,

the better is the sensitivity of the observer to small contrasts, and the

better is the observer's ability to resolve small details in the presentation;

and (2) that for a color-discrimination tube to be successful, it must be

operated under such conditions that a high retinal-illumination level is

used.
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Fig. 18-46.—Relative spectral power
levels for constant brightness sensation.

Curve A—scotopic vision (dark-adapted
eye); Curve B—photopic vision (I.C.I,

standard luminosity curve), approximate
threshold of cone vision.
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Two-color Screens.—There are very few examples of homogeneous

phosphors that undergo any change in their relative spectral power dis-

tribution with time during phosphorescence. Also, there are no known
homogeneous phosphors that change their emitted spectral power dis-

tribution an appreciable amount with the number of repetitions of the

exciting pulse of electrons, where these excitations take place with a

repetition period of 0.1 sec or greater. If the luminances obtained from

sources of differing relative spectral power distribution are superimposed,

the normal eye will not be able to identify the individual components of

the compound stimulus but will see the color as a stimulus having a hue

intermediate between the hues of the components that make up the

stimulus. It follows, therefore, that if the relative proportions of

stimulus components vary with the time, the sensation of hue and possibly

the sensation of hue saturation will vary with the time or past history of

excitation only if the cathode-ray tube has been produced with a screen

that contains two or more components.

Assume that one component of the screen can be excited to a moder-

ately high state of luminance as a result of a single application of the

electron beam, while the other component is excited very feebly by a single

pulse of electrons. Suppose, furthermore, that the easily excited screen

component gives off a relative spectral power distribution with a dominant

wavelength of 600 m/x and an excitation purity of 99 per cent. The
normal observer will identify the hue associated with such a stimulus as

light red. Suppose that the phosphor that has a comparatively weak

luminance for a single pulse of electron excitation has a dominant wave-

length of 510 m/x and an excitation purity of 90 per cent. The hue

associated with this stimulus will generally be identified as green.

The representative points that identify these two stimuli are shown

as R andG in the I.C.I, chromaticity diagram of Fig. 18-47. Let BR repre-

sent the luminance of the red phosphor at any instant of time at which the

corresponding luminance of the green phosphor is BG . The location of

the representative point that is obtained as a result of the superposition

of these two luminances in the proportions defined can be computed as

the fractional distance along the straight line from R to G with the help

of the following equation

:

Bo

RX yG

RG Bo
,
Br

ya y«

(16)

In this equation, the linear distance from R to G is represented by RG
and the distance from R to X is represented by RX. The ordinates of

R and G respectively are yR = 0.372 and ya = 0.707.
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Consider the case in which the luminance excited in the green phosphor

by a single electronic pulse is one unit while, at the same time, a single

pulse excites ten units of luminance in the red phosphor. From Eq. (16)

the representative point of the compound stimulus is X\. Suppose that

0.90

0.60

M 0.50

0.30 0.40 0.50 0.60 0.70 0.80

Trichromatic coefficient X
x

Fio. 18-47.—I.C.I, chromaticity diagram and its use for the specification of phosphor
colors and color mixtures. Component phosphors represented by points G and R. Specific
mixtures represented by points Xi, X, and Xm. E is representative point for equal energy
white. Excitation purities calculated with respect to point E as achromatic point.

the buildup of the red phosphor following a large number of repeated

excitations results in a luminance of 14 units, whereas the buildup of the

green phosphor luminance may reach a value of 20 units. Under these

circumstances, the representative point of the combined stimuli will fall

at X50. The screen areas that receive repeated excitations are likely to

be represented on the chromaticity diagram by points on the straight
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line RG which are close to the one marked X 5o- The diagram shows that

the dominant wavelength for this stimulus is 544 m/x and the excitation

purity is 58 per cent. Other areas of the screen which have received very-

few repeated electronic excitations will be represented by points near Xx .

The dominant wavelength here is 596 m/x and the excitation purity is

96 per cent.

If the luminance level is sufficiently high so that the observer's vision

is photopic, then the difference in color sensation or hue associated with

the representative points Xi and X50 will be easily recognized. If, on the

other hand, the luminance level is so low that the observer's vision is

scotopic, then, in the extreme case, there will be no detectable difference

in hue. There will be some tendency for the red phosphor used in this

illustration to maintain its ability to stimulate the sensation of hue until

its luminance level is very nearly that of the threshold of visibility. This

conclusion is supported by the fact, as illustrated in Fig. 18-46, that the

photochromatic interval at 600 m/x is only about 30 cb. In making this

statement, the problem is definitely oversimplified because phosphors

generally do not emit their radiance over such a small range in wavelength

that they can be considered to be monochromatic, even though at high

luminance levels they may be matched in color appearance perfectly by

monochromatic stimuli.

The need for high luminance in order to make the color discrimination

strong indicates that the exciting beam should deliver as much electronic

charge to the screen per excitation as is possible. In conflict with this

desire is the need for high buildup of the luminance of one of the phos-

phors. This change in luminance with repeated excitation must be

depended upon to create a color discrimination that indicates a difference

between an area of repeated excitation and a nonrepeated one. Figure

18-42 illustrates the fact that the buildup produced by high Q excitation

is likely to be very small. It is therefore necessary to strike a balance

between high luminance and high buildup. It is also necessary to select

phosphors that have a wide difference in color, and that have other

desirable characteristics including phosphorescence.

Although research was undertaken to create a suitable color-dis-

crimination tube, the project was discontinued before a reasonably

complete understanding of the problem and its difficulties was available.

The more promising screens that were produced involved three compo-

nents. The construction of a screen using the phosphors described above

would involve placing the green-emitting phosphor on the glass and

creating a layer to be bombarded by electrons that was composed of a

good red-emitting phosphor and one that had strong emission within the

optical absorption band of the green-emitting phosphor. The latter

material would be used to excite the green by the absorption of radiant
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power from the electron-excited layer. It has been demonstrated that

it is principally by this method of excitation that one can hope to generate

a fairly high luminance and at the same time obtain a high buildup by
repeated excitations.

18*11. The Dark-trace Cathode-ray-tube Screen and its Develop-
ment.—Goldstein 1 is generally credited with the discovery that certain

crystals develop absorption bands for light within the visible range of

wavelength subsequent to bombardment by electrons. The phenomenon
of induced absorption bands is invariably associated with ionic crystals,

of which potassium chloride is typical. The principal absorption center

is associated with the occupancy by an electron of a vacant negative-ion

site. Throughout the interior of a potassium chloride crystal, for

example, it is to be expected that a finite number of crystallographic

faults will exist which correspond to the omission of the chlorine ion that

would normally be there. In spite of these faults in the crystal structure

of potassium chloride, it is very transparent to radiant power within the

band of visible wavelengths 380 m/x to 750 mil. The maximum of the

induced absorption band, usually denoted by the letter "F" for "farben"
or "Farbzentren," is close to 560 m/x. Although the absorption is less

for the shorter and the longer wavelengths, it is appreciable throughout
the entire range of the visible spectrum. A potassium chloride surface

prior to excitation has such a uniform diffuse reflectance that it looks

very white when viewed with white light. After the absorption band has
been created, the enhanced absorption of green light causes the diffusely

reflected light to be rich in red and blue, and therefore to appear magenta.
Practical cathode-ray tubes produced by evaporating potassium

chloride onto the inside surface of a tube face plate are generally viewed
by white light and show the effect of electron bombardment as a darken-
ing of the surface; hence the name "dark trace" or DT tube. Other
names applied to this type of tube are "color trace tube" and "Skiatron."

The possibility of using a dark-trace tube as a radar indicator was
demonstrated in England. 2 The developments that are reported in this

chapter are largely due to Radiation Laboratory activity and are directed

toward the solution of problems associated with the production of this

screen and the investigation of the properties of screens produced under
standardized conditions, so that suitable operational limitations could be
determined.

1 E. Goldstein, Mon-ber. Berliner Ak. S 225 (1891); "Action of Cathode-rays on
Salts," Ann. d. Physik und Chemie, 54, 371 (1895); "Coloration of Salts by Cathode-
rays," Ann. d. Physik und Chemie, 60, 491 (1897); "On Salts Colored by Cathode-
rays," Nature, 94, 494 (1914).

* Much work in the development of the tube was done under the direction of

R. W. Sutton at the Admiralty Signal Establishment Extension, Bristol, England.
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Sensitivity of the Eye to Contrast and the Importance of Contrast Gradient.

In the case of luminescent material, the light output of a screen must

exceed the threshold required for visual observation; or, for photographic

recording, the radiant energy must be sufficient to yield a detectable

contrast in the emulsion. A similar limitation exists for the dark-trace

screen in that a sufficient number of electrons must be delivered to the

cathode-ray-tube screen to develop a detectable contrast. Figure

18-33 shows that the liminal contrast that can be detected when the eye

is adapted to a luminance of one foot-lambert is about 0.4 per cent for

relatively large surface areas if the gradient is very sharp. Since the

eye is able to resolve two point sources that are separated from each

other by slightly less than one minute of arc, it seems reasonable to

suppose that a step in contrast of 0.5 per cent in a linear distance of 0.

1

mm would represent the required contrast gradient for viewing at 30-cm

distance. Middleton 1 has reported some experimental results that may
be interpreted to indicate that, for contrast in the range of 2 to 10 per

cent, the contrast gradient required is probably 0.3 per cent per minute

of arc. Thus, if the contrast difference is 10 per cent and the gradation

takes place over a distance of 2.6 mm the fact that a difference in con-

trast exists will be just detectable with reasonable certainty. It follows

that, in order to detect a trace on a DT tube, it is not sufficient to have a

contrast difference of a few per cent but it is necessary that the boundary

have a contrast gradient of at least 0.3 per cent per minute of arc and

preferably 0.5 per cent per minute of arc.

A Comparison Between Certain Characteristics of DT and P7 Screens.

Dark-trace tubes that have been developed serve best in applications

where a moderately long persistent pattern is desired. It is therefore

appropriate to compare the properties of the DT tube with those of the

cascade screen type such as the P7. For the range of charge density per

excitation of most interest in connection with the use of the P7 tube, it

has been demonstrated above that high-intensity excitation tends to be

followed by a more rapid decay in luminance than does lower-intensity

excitation. In the case of the PPI indicator the usual adjustment of the

associated amplifiers results in a continuous excitation of the screen due

to the random noise impulses that are applied to the grid of the cathode-

ray tube. A weak signal applied to the grid in addition to the noise

modifies the distribution of noise and tends to increase the luminance

of the tube screen at the localized point of application. Within a few

tenths of a second after the signal has been applied, the visual contrast

between the signal area and the surrounding region is higher than at any

other time until the next excitation takes place. Two factors enter here,

1 W. E. K. Middleton, "Photometric Discrimination with a Diffuse Boundary,"

J.O.S.A., 27, 112 (1937).
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both of which have been mentioned above: (1) the faster decay for

stronger signals, and (2) the loss in recognizability of a given contrast as

the level of luminance decreases. The performance of the DT screen

will be shown to differ from the P7 screen in that traces following weak
excitation disappear faster than those resulting from strong excitation.

This DT characteristic is both advantageous and disadvantageous.

Even though the contrast over a specific excitation area is decreasing

with the time, the fact that the contrast in the unexcited area decreases

more rapidly makes the contrast gradient decrease more slowly than

would otherwise be the case. Since signal recognizability depends both

upon the contrast and the contrast gradient the differential decay in

contrast will tend to keep signal recognizability more constant. The
disadvantage associated with the slowness of the decay of contrast follow-

ing strong excitation is the so-called "burn in " difficulty. If a given area

of the screen is bombarded so heavily that a contrast of 25 per cent or

more is developed, then it may be so difficult to remove the trace that

its presence on the tube will be detrimental to its further usefulness.

18*12. Test Methods and Terminology.—The electron beam in each

of the tubes investigated was magnetically focused and deflected. A
rectangular raster was used. The high-speed sweep frequency was 12

kc/sec and the low-speed sweep was 60 cps. Excitation was generally

by means of a single raster applied intermittently with a period between
rasters of 10 sec. The notations to be described identify the excitation

procedure.

Contrast measurements were made with the help of a 931 multiplier

phototube and a pen-and-ink recorder. The circuits were arranged so

that a recorded deflection could be made directly proportional to the

light flux entering the phototube. However, by means of suitable

switching the recorder could be made to indicate the decrease in light flux

entering the phototube. The advantage of this arrangement is that a
direct measure of the diffusely scattered radiant power could be obtained

so as to determine the reflectivity of the coating in the absence of absorp-

tion bands. With the circuit reconnected to measure changes in reflec-

tivity, the recorded deflection was directly proportional to the induced

contrast. From these two data the contrast could be computed.
Since the excited region of the screen was small compared with the

entire tube face it was necessary to use a lens to project an image of the

screen surface onto a slit behind which the phototube was located. In

order to use the method described as a means of measuring contrast

three criteria must be satisfied: (1) the amount of light that enters the

slit as a result of scattering from parts of the screen other than the area

imaged by the lens must be negligible in comparison with the light being

measured; (2) the lamps used to illuminate the screen must yield a con-
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stant amount of light throughout the entire time over which a given

contrast measurement is made; and (3) the area outside the region of

measurement must be unexcited and must have the same diffuse refiect-
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Fig. 18-48.—Block diagram of dark-trace test equipment.

ance as the area over which the induced absorptance is generated follow-

ing electron bombardment.

If the phototube current is directly proportional to the instantaneous

luminance of the area under investigation, then



668 SCREENS FOR CATHODE-RAY TUBES [Sec. 18-12

100 5 = 100 —:

—
' = contrast expressed in per cent.

Bo iQ
f t-

In the above equation Bo is the diffuse luminance of the cathode-ray-tube

screen when it is free from induced absorption, and Bt is the luminance at

any chosen time at which knowledge of the induced contrast is desired.

The currents h and it are the corresponding phototube currents that are

actually measured.

The production and decay of contrast are very complex functions of

the screen properties and of the controllable operating parameters.

The principal parameters are the following:

1. Charge density per excitation in terms of current density and
excitation time.

2. Sequence of excitation in terms of time intervals and the number
of excitations applied prior to observation.

3. Sequence and nature of weak beam bombardment sometimes used

to stimulate the decay of contrast.

4. Electron energy expressed in terms of cathode-to-anode voltage.

5. Temperature of the screen.

6. Relative spectral power distribution of the illuminant used for

viewing or measurement.

7. Intensity of illuminating radiation.

8. Time of observation subsequent to last previous excitation.

The block diagram of Fig. 18-48 shows the general organization of the

equipment used to operate and test dark-trace cathode-ray tubes. The
two diagrams of Fig. 18-49 serve to define the symbols used for the identi-

fication of contrasts most likely to be of interest. Figure 18-49a shows
the excitation and decay of contrast on a time scale that is fast enough
to show that the measured contrast rises during the £$ sec occupied by
the excitation. The maximum contrast at the end of an excitation period

is designated by the letter M, preceded by a number telling the order

number of the excitation, and followed by a number describing the time

interval between excitations. Thus the symbol 2M10 represents the

contrast at the end of the second excitation in a sequence of excitations

separated by 10 sec. For measurements of decay, the letter D is preceded
by the order number of the last excitation and followed by the decay time

since that excitation. Thus the symbol 2D5 represents the contrast 5 sec

after the second excitation.

The contrast produced on the screen of a DT tube decreases with

time depending on the initial contrast, the means by which that initial

contrast was produced, the temperature of the screen, and the intensity

of the radiance used to illuminate the screen. No simple decay law has
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been discovered which represents the change in contrast with the time.

In studying the decay, the time most often chosen has been the 10-sec

point. Data will be presented later giving the results of observations
made after a number of arbitrarily chosen periods of time. Although
the maximum contrast M depends to some extent upon the number of
excitations that have been applied, it is most dependent upon the charge
density per excitation and is only slightly dependent upon the tempera-
ture and the illumination.

A single number, known as "the contrast ratio" indicates the bleach-

ing rate under standardized operating conditions. The contrast ratio is

the contrast (1M) divided by the contrast (1D10) that is observed after

excitation with a Q of 1.0 Atc/cm 2
. The standardized final-anode poten-

tial was 9000 volts and the standard illumination on the face of the tube
was rated at 8000 foot-candles. The illumination was derived from two

98M10 100 M10

2M10
!D5f

im
-u-

Time in sec

(a)

10 20 970 980 1000 1020
Time in sec

lb)

Fig. 18-49.—Illustration of nomenclature, (a) Single pulse. (6) Multiple pulse.

150-watt incandescent projector spot lamps operated from a regulated
d-c power line. The light from the lamps was passed through water
cells 3 in. in thickness in order to remove much of the heat radiation.

Automatically controlled air blasts kept the temperature of the screen at
35°C while under measurement. Under these conditions pure potassium
chloride screens, when first produced, have a contrast ratio close to 12.

It may be pointed out here that subsequent to extensive operation of pure
potassium chloride screens, the contrast ratio generally decreases and
approaches 6 or 7 after the total charge per square centimeter delivered
to the screen is approximately 1 coulomb.

Two methods were used for the determination of the maximum con-
trast obtainable immediately after screen excitation. The older of the
two methods involved the reading of the maximum swing of the pen-and-
ink recorder and was subject to considerable inaccuracy. All later

measurements of the maximum contrast depended on examination of

contrast as a function of the time by means of a cathode-ray oscilloscope

having a P7 long-persistence screen and a synchronized time sweep, so
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arranged that the observer could obtain an accurate determination of

the contrast immediately following excitation.

The Universal (1M) Curve and the Screen-sensitivity Index.—Under

a given set of conditions the curves that represent the contrast (1M) as

a function of the excitation Q are all of very nearly the same general

shape when plotted on logarithmic scales. When the logarithm of the

contrast is plotted as the ordinate and the logarithm of the charge density

per excitation is plotted as the abscissa, and curves for various screens

compared, it is found that the points can be made to fall very closely on

a single "universal" curve if each set of data is displaced by a proper

amount only along the Q axis (horizontal). Thus the factor by which

it is necessary to change Q to change the contrast (1M) by a given factor

depends not upon the Q required to give the initial contrast but only upon
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the contrast itself. 1 Figure 18-50 shows (1) the "universal" (IM)-Q

curve and (2) two theoretical curves that will be discussed in more detail

in a later section. The form of the universal curve shown in Fig. 18-50

was established by a very careful investigation of 10 typical good-quality

dark-trace screens made with pure potassium chloride.

The universal curve represents the data so faithfully that a nomo-

graphic chart was developed (Fig. 18-51) which provides an accurate

prediction of the contrast to be expected from any chosen value of Q if

the contrast at some other arbitrarily chosen Q is known.

In order to make use of the QM nomograph it is necessary to define a

number known as "the screen-sensitivity index." This index is equal

numerically to the reciprocal of the Q value required to generate a con-

trast (lAf) equal to 10 per cent. In order to use the nomograph, it is not

1 R. B. Windsor, "Production and Properties of Skiatron Dark-trace Cathode-ray

Tube with Microcrystalline Alkali Halide Screens," Thesis, Radiation Laboratory and

Dept. of Physics, M.I.T., 1944.
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necessary to make the initial measurement with the exact value of Q that

generates a 10 per cent contrast, but any Q value may be used if the

contrast produced is within the range for which the accurate data may
be obtained. Experience indicates this range to be between 5 and 25
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oer cent. For example, a contrast of 19 per cent has been observed on
a particular tube to be generated by a charge density per raster of 0.7

/xc/cm2
. A straight line that joins the observed Q value and the observed

contrast (1M) extrapolates to intersect the screen-sensitivity index line

at 3.4. This particular tube therefore is characterized by the index

number 3.4 and will yield a contrast of 10 per cent if a Q value equal to
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the reciprocal of 3.4 is applied. This reciprocal value in the case under

discussion is 0.293 juc/cm2 per raster. In the example cited a straight line

drawn from the index number 3.4 to the charge density scale at 1 nc

intersects the contrast scale at 24. This result shows that the expected

contrast for the tube in question will be 24 per cent for a Q value of 1

Mc/cm!
.

It is evident from Fig. 18-50 that over the range of contrast from 1 per

cent to approximately 15 per cent the contrast is almost directly propor-

tional to the first power, and between 20 per cent and 35 per cent to the

square root of the charge density per raster.

18*13. Dependence of Maximum Contrast on Anode Voltage, Tem-
perature, and Illumination.—The dependence of the maximum contrast

(IM) on the electron energy has been investigated in the range from 1500

to 14,000 volts. Typical results are illustrated in Fig. 18-52 for three

values of charge density (Q). It is evident from the plotted curves

that the lower the value of Q the greater the increase in contrast with

voltage. The scales of the plot shown in Fig. 18-52 have been so chosen

that the slope of the curve is the exponent of the contrast dependence

on voltage. For example, on the low-voltage range and for the low-Q

value of 0.5 juc/cm2
, the slope of the curve seems to be close to 2, and

therefore the contrast increases with the square of the voltage. The

curve for highest value of Q has an increase in contrast with voltage that

is less than linear overthe entire range. Very early in the development of

the dark-trace tube the normal operating voltage of the tubes was more

or less determined to lie within the range 8 to 10 kv, and this chosen

range seems to be reasonably well supported by the data of Fig. 18-52.

There are other considerations that make the determination of the

optimum operating voltage difficult to establish. For the tubes to be

used in optical projection systems, it is desirable to have the best possible

focus of the electron beam and experience shows that the higher the volt-

age used the higher the current density obtainable and therefore the

higher the contrast gradient. For tubes that are to be viewed directly,

the focus requirementwould not demand potentials in excess of 8000 volts.

In all cases consideration should be given to the more complex details of the

voltage dependence of contrast decay under specified conditions of initial

contrast, operational temperatures, and light intensity used for viewing.

The data now available are insufficient for the establishment of the most

suitable operating voltage to suit the operational requirements likely to

be met.

An increase in light intensity or an increase in temperature of the

screen causes a dark-trace pattern to bleach more rapidly. Up to a

temperature of 150°C and up to an illumination level of the order of

10,000 foot-candles there is very little decrease on the maximum contrast
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(lilf).* When the screen is operated at high temperature and under high
illumination the decay in contrast that takes place during^ sec is appre-
ciable and therefore the measured maximum (1M) is more and more in

error as an indication of the true physical phenomena being investigated

as the light and heat are increased.
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Fig. 18-52.—Maximum contrast as a function of accelerating potential.

18-14. Persistence of Contrast.—The changes of contrast with time
following excitation are of far more direct interest to the observer of the
dark-trace tube than is the maximum contrast generated at the instant

of excitation, since the pattern (1) must last long enough for the observer
to make use of it, and (2) must be capable of being erased or bleached
sufficiently quickly so that the old pattern does not interfere with the
new. These two requirements combined with the inherent physical
properties of dark-trace screens make it necessary for the user of this
cathode-ray tube to devise schemes for driving the control grid of the tube
sufficiently far to give the required minimum excitation current and yet

*H. F. Ivey, "Optical and Electronic Properties of Polycrystalline Potassium
Chloride Spectron Screens," Thesis, Radiation Laboratory and Dept. of Physics,
M.I.T., 1944.
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to avoid overdriving the grid and thus generating such a high contrast

in localized regions of the screen that it is difficult to remove the conse-

quent trace.

All attempts that have been made to find a useful formula to describe

the decay in contrast as a function of time have failed. It has therefore

been necessary to devise graphical methods for summarizing experimental

data that represent the decay properties of dark-trace screens. Figures

18-53 and 18-54 represent a method of presentation that has been found

to be useful although not sufficient for all purposes. The curves shown

in Fig. 18-53 show the contrast as a function of the charge density per

raster, with each curve corresponding to the time in seconds after a single

excitation. The curve designated (1M) is the maximum contrast

0.1 0.2 0.4 0.6 0.8 TO 2.0 4.0 6.0 8.0 1.0 2.0

Qin/*c/cm2

Fig. 18-53.—Decay of contrast from a single pulse as a function of exciting charge density Q.

observed on the particular tube to which the data applies. The (1M)

characteristic for this tube is well represented by the universal curve,

the screen sensitivity index being 3.1.

These decay curves are similar to although not identical with the

universal curve described above. In the range of contrast from 5 per

cent to 1 per cent the slope of the 1D10 curve is greater than unity. This

curve shows that if the charge density per excitation is 0.6 juc/cm2 the con-

trast will fall in the first 10 sec from approximately 17 per cent to 2 per

cent. If the contrast gradient is sufficiently high, then such a signal will

be visible for the entire period of 10 sec.

The data shown in Fig. 18-53 apply to observations made subsequent

to a single excitation. In the practical application of dark-trace tubes,

it is often necessary to excite some localized region of the screen over and

over again, during which time the contrast increases as a result of this

repetition. It was decided arbitrarily to investigate the decay in contrast
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following 360 excitations. Typical results are shown on Fig. 18-54.

For a Q of 0.6 /ic/cm2
, the maximum contrast observed at the end of the

360th excitation is approximately 21 per cent, and 10 sec later the contrast

is 8 per cent. After 300 sec of

bleaching the contrast is 3.6 per

cent and is therefore well above
the minimum required for a signal

to be observable if the contrast

gradient is adequate.

Decay in Contrast Related to

Maximum Contrast.—A second

general method for the presenta-

tion of information concerning the

decay of contrast is that in which
the Q required to generate the

contrast is not expressed explicitly

.

In Fig. 18-55 the maximum con-

trast (1M) is plotted along the

abscissa of the coordinate system
and the decay contrast (ID-) is

plotted as the ordinate. The
eight curves shown in Fig. 18-55

apply to observations taken at

different times following the excitation by a single raster.

Quantitative data on the decay of contrast after repeated excitations
are presented in Fig. 18-56, which is similar to Fig. 18-55 except that the

2.0 4.00.1 0.2 0.4 0.6 0.8 1.0

Q in /ic/cm2

Fig. 18-54.—Decay of contrast after
360 pulses repeated at 10-sec intervals, as a
function of exciting charge density Q.

12 16 20 24 28 32 34
1M in per cent

Fia. 18-55.—Decay of contrast (tube R-220) from a single pulse in screen condensed at
35°C and operated at 35°C.

contrast (3601/10) is plotted in place of (lilf) and the decay contrast
(360Z)-) is plotted in place of (ID-). The eight curves shown in this
figure apply to times of observations from 3 sec after the 360th excitation
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to 1000 sec after that excitation. In order to make the fullest use of

Figs. 18-55 and 18-56 the curve that relates the maximum contrast

(360M10) to the maximum contrast (1M) is needed. This curve is shown

in Fig. 18-57. The solid line gives the relation between (1M) and

(360Af10) for the same tube and data as were used for Figs. 18-55 and

18-56. The screen-sensitivity index for that particular tube was 4.3.

In order to illustrate the use of these curves, an example will be dis-

cussed in which the requirement is made that the contrast developed

from a single excitation and observed 10 sec after this excitation shall be

equal to 1 per cent. This requirement is sufficient to establish the value

of (lilf) as 12 per cent. The curve of Fig. 18-57 may be used to determine
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-Decay of contrast (tube R-220) after repeated pulses in screen condensed at

35°C and operated at 35°C.

the corresponding value of (360M10) as 13 per cent. By use of the

nomographic chart of Fig. 18-51 and the sensitivity index of 4.3, the cur-

rent density per raster required to generate this contrast is known to be

0.29 Mc/cm2
. Under these conditions of operation, the contrast over an

area that has been bombarded 360 consecutive times with an interval of

10 sec between bombardments will exceed 1 per cent for a time of 500 sec

and will fall from 13 per cent at the maximum of each additional excita-

tion down to 4.2 per cent between successive excitations.

One may conclude from these figures that if the grid drive is limited

so that 0.3 fic/cm. 2 is the maximum Q that can be delivered near the

periphery of a dark-trace tube that may be used in a PPI radar indi-

cator, then signals will be visible and "burn-in" will not be serious.

In an ideal indicator the pulse repetition period and the minimum
spot diameter of the cathode-ray-tube beam are so related that adjacent

radial sweeps of the electron beam overlay at the periphery of the tube

face. If this condition is not satisfied, the effective contrast for signals
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at the periphery of the tube will be appreciably reduced because of the
intermixture throughout the signal area of excited and unexcited regions

of the screen. If this first criterion for good tube operation is satisfied,

then it is evident that the effective Q value used to excite other parts of

the tube will be inversely proportional to the radius. Compensation for

this undesirable increase in Q should be possible by synchronized elec-

tronic control of the limiting. The maximum Q value at any part of the

tube may be made to remain

practically constant when full con-

sideration for the overlapping of

the excited regions isincorporated.

It may not be practical to bring

about perfect compensation
because of the nonlinear relation

between the electron beam cur-

rent density and the grid drive.

If synchronized limiting and gain

control are not included in the

receiver used to operate a dark-

trace tube on a PPI indicator,

objectionable burn-in is almost

certain to follow.

The decay in contrast that

follows many hours of bombard-
ment is slower than that shown by
the data of Fig. 18-56. No
quantitative data are available that can be used to predict the decay
after many hours of operation.

18*15. Dark-trace-tube Operation at 100°C.—Extensive researches

have been undertaken in order to make better use of dark-trace tubes:

1. The investigation of the properties of pure potassium chloride

screens operated at relatively high temperatures.

2. The investigation of the properties of pure potassium chloride

screens that had been produced by condensation of the potassium

chloride onto the inner surface of the tube while it was maintained

at a low temperature.

3. The investigation of the properties of screen into which impurities

were intentionally introduced.

The curves of Figs. 18-58 and 18-59 are typical of the response and
decay characteristics of pure potassium chloride screens operated at

100°C. The dotted lines on each of the figures indicated the decay
curves for an operating temperature of 35°C. Figure 18-58 illustrates
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that high-temperature operation causes a marked increase in decay of

contrast for any given initial contrast (lilf). The contrast (ID) was

observed to fall in 10 sec, when the tube was operated at 100°C, to about

the same value as that observed at 30 sec for the tube operated at 35°C.

28 3012 16

1M in percent

Fig. 18-58.—Decay of contrast (tube R-194) after single pulse in screen condensed at 35°C

and operated at 100°C. Dotted curves represent operation at 35°C.

Even though Figs. 18-53 to 18-57 apply to a different tube from that used

for Figs. 18-58 and 18-59 the minor differences in performance may be

taken as typical of tubes produced under standard controlled conditions.

The increased rate of screen bleaching following excitation is well illus-

trated in Fig. 18-59. The contrast observed 30 sec after 360 excitations,

with operation at 100°C, is almost identical with that obtained 500 sec

after the last previous excitation if the operation is at 35°C.
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Decay of contrast (tube R-194) after repeated pulses in screen condensed at18-59

35°C and operated at 100°C Dotted curves represent operation at 35°C.

The curve shown in Fig. 18-57 relates (360M10) to (1M) and the

universal curve and the nomographic chart of Figs. 18-50 and 18-51

relate (lM) to the Q value. This procedure is justified because the

maximum contrast is almost independent of the temperature of operation.
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The small decrease in contrast that may exist becomes important only

if one beeomes interested in the detailed behavior of a particular tube.

An example was given above in which it was required that the tube
be operated in such a manner that (1Z)10) should be 1 per cent. If this

is repeated for high-temperature operation the corresponding values

(1M) and (360.M10) can be determined from the curves given and from
the knowledge that for the particular tube in question the screen-sensi-

tivity index is 2.85. For the contrast (1D10) of 1 per cent, the maximum
contrast (1M) must be 16 per cent and will be obtained if the Q value is

0.64 /ic/cm2
. The corresponding value of (360AflO) is 18 per cent.

Under these conditions of operation, the value of contrast is at least 1 per
cent for approximately 125 sec following the 360th excitation. This
figure of 125 sec is to be compared with the figure of 500 sec found above
for operation at 35°C. The particular tube investigated had a lower

screen-sensitivity index than the one used in the previous example, which
accounts for about 50 per cent of the increase in Q (above 0.3 juc/cm2

)

for comparable operation. On the average, tubes operated at 100°C
will require an increase of 50 to 75 per cent in charge density per excita-

tion, as compared with operation at 35°C. Thus, although operation at

high temperature minimizes the objectionable burn-up, it has the dis-

advantage that higher current densities are required to produce a given
contrast. It generally follows that the use of a high current density

yields a lower contrast gradient and, unless the gradient is as much as

0.5 per cent per minute of arc, a lowering of the gradient will lower the
signal discernibility. Although it is not difficult to obtain a gradient

slightly better than 0.5 per cent per minute of arc on the face of the tube,

a projection system with a magnification of 5 reduces the contrast

gradient by an amount at least equal to the magnification factor. Thus
to attain a gradient of 0.5 per cent per minute of arc of the projected

image, a gradient on the tube face would have to be higher than 2.5 per
cent per minute of arc. Such a high gradient would be exceedingly
difficult to attain and improvements in gun design that would increase

current density at the expense of total current would be beneficial.

18-16. Influence of Screen-condensation Temperature.—Investiga-

tions have been made of the properties of screens condensed at various
temperatures down to approximately — 170°C. Ralph Johnson of the
General Electric Company experimented in the development of the dark-
trace tube with the condensation of potassium chloride films on glass

surfaces held at temperatures both well above and well below room tem-
perature. 1 He did not investigate the properties of the films thus
produced except to describe their physical appearance. The first experi-

*S. Dushman, "Report on Progress of Work on Dark-trace Tubes," NDRC
14-147, GE Co., March 1, 1943. (See Figs. 4 and 5 therein.)
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ments undertaken at the Radiation Laboratory covered the range of

temperature down to —50°C and yielded tubes for which the performance

curves indicate a reduction of the burn-in.

As the condensation temperature is lowered, the weight of potassium

chloride that must be deposited on the screen in order to create a diffuse

reflection factor sufficiently high for efficient tube operation increases

very noticeably. A screen of "normal" thickness (about 12 microns)

deposited at a temperature of — 100°C is so transparent that it is hardly

visible. Over a range of temperature between — 115°C and — 135°C a

given weight of potassium chloride gives a screen with very noticeably

higher back reflectance than that found for tubes made at both higher

16

12

1D3^
•

s'
<$y

^
—TC?DO

"—"__-
-~"&

8 12 24 28 32 3416 20
1M in per cent

Fig. 18-60.—Decay of contrast (tube R-212) after single pulse in screen condensed

at —60°C and operated at 35°C. Dotted curves apply to tube R-220, condensed at

35°C.

and lower temperatures. The properties of tubes having screens con-

densed at approximately — 125°C were found to be unfavorable since

the screen-sensitivity index was low and the burn-in more objectionable

than tubes made at somewhat higher temperature. The best condensa-

tion temperature for creating a tube that is efficient and for minimizing

the burn-in is approximately — 70°C. Over the range of temperature

from +25°C to —70°C it is more and more difficult to obtain a screen

of uniform back reflectance as the temperature is lowered. Satisfactorily

uniform screens were produced in the laboratory down to — 50°C with

very little change in method except to use a larger weight of potassium

chloride in the evaporator cup. Little research has been undertaken to

develop satisfactory techniques for the mass production of uniform

screens at very low temperatures.

Comparison between Low- and High-temperature Screens in Operation.—
The tube designated by the number R-212 was produced by the conden-

sation of potassium chloride onto a face plate maintained at — 50°C.

The screen-sensitivity index for this tube is 3.10. The curves presented

in Fig. 18-60 should be compared with those of Figs. 18-55 and 18-58.
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The close similarity between the curves of Figs. 18-60 and 18-55 show that

the decay characteristics of the low-temperature tube when excited by a
single raster are almost identical with those of the room-temperature
tube. It has already been demonstrated in connection with Fig. 18-58

that the systems operation of a tube at high temperature alters the decay
of contrast following a single excitation. Figure 18-61 shows the decay
following 360 excitations repeated with a time interval of 10 sec. This
figure is therefore similar to Figs. 18-56 and 18-59 and should be compared
with them. The important fact to note is that the decay of contrast
following repeated excitation is very definitely faster for tube R-212 than

8 24 28 3212 16 20
360 M10 in per cent

Fig. 18-61.—Decay of contrast (tube R-212) after repeated pulses in screen condensed

"^o^
50* and operated at 36°C - Dashed curves apply to tube R-220, condensed at

35 O.

was the case for the tube R-220 when both tubes were operated at the
same temperatures. The dashed curves show two selected decay charac-
teristics that were observed at 3 sec and 1000 sec after the 360th excita-
tion. Note in particular that the 1000-sec decay curve of R-220 coincides
with the probable location of the 200-sec curve of the low-temperature
tube R-212. The comparison of Figs. 18-59 and 18-61 shows that the
100-sec curve of Fig. 18-59 coincides reasonably well with the 300-sec
curve of Fig. 18-61. Thus it may be concluded that the operation of the
low-temperature tube at 35°C is comparable with the operation of the
other tube at 100°C, although its bleaching following repeated excitation
is not so fast. Although data are not at hand to establish curves for the
high-temperature operation of tube R-212, enough experience was
obtained to establish the fact that a moderate increase in temperature
above 35°C, for the operating value, would give tube R-212 an increased
bleaching rate and make it equal to that exhibited in Fig. 18-59.

The numerical examples of tube operation given above required that
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the contrast following a single excitation remain above 1 per cent for 10

sec. From the curves of Fig. 18-60 it is evident that if the contrast (1M)

is 11.5 per cent, the contrast (1D10) will be 1 per cent. Since the screen-

sensitivity index is 3.1, Fig. 18-51 shows that the charge density per

single excitation must be 0.38 pic/cm2
. Figure 18-57 shows that the

corresponding value of (360M10) will be 12.5 per cent. From Fig.

18-61 it is evident that with the excitation as described, the contrast of a

repeated signal will drop to 1 per cent in 125 sec. This final result is in

exact agreement with that obtained for the " normal' ' tube operated

at 100°C, and was obtained with an excitation charge density of 0.38

/uc/cm2 excitation, which is advantageous. At the relatively low charge

density required for this tube, there is a better chance of realizing a high

contrast gradient than there is when the charge density has to be raised

to 0.64 juc/cm 2 as is necessary for high-temperature tube operation as

illustrated above.

A summary of the numerical examples that have been worked out

in the above discussion is incorporated in Table 18-3. It was arbitrar-

Table 18-3.

—

Influence of Condensation and Operating Temperatures on

Screen Characteristics

Characteristic

Tube no.

R-220 R-196 R-212

Cond. temp
Oper. temp
Index

(lJlf) for 1 % (1D10)

.

360M10
Time for decay to 1 %

35°C
35°C
4.30

12%
13%

500 sec

0.29c/cm ?

35°C
100°C

2.85

16%
18%

125 sec

0.64 c/cm2

-50°C
35°C
3.10

11.5%
12.5%

125 sec

0.38 c/cm*

ily decided in advance of the preparation of Table 18-3 that the contrast

following a single excitation should hold above 1 per cent for 10 sec and

that the criterion for bleaching after 360 excitations should also be the

1 per cent contrast value. Although these are reasonable choices,

experience with a particular cathode-ray tube indicator might make a

slightly different choice of limiting numbers more appropriate. If the

family of curves for typical tubes and for typical operating conditions is

available, the problem can be worked out for choices of the limits of

signal discernibility after a single excitation and of limiting contrast

following extended excitation.

Although the advantage of using dark-trace screens condensed at low

temperature is unmistakable, the use of such screens is not warranted
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unless electron guns capable of giving the highest contrast gradient
possible under operating conditions are also obtained. In case the image
is projected, great care must be exercised in the electron-beam and optical

focusing and in the design and construction of the optical system so as
to minimize the loss in contrast gradient.

The final point to be emphasized is the need for synchronized limiting

and gain control if the dark-trace tube is to be used on a PPI radar
indicator. It is important that the maximum charge density per unit area
be as uniform as possible and be held within the range that produces a
maximum contrast of not more than about 18 per cent. If contrasts

exceed this value, more strenuous methods must be used to bleach such
areas after repeated excitations have been applied (see Sec. 16-16).

1847. Influence of Metallic Impurities.—The introduction of metallic

aluminum into the evaporator cup along with the normal charge of potas-

Table 18-4--Effect of Metallic Impurities on Certain Dark-trace Screen
Characteristics

Metal* %t (%M) x
10*J

Aff§ (1M)|| I\

Th 0.006 3 2 27 4.25
Mg 0.006 30 24 26 4.10
Al 0.2 700 44 27 4.25
Mn 0.3 600 45 24 3.45
Cu 0.8 1200 68 21 2.78
Sb 2.0 1600 69 23 3.18

* Metals used, generally in the form of fine powder of small particles,

t Per cent (by weight inserted in evaporator cup) required to obtain screens with a contrast ratio
of 25. (The average ratio for pure potassium chloride is 12.)

X A number proportional to the number of metallic atoms used as the impurity. It is 10* times the
percentage shown in Column 2 divided by the atomic weight of the metal.

I The quantity AH is the difference between the heat of formation of potassium chloride and the
heat of formation per chlorine ion of the metallic salt. The heat of formation of potassium chloride is

approximately 100 kilocalories per mole.

|| The symbol (lAf) here indicates the contrast expressed in per cent produced by a single raster with
a charge density Q of 1 pc/cm.

IT The screen sensitivity index is represented by 1. Figure 18"51 may be used for the computation
of contrast with any other Q value.

sium chloride results in the production of dark-trace screens that exhibit

a marked increase in the bleaching rate following nonrepeated excita-

tion. 1 Very extended researches were undertaken with the hope that

screens with improved operating characteristics would be so created.

Since this effort failed in its objective, only a brief summary of results

and conclusions will be presented here.

Experiments soon showed that some metals were decidedly more
effective than others in altering the contrast ratio (1M/1D10). The

1 ASEE progress reports, Bristol, England.
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heat of reaction per chlorine atom when a salt is formed is a rough mea-

sure of the tenacity of one metal atom compared with another to take

or hold the chlorine. The amount of heat evolved upon the formation

of potassium chloride, KC1, is larger than that evolved upon the forma-

tion of the chlorides of other common metals. The difference between

the heat formation of thorium chloride, ThCh, and of KC1 is small, and

thorium was found to be the most active of all the metals investigated.

Table 18-4 summarizes the results obtained on six of the metals studied.

It would be incorrect to interpret the results recorded in Columns

5 and 6 as an indication that there is a systematic trend in the maximum
contrast (lAf) for standard excitation. Relatively minor alterations

in production technique, including such factors as the exact amount of

potassium chloride used to produce a given screen, alter the contrast

(likf) as much as 4 or 5 per cent, and it is considered likely that more

efficient tubes than those used for the tabular data could be produced in

cases where the screen-sensitivity index is less than 4. Magnesium and

thorium are definitely more active than aluminum for the production of

screens with high contrast ratio. Strontium should be expected to be

comparable with thorium, but the results of an attempted test of this

point were not conclusive because the strontium used was very highly

oxidized and was considered very impure.

Just after the screen condensation the physical appearance of the

screens formed with added thorium yielded information that explains

the nature of the chemical reactions that take place when metallic impuri-

ties are used. Many years ago the researches on the coloration of alkali

halide crystals established the experimental fact that the presence of

excess potassium within a KC1 crystal produces coloration. 1

Initial Coloration of Screens Containing Metal Impurity.—The physi-

cal appearance of a pure potassium chloride screen immediately upon

evaporation, or during evaporation, is that of a very nonselective diffuse

reflector. A freshly produced screen, created by the evaporation of a

charge of potassium chloride into which thorium or magnesium metal

has been mixed, is generally not white as viewed with white light, but

has a distinct magenta appearance. A spectral examination of the back

reflectance as a function of the wavelength shows that the absorption

is essentially identical with that induced by electron bombardment.

Although the screen appears colored when first produced, this absorption

band bleaches out under the action of light and heat so that the final

condition of the screen is more or less indistinguishable in physical

appearance from that of a pure potassium chloride deposit.

The explanation of the initial coloration of adulterated screens

l R. W. Pohl, "Electron Conductivity and Photochemical Processes in Alkali

Halide Crystals," Proc. Phys. Soc, London, 49, 3 (1937). (A review article.)
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involves a consideration of the steps of screen production. The material

from which the screen is condensed is normally pressed in the form of a
pill and put in an evaporator cup. The cup is heated by a high-frequency

induction heater until the potassium chloride melts. While at the melt-

ing point, or slightly above, it is assumed that a chemical reaction takes

place in which some of the potassium chloride is reduced by the presence

of the active metal impurity that has been incorporated in the pill for

the purpose. In the case of thorium, a certain amount of thorium
chloride is produced and free potassium is liberated. At the temperature
involved, potassium chloride, free potassium, and thorium chloride

evaporate and condense on the cathode-ray-tube face plate. The
freshly produced screen, therefore, contains free potassium so located

in positions in the individual crystals of the condensed screen that the

absorption band characteristic of excess potassium is unmistakably
present. At a temperature of 100°C or less, and in the presence of strong

light (8000 foot-candles) from an incandescent source, the screen may be
bleached so that almost no traces of the original absorption band remain.
It is presumed that under these conditions the potassium combines with
the chlorine of the thorium chloride and leaves a crystal of potassium
chloride with almost no excess of free potassium but with a very definite

excess of free thorium.

It is possible that when aluminum metal is used for the impurity, a
similar reaction takes place. Since aluminum is so much less active

than thorium, the amount of free potassium produced is probably insuf-

ficient to create noticeable coloring. If the amount of aluminum put
in is less than 0.5 per cent by weight, the physical appearance of this

screen is almost indistinguishable from that of a pure potassium chloride

screen. As the proportion of aluminum is increased, the screen takes on
a "brown" appearance when viewed in white light. A brown screen of

this kind cannot be bleached by the application of moderate heat and
strong light. That this brown appearance is the result of light absorption
by particles of aluminum is suggested by an experiment in which pure
potassium chloride was deposited by evaporation from an evaporator
cup, while simultaneously pure aluminum was evaporated from the sur-

face of a nearby tungsten filament. The screen thus produced showed
the characteristic brown appearance associated with the excess use of

aluminum, and at the same time the decay in contrast following a single

excitation was almost identical with that usually obtained from pure
potassium chloride. The conclusion from this experiment is that the
aluminum must be incorporated into the crystals of which the screen is

made by a process that segregates the aluminum atoms from each other
more effectively than can be accomplished by the simultaneous condensa-
tion of aluminum atoms and potassium chloride molecules.
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18*18. Changes of Contrast Ratio with Use.—Even though high

contrast ratios can be produced by the introduction of metallic impurities,

some physical transformation of the screen takes place as a consequence

of electron bombardment during use. Figure 18-62 illustrates the extent

of the observed alteration in contrast ratio with electron bombardment

for pure potassium chloride and for this salt with three different metallic

impurities. The impurity percentages indicated are the weight of metal

introduced into the evaporating cup and do not give an easily interpreted

measure of the actual amount of the impurity properly situated within

the cathode-ray-tube screen investigated. It is interesting to note

that following 1,000,000 applica-

tions of a raster having a charge

density of 1 /ic/cm 2
, the contrast

ratios of all screens were essen-

tially equal. Although the great

reduction in contrast ratio ob-

served is the most evident effect

of extended electron bombard-

ment, small changes in the screen-

sensitivity index and in the diffuse

reflectance factor have been ob-

served but not extensively
investigated.

For the radar application for

which these tubes were developed,

the alterations brought about by
metallic impurity is exactly oppo-

site to that desired. Even though

the screens produced with metallic impurities have found no useful

application at present, research in this field should not be terminated

before many of the unexplored phenomena have been investigated.

Thorium, strontium, and magnesium are probably the most active metals

and the influence of the condensation temperature on the performance

of the screens using various amounts of these impurities should be

investigated with the hope that screen properties useful in some applica-

tion might be discovered.

18-19. Influence of Metallic Salts as Impurities.—The main difficulty

in the tubes in which metallic salts have been added to potassium chloride

is that, if the screen is found to have modified characteristics, the ther-

mionic cathode of the cathode-ray tube is invariably unsteady and poor

in its emission properties. Certain salts and experimental procedures

have been used on occasion to produce screens in tubes that have had

good thermionic cathodes, but in these examples the screens themselves

Qr in/ic/cm2

Fig. 18-62.—Aging effect in screens adulter-

ated with, various metals.
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showed no characteristics different from those obtained with pure potas-

sium chloride. If modified screen properties do result from a given

procedure, the chemical reaction evolves chlorine as a result of the

decomposition of the metallic salt. The free metal then reacts to decom-
pose potassium chloride to yield some free potassium that in turn evapo-
rates over with the other molecules. The liberated chlorine reacts

unfavorably with the cathode and yields an insensitive and unsteady
thermionic emitter. If this reaction does not take place, then the cathode
is not poisoned and the screen does not seem to be influenced by the
presence of the metallic salt introduced as an impurity.

18-20. Physical Structure of Dark-trace Screens.—The physical

structure of the condensed film as a whole plays an important part in the
determination of the efficiency of a dark-trace cathode-ray-tube screen.

Before any potassium chloride is condensed, reflections of light from the
internal and external surfaces of the cathode-ray-tube face plate are
almost equal in intensity. After the evaporator cup has been maintained
hot enough for some evaporation to take place the first evidence of con-
densation is the gradual coloration of the light reflected from the inner

surface. Later the film reaches a thickness for which practically no
visible light is reflected at that surface and, finally, the surface begins

to take on a "milky" appearance and the diffuse reflectance factor

increases as the amount of potassium chloride deposited increases. For
optimum screen efficiency it has been found that a diffuse reflectance

factor of about 23 per cent relative to that of a thick coating of freshly

prepared magnesium oxide is needed.

There are two broad overlapping classifications of diffuse reflectors,

and, therefore, it is difficult to give precise definitions. These are

"volume reflectors" and "surface reflectors." Light penetrates into the
interior of all crystalline solids. In the case of metals the absorption of

light is so great that the depth of penetration is generally negligible.

In the case of nonconductors, however, the light may penetrate with
almost undiminished intensity until an inhomogeneity in the structure
is encountered. Imbedded particles within a glass or a surface boundary
across which there is change in the index of refraction would constitute

such an inhomogeneity. Snow constitutes a diffuse reflector in which
reflections take place at the crystal boundaries throughout the volume
of the bulk material. A similar situation is associated with the diffuse

reflection from a thick coating of magnesium oxide and from a thick
coating of potassium chloride. For the want of a better name, diffuse

reflectance of this type is referred to as "volume" reflectance; and, in
choosing this term, the bulk volume is referred to and not just the internal
structure of a single crystal. A second form of diffuse reflectance is

illustrated by a sand-blasted or etched glass surface. In this case, the
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reflected rays of light are returned to the observer as a result of one or

more reflections that have occurred at the interface between the solid

substance and the surrounding air or vacuum. If the angle of incidence

between the light ray and the roughened surface of the glass is just right,

then two "total reflections" may take place and return the light ray in

the general direction of the observer. Experiment shows that with

suitable roughened surfaces as much as 20 per cent of the incident light

may be diffusely scattered back to the observer by this phenomenon.

There are a number of related experiments that indicate the impor-

tance of so making the surface of a dark-trace tube screen that the major

part of the diffusely scattered light comes to the observer as a result of

surface scattering. Electron bombardment of a potassium chloride

crystal gives rise to an induced absorption band that has a depth of pene-

tration within the crystal of approximately three microns for a screen

voltage relative to the cathode of 9 kv (see Table 18-2) . From a consider-

ation of these phenomena it would seem that the efficiency of a dark-trace

screen in terms of contrast per unit of anode current would be strongly

influenced by the physical structure, and high efficiency would be associ-

ated with a surface structure in which most of the light rays returned to

the observer would have passed through as much of the absorption

region as possible. Diffuse reflection offers the best means of using the

induced absorption because the light rays as they pass into the thin film

of potassium chloride become totally reflected at the crystal-to-vacuum

interface. After the first reflections the light travels some distance more

or less parallel to the crystal surface, through a region of high concentra-

tion of absorption centers, and finally after a second reflection is received

by the observer. There are at least five factors that influence the char-

acter of the vacuum-to-screen interface: (1) the amount of material

(weight) deposited per unit area; (2) the temperature of the surface

upon which the potassium chloride is condensed; (3) the angle of incidence

between the molecular beam of potassium chloride issuing from the

evaporator cup and the surface of the cathode ray tube face plate; (4)

the rate of evaporation; and (5) the mean free path of the potassium

chloride atoms during evaporation. These five factors are evidently

not independent variables.

Experience has shown that "volume scattering" of the diffusely

reflected light is less prevalent if a single evaporator cup is used as the

source of potassium chloride. It therefore follows that the angle of

incidence of the potassium chloride molecular beam varies over the sur-

face of the face plate. As a result of this variation in the angle of inci-

dence, it is found that different amounts of potassium chloride are

required in each locality for the completed screen to have a reasonably

uniform distribution of diffusely reflecting surfaces. Although consider-
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able research has been devoted to the design of an evaporator cup capable

of delivering a nonuniform thickness of screen material to compensate

for the systematic variation in the average angle of incidence, it is thought

that the one described later in this chapter is best only for the production

of screens in the 4AP10 cathode-ray-tube blank and for screens condensed

at temperatures within the range 0°C to 35°C. Larger tube-face sur-

Fiq, 18-63.—Evaporated KCI screen structure. {Courtesy of Johnson and Grams, GE
Research Lalwratary.)

faces and lower condensation temperatures would make it desirable to

study means of improving the evaporator cup design.

Although the photomicrograph shown in Fig. 18-63 was not taken

with a screen produced by condensation from an evaporator cup of the

design finally adopted for 4AP10 production, it shows very clearly the

physical structure of the screen-to-vacuum interface found with a

condensed potassium chloride surface. Note that the crystalline plates

have linear dimensions of approximately 2 to 4 microns. The fact that

there is such a systematic orientation of these crystals leads to the con-
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elusion that there are surface structures that have developed on a more
or less amorphous film in direct contact with the glass. As the light used

for viewing a dark-trace screen is transmitted first through the glass of

the face plate and into the screen, it suffers almost no reflection at the

interface between the glass and the transparent amorphous layer of

potassium chloride. Since the film was constructed by the condensation

of potassium chloride molecules, crystalline structure develops and

becomes evident during condensation by the fact that increased diffuse

reflectance gradually develops. If too much potassium chloride is used

or if the conditions of condensation are not suitably adjusted, the diffuse

reflectance factor can be increased well above the optimum of approxi-

mately 23 per cent. Such increases in the diffuse reflectance factor are

associated with the "volume" diffuse reflection because material so

deposited creates "layers" of small crystals and light may be scattered

at interfaces that receive very little electron bombardment.

One of the qualitative methods of judging a potassium chloride

screen after it has been formed is to illuminate the cathode-ray-tube gun

with a strong light and try to recognize the parts as they are viewed

through the screen. A good screen, in terms of contrast efficiency, is

sufficiently transparent so that the electron gun parts can be seen clearly

but very faintly. Experiments undertaken to evaluate the transmis-

sivity of a typical potassium chloride screen at first yielded inconsistent

results. The potassium chloride screen is such a very efficient diffuse

transmitter that it is difficult to construct an optical system with suffi-

ciently narrow slits to obtain a direct measure of the image-forming rays.

The best results so far obtained indicate that the transmission factor of

a normal potassium chloride screen is approximately 0.02 per cent.

Approximately 23 per cent of the light that falls upon a potassium chloride

screen is diffusely back-reflected. It is diffusely transmitted to the extent

of approximately 70 per cent and "regular" transmittance is approxi-

mately 0.02 per cent. The fact that the crystals that are responsible

for the efficient diffuse scattering have dimensions of the order of magni-

tude of the wavelength of light is further substantiated by the fact that

"regularly" transmitted light (image-forming) is selectively transmitted,

with red light being more efficiently transmitted than blue light. For

screens in which the induced color absorbing centers are absent, both the

diffuse reflectance and the diffuse transmittance are very nearly perfectly

nonselective.

18*21. Construction and Mounting of Evaporator Cup.—Figure 18-64

illustrates the construction of the evaporator cup which has been found

to give the most uniform screens of all of those tested. The assembled

cup and all of the individual parts are shown. The evaporating cup e

and the aperture structure b were pressed in the same die. The covet
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plate c with its gauze of fine mesh nickel wire has the same diameter

(^ in.) as the flange of the cup and the aperture structure. The pro-

cedure for the assembly of the unit involves first spot-welding the baffle

Assembled evaporator

£ ® 3 S *?
Aperture structure

Cover with gauze Pellet

Fio, 18-64.—Assembly and parte oi evaporator cup.

Flo. 18*65—Evaporator mounting.

to the aperture structure. The support wore is welded to the cup flange

and then the cup cover and aperture structure are fastened together with

a few welds along the flanges of the cup and the aperture structure.

It was standard practice to heat this assembly in an atmosphere of pure

hydrogen for 10 min at a temperature of 1100°C by induced high-fre-



692 SCREENS FOR CATHODE-RAY TUBES [Sec. 18-22

quency currents. Immediately after this outgassing procedure and just

prior to the final assembly and evacuation of the cathode-ray tube, the

pellet of potassium chloride d was inserted into the cup by springing it

open just sufficiently to insert the pellet. Great care was exercised to

see that the flanges of the cup and the aperture structure were spot-

welded perfectly. It was necessary to confine the pellet to a cup enclosed

by a fine mesh screen in order to eliminate the possibility of having

loose potassium chloride in the cathode-ray tube. The aperture structure

and the baffle a were designed from experience gained in the construction

of many tubes. The mounting of the evaporator cup is illustrated by

Fig. 18-65.

18*22. Some Theoretical Aspects of Dark-trace Screens.—The

electronic structure of the solids used as fluorescent screens was discussed

briefly in Sec. 18-2. Figures 18-2 and 18-3 illustrate the fact that the

assembly of such a large number of atoms in a given volume, as is required

to form a solid, distorts the normal electron energy states associated with

the individual atoms and creates in a perfect crystal a situation that is

reasonably well approximated by the band structure of Fig. 18-2&. Any
inhomogeneity in the arrangement of the atoms of a single crystal causes

a localized disturbance in the system of occupied and unoccupied electron

levels.

At the temperature at which the potassium chloride is evaporated,

decomposition of the pure salt is negligible. The first molecules to arrive

at the face plate become attached to the glass surface by strong adhesive

forces. As more and more molecules arrive, the influence of the glass

becomes vanishingly small. The molecules tend to orient themselves

with respect to those already condensed, and in so doing naturally start

the formation of small crystals. Some of the crystals tend to absorb

their more minute neighbors to form larger and larger crystals. At the

temperature involved the extent of this absorption of one crystal by

another is limited and comes to an abrupt stop when the crystal boundar-

ies of two relatively large (1-micron linear dimension) crystals meet.

It is thought that at this stage the crystals grow only by the absorption

of the additional molecules condensed on the screen. The plate-like

structure of Fig. 18-63 clearly shows the nature of the crystals that form

a normal potassium chloride screen.

Two Types of Crystal Fault.—Figure 18-66 illustrates by means of a

two-dimensional approximation the way in which a faulty crystalline

structure becomes "frozen" into the individual crystals of potassium

chloride. This diagram shows that there are two types of structural

faults that can occur. Each negative sign in the diagram represents a

chlorine ion ionically bonded to a potassium ion in the original molecule.

The assumed pairing of the atoms is shown by the lines around them.
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The grouping that is indicated there is intended only to show the orienta-

tion of the molecules as they condense onto the crystal lattice that

already existed before the arrival of the additional potassium chloride

molecules. It is evident that a fault in the crystal structure, represented

by an open circle, is a region in which
the chlorine atom is missing, and a fault

represented by an open square is a region

in which a potassium atom is missing.

In the absence of metallic impurities it is

to be expected that throughout a given

crystal there will be exactly as many
open-circle faults as there are open-

square faults and that these will be
randomly and more or less uniformly s- s /- >>

distributed throughout the volume of a -~ J?
given crystal. Experiment has estab- fn (' -Q Q^
lished that potassium ions are more
mobile than chlorine ions. It is there-

fore to be expected that with some
stimulation due to electronic excitation,

heat, or electrical fields, a potassium ion

such as the one shown at A may move
into the ion vacancy B. The appearance
of the diagram will remain much as it

was except for the fact that the open
square at B will have moved to position

A. It must be assumed that the open-square faults have some degree of

mobility and may tend to take up positions near the surface of the indivi-

dual crystal or, in some cases, become grouped in some other manner that

disturbs the original randomness of their distribution. The experimental

support for this supposition will become more evident later.
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Fig. 18-66.—Illustration of two

types of crystal faults. O-chlorine
vacancy; -potassium vacancy.

UB

-O-

Fig. 18-67.—Energy-level system with localized chlorine vacancy at —O— *Qd potassium
vacancy at — — . Occupied band (OB); unoccupied band (UB).

The energy level diagram of Fig. 18-67 is very similar to the diagrams
of Figs. 18-3 and 18-4 except that in Fig. 18-67 the chlorine vacancies are

identified by open circles. The potassium vacancies are represented in
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the diagram by filled-in squares. The difference in the representation

is associated with the fact that a crystal fault in which there is a chlorine

vacancy is one that has an electron affinity and is therefore a localized

region capable of trapping an electron. Associated with a potassium

vacancy there is an excess electron and therefore this may be considered

to be a localized region capable of trapping an electron "hole."

Trapping of Electrons and Holes.—The early experiments on the

coloration of potassium chloride crystals established the fact that the

trapping of an electron in a chlorine vacancy is the mechanism by which

induced light absorption is developed within the crystal. The trapped

electron becomes identified as the i^-center since this electron is capable

of absorbing light. The center of the absorption band lies at 560 m/i.

If Fig. 1867 represents the distribution of the electrons in the occupied

band and in the various localized levels, then Fig. 18-68 may be taken to

represent the situation following the electron excitation of the crystal.

The bombardment of a crystal by high-energy electrons excites many
internal secondary electrons from the occupied band (OB) into the

unoccupied band (UB). This latter band is often known as the "con-

duction band." After an electron is excited in an ionic crystal it has a

considerable degree of mobility in the conduction band but it cannot

^^^^^^^^^^^^^^^^^^^^ move entirely independently of the

i

UB " hole " that is created in the occu-

0B

jg -O- ^p pied band. The electron is a

£ m _£}_ negatively charged body and the

hole is effectively a region in which

there is an average positive charge

Fig. 18-68.—Energy-level system with density equal in magnitude to

electron trapped at F and hole trapped at that of the electron. Strong elec-

tric fields would be set up in the

crystal if the electrons did not flow more or less simultaneously with

the holes. After an electron is excited it is possible for it to recom-

bine with its hole before the ions in the lattice have had an opportunity

to readjust themselves to the altered condition of the electric field.

If instantaneous recombination does not take place then it seems likely

that the hole in the occupied band will be filled by an electron associated

with one of the localized potassium vacancies. Thus, in effect, the hole

is trapped at a potassium-ion site and this trapping is illustrated in Fig.

18-68 by the open square. As soon as the hole is trapped, an electron in

the conduction band finds itself held to that neighborhood by the mod-
erately long-range forces of the trapped hole. The electron may become
trapped in a chlorine-ion vacancy as shown by the letter F in Fig. 18-68

or it may recombine with a trapped hole. In the absence of strong light,

heat, or additional electron excitation, the new distribution of electrons
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and holes becomes "frozen." If a weak light is used to view the excited

screen, the presence of the induced absorption in all regions that have

been bombarded sufficiently by high-energy electrons is very evident,

and if a tube is kept in the dark even at room temperature, the number of

transitions from the jF-centers that take place spontaneously is so small

that almost no reduction in the absorbtance takes place in weeks.

If the essential features of the structural aspects of a pure potassium

chloride dark-trace screen are simplified just as far as possible, the com-

plexities will be greater rather than less than those associated with the

simplified models described above. For example the F absorption band
is not the only induced band associated with the coloration and bleaching

of pure potassium chloride screens. There are others, sometimes known
as the R bands and the M bands, which in all probability correspond to

electron traps of a much more complex nature than that just described

as a "chlorine vacancy." 1

18*23. Qualitative Explanation of Universal Curve for (1M).—Many
of the experimental results already described can be explained qualita-

tively in terms of a simplified model. It is of interest to give considera-

tion to the factors that determine the universal curve shown in Fig.

18-57 that relates contrast (IM) to the charge density for a single excita-

tion. If it were true that each light ray reaching the observer had passed

through a definite thickness (I) of the absorption region, then the amount
of light that reached the observer is given by the following equation:

/ = I e-™1
(17)

The symbol I represents the light received by the observer when the

density of F-centers is constant, and equal to n per unit volume, and the

letter I represents the light received by the observer when the density

of absorbing centers is zero. The constant a measures the probability

that a light quantum will be absorbed as it passes a unit distance through

a unit concentration of /^-centers. If this formula were valid then the

contrast would be given as a function of n as follows:

C = (1 - <r~«). (18)

In order to compare Eq. (18) with experiment, the assumption is made
that n is proportional to the charge density Q. Since Eq. (18) yields a

contrast that is directly proportional to n (or, after substitution has been

made, to Q) when the value of {rial) is small compared to unity, Eq. (18)

agrees with experiment over the range of small Q values, that is, for

1 F. Seitz, O. Stern, I. Estermann, R. J. Maurer, S. Lasof, and G. I. Kirkland,

"Theory of Dark-trace Tubes," NDRC 14-131, Apr. 1943; 14-172, Sept. 1943; 14-257,

Apr. 1944; 14-265, May 1944; "Darkening and Bleaching of Potassium Chloride,"

NDRC 14-177, Sept. 1943; 14-205, Nov. 1943; Carnegie Inst, of Tech.
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contrast values less than 10 per cent. As the value (ncd) becomes greater

than 0.2, the equation predicts a more rapid increase in contrast than

experiment shows. The assumptions upon which this equation was based

are likely to be invalid for three reasons: (1) the path length for those

rays that pass through the region of induced absorption and arrive at

the observing phototube are not all equal to a constant value (I)
; (2) the

concentration of absorption centers may not be constant all along the

length of the path; (3) the concentration of absorption centers is very
likely not proportional to Q over the entire range of observation because

electrons are capable not only of creating the absorption centers but also

of destroying them. Therefore, although for small Q values the number
of absorption centers generated is likely to be proportional to Q, there

will certainly be a tendency for the number (n) to increase less rapidly

as Q increases.

Although it is impossible to give precise formulation to correct for

the objections raised, there are two formulas that might be of interest

because they are based on simple assumptions that attempt to take into

account a distribution in possible path lengths. The first of these is

based on the assumption that the rays received by the observer may be
thought of as being subdivided among travel distances from zero to a
certain maximum distance lm. It is further assumed that the amount of

light associated with a unit range in I shall be constant. On this assump-
tion the contrast is given by

nalm

If it is assumed that n is proportional to Q, then the form of the curve

given by Eq. (19) is more nearly that observed than that given by Eq.

(18).

There is still a third assumption that is easily worked out, for which
the distribution of light rays per unit range in length is given by the

following formula;

dl
dl

i

£ = kU L - (20)

In this equation, A; is a proportionality constant that does not come into

the calculation of the contrast, and L is a constant that determines the

distribution in possible path lengths. If this form of the equation is

used, then the contrast is

c = 1 ~*r=W (21)

The curve obtained by using Eq. (21) is nearly the same as that given by
Eq. (19), and both agree very well with the universal curve up to a
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contrast of approximately 30 per cent; hence it cannot be said that the

experimental results favor one assumption more than the other. In

addition to the fact that both curves have approximately the right shape,

the functions also indicate that if the Q required to produce any given

contrast is known, then to generate some new specified contrast the Q
will be obtained by multiplying the first one by a definite factor. It was
the experimental support of this fact that made the universal curve and
the screen-sensitivity index useful as means of describing dark-trace-

screen properties.

The Screen-efficiency Index Determined Largely by the Mechanical

Structure of the Screen.—The physical structure of the bulk screen mate-
rial, and especially of the interface between the screen and the vacuum of

the cathode ray tube, has more influence than any other known factor on
the screen efficiency as measured by the contrast (1M). This fact

supports the simplified picture of a potassium chloride screen developed
in the preceding paragraphs. The contrast (IM) is almost independent
of (1) the presence of a small amount of impurity in the screen, (2) the

actual thickness of the screen as long as the interface structure is "nor-
mal," (3) the temperature at which the screen is operated, (4) the light

intensity used to bleach the screen, and (5) the precise details of excita-

tion so long as the total charge is introduced into the screen in a time
shorter than a few milliseconds. The meaning of Statement 2 is that the
actual screen coating in terms of milligrams per square centimeter is

dependent on the angle of incidence and upon the temperature at which
the screen is condensed. Low-temperature screens require as much as

twice the weight of potassium chloride per unit area as is demanded for

screens condensed at room temperature.

18»24. Factors That Influence Contrast Decay.—It is impossible to

formulate a satisfactory and yet reasonably simple theory to explain the

phenomena associated with the decay in contrast. Known factors that
influence the decay in contrast are the following:

1. Impurities contained in the potassium chloride screens.

2. The condensation temperature used for the screen production.

3. The operating temperature of the screen.

4. The spectral power distribution and the magnitude of the illumi-

nance used for observing the screen.

5. The sequence of excitations used to produce a given contrast.

6. The magnitude of the charge per unit area used to create the
contrast.

7. The electron energy.

8. The age of the tube in terms of previous excitation and operating
conditions, particularly as regards the effect of the operating
temperature and total electronic charge put into the screen.
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If a given contrast is excited on a completely bleached screen by a

single raster, the decay in contrast is very much more rapid than the

decay that follows the generation of the same initial contrast as a result

of repeated excitations that are individually smaller but sufficient to

excite the specified contrast value. It is assumed that a potassium

chloride screen that has not been used extensively will have a random

distribution of chlorine and potassium vacancies, and that these will be

equal in number. Immediately after the screen is excited the chlorine

vacancies that are filled by internal secondary electrons become F centers

and the electron holes become trapped at the potassium-ion vacancies.

The trapping of the electrons and the hole occurs in a very short time

after the excitation; and, in the absence of additional excitation either

from electrons, fight, or heat, the population of F centers remain almost

constant. In the presence of light the electrons that absorb the light in

the F-centers are excited to higher electronic energy states and become

mobile to a limited extent. Electrons in the excited state are likely to

combine with the trapped electron holes since these trapped holes are

electrostatically attractive to the free electrons as a result of coulomb

forces. Unoccupied chlorine vacancies also attract electrons and the

mobile electrons may become retrapped in a chlorine vacancy and thereby

return to recreate an F-center. Although the absorption of light within

the F-band always involves the excitation of an electron in an F-center,

it does not necessarily follow that the F-center has been annihilated.

Removal of F-center electrons is associated only with the return of the

electron to a captured electron hole. The complete bleaching of the

screen is identified with the return of almost all the electrons to captured

electron holes.

In all practical cases the number of chlorine vacancies generally far

exceeds the number of trapped holes. Therefore, although the force of

attraction between the mobile electron and trapped hole is greater than

that between an electron and a chlorine vacancy, many of the electrons

will go to chlorine vacancies. It seems certain that those F-centers

nearest electron hole traps will yield their electrons to recombine with

the holes and that after the initial fairly rapid decay in the concentration

of F-centers, the decay will become progressively slower and slower.

This decrease in the probability of recombination accounts for the fact

that the accumulated concentration of F-centers after repeated excitation

becomes progressively harder and harder to bleach.

Movement of Ions under Electron Bombardment and Heat.—The elec-

tron bombardment of the potassium chloride screen increases the likeli-

hood that a potassium-ion vacancy will move through the crystal by

the displacement of individual potassium atoms to fill the vacancy.

Throughout the crystal there must be sites created by the surface struc-
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ture, crystalline faults, or random assemblies of ion vacancies that

correspond to conditions of lower vacancy mobility. If the original

distribution of chlorine and potassium vacancies was random and reason-

ably uniform, the final distribution is presumably less uniform, and
although there still is a sum total of potassium vacancies equal to the sum
total of chlorine vacancies, the capturing of the potassium vacancies at

localized regions results in a small increase in the average short-range dis-

tance between the potassium and the chlorine vacancies. Thus if the

holes are always trapped at potassium vacancies a definite decrease in the

bleaching rate for a given excitation should be expected and, in fact, is

observed. The application of heat to an unused screen also reduces the

bleaching rate although the effect of heat is not identical in every respect

to the effect of electron bombardment.
The presence of metallic impurities within the lattice increases the

number of electron hole traps without increasing the number of chlorine

vacancies. Thus although the contrast (IM) is independent of the

impurity content over the practical range, the decay contrast (1D10),

and therefore also the contrast ratio (1M)/(1D10), are strongly influenced

by the presence of metallic impurities because they increase the density

of hole traps above the density of chlorine ion vacancies. Figure 18-62

shows that extended use of a dark-trace screen finally results in a rear-

rangement of the distribution of the impurities in the crystalline material

such that the contrast ratio after many hours of service is approximately

the same as for pure potassium chloride. An adulterated screen changes

contrast ratio by heat alone and again the effect is not exactly the same
as that produced by high-energy electrons.

18-25. Standardized Test Equipment.—The test equipment used for

the investigation and quality control of luminescent and dark-trace

cathode-ray tubes can be represented by the similar block diagrams of

Fig. 18-48 and 18-69. There are many detailed differences between the

two pieces of equipment which do not show up in block diagrams because

in the "P7 test equipment" the anode voltage generally used was much
lower and therefore the sweep circuits differed considerably in their

details. The "DT test equipment" was arranged to make a direct

measurement of luminance and also of contrast. The cathode-ray-tube

mounts were very different because all the DT tubes ranged in face-plate

size from 3 to 4 in., and provision was made for the application of heat

so that the face plate could be raised to a temperature as high as 200°C.
For the luminescent tubes provision was made for the operation of tubes

of many varieties that included both electrostatically deflected and
magnetically deflected electron beams and a range in face-plate diameter

from 2 to 12 in. In the "P7 equipment" it was necessary to have a
strong source of infrared and red light to assist in the deexcitation of
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long-persistence screens. The high-speed sweep ran at 12 kc/sec and

was accurately synchronized to the 60-cps 115-volt a-c line used to

furnish power to the entire system. The 60-cps sweep was synchronized

directly to the 60-cps line. In the dark-trace-tube equipment provision

Regulated
power supplies

Grid pulser-timer

Second-anode
regulated supply

E.S. focusing

E.S. coupling circuit

60-cps and 12-kc/sec
sweep generator

Power supply

Pulse generator

Multiplier voltage

supply regulated

150-1250 volts

5CP7 ) D-c amplifier

Grid-bias control

Saturation-core

regulators

to all chassis

First-anode and
focus voltage

regulated supply

High-voltage supply
1.5-7.0 kv

High-voltage

regulator

/aa

Red light

Lamp timer

3=^:

Standardization

and electronic

potentiometer

CRO
coupling

Imped,
trans.

Photoelectric
recording

microammeter

Fiq. 18-69.—Block diagram of P7 cathode-ray-tube test equipment.

was made only for magnetic deflection of the electron beam. Focusing

currents or voltages were furnished by regulated supplies. The current

in the electron beam was measured either directly on a suitably con-

structed and shielded microammeter or on a vacuum-tube microammeter.

In the dark-trace test equipment a current limiter was needed in order to
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Fig. 18-70.—General view of dark-trace test equipment.

protect the measuring instruments against the flow of excess currents in

cases in which tubes sparked over unexpectedly.

The photometric measurements were made by the use of selected

type 931 multiplier phototubes. It was necessary to select these tubes in

order to obtain the ones suitable for photometric work, which demanded
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(1) sensitivity, (2) long-time stability, and (3) freedom from short-time

instability or noise. Power was supplied to the phototube from a very

carefully regulated power unit that served also as a means of establishing

definite and preassigned amplification values. For both the P7 and the

DT test equipment, provision was made for recording the variation in

photocurrent either by means of a pen-and-ink recorder or by means of

a cathode-ray oscilloscope in which a long-persistence cathode-ray tube

was installed. The two methods of recording permitted the range in

Fig. 18-71.—Detailed view of tube mount, lamp housing, and 931-phototube mount.

time investigated to extend from 1 msec to many minutes or even hours

when necessary. An important part of the test equipment for DT tubes

was the lamp assembly that furnished a constant source of illumination

on the face of the cathode-ray tube under test. The intensity of the

illumination on the face was thought to be approximately 8000 foot-

candles. The 1 1 5-volt lamps were run from a 220-volt d-c line and were

very accurately regulated.

In order to maintain the temperature of the screen at a preassigned

value, an automatic regulator controlled the heating of an air blast.

For the measurement of contrast it was necessary to deal with a very

definite area on the tube face and therefore a lens was used to project

that area onto a slit directly in front of the cathode of the multiplier
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Fig. 18-72.—General view of P7 test equipment.
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Fig. 1874.—Detailed view of light-tight box for 931 phototube mount, red light, and lamp
timer.
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phototube. A filter, the equivalent of a Wratten No. 15 filter, was used

to reduce the sensitivity of the receiver as a whole in the short-wavelength

range of the spectrum and thus make it more responsive to changes in

luminance associated with the center of the F absorption band near

560 imt. For the P7 test equipment it was not necessary to use a lens

since the luminance calibrations were worked out in terms of a standard

distance of 30 cm from the multiplier phototube to the screen under test. 1

The photographs shown in Figs. 18-70 and 18-71 illustrate the arrange-

ment of the dark-trace equipment. In Fig. 18-70 the relay rack to the

right is largely associated with the sweep circuit and the controls for

focusing the electron beam. On the table above the sweep panel may be

seen the 931 multipler phototube mount and the lamp housing. In the

center the pen-and-ink recorder and the cathode-ray-tube recorder are

evident. The tall left-hand rack of panels are power supplies and stan-

dardization control equipment. Figure 18-71 shows a more detailed

view of the lamp housing and the water cells used to remove a large

proportion of the heat rays normally emitted by the lamp. Part of the

cathode-ray-tube mount is also shown.

Figures 18-72, 18-73, and 18-74 show the P7 test equipment. The
arrangement of panels and standardizing equipment is very similar to

that just described in connection with the DT equipment. Figure 18-73

shows the details of the cathode-ray-tube mount and Fig. 18-74 shows

the housing in which the phototube is located.

1 All the details that had to be worked out in order to maintain standards of

photometry have been explained in "Notes on Photometry, Colorimetry, and an

Explanation of the Centibel Scale," RL Report No. 804, Dec. 17, 1945.



APPENDIX A

CONSTRUCTION OF FOCUSING DEVICES

By R. D. Rawcliffe

A*l. Focus Coil.—A method of construction of a simple focus coil of

the type illustrated in Fig. 3 1c is shown in Fig. A-l. This coil was
designed specifically to fit the tube mount illustrated in Fig. 16-3. The
dimensions and shape may be altered, and it may be desirable to attach to

the case other means for adjusting the position of the coil with respect

to the cathode-ray tube. For optimum performance, it is necessary that

Fig. A-l.—Construction of simple focus coil. Focus coil and case. A, front half
shell (0.062"); B, rear half shell (0.062"); C, center tubing, 1J in. ID, If in. OD, with
turned shoulder, to be peened into B; D, coil, 1 J in. ID, 3i in. OD, 1J in. long.

high-quality, well-annealed iron be used, that the parts be accurately

aligned, and that the air gap be uniform. The specifications for the coil

illustrated are as follows:

Case

Material. SAE 1015 soft steel, to be annealed after fabrication

to eliminate all strains.

Dimensions. Shell, No. 16 U.S.S. gauge; flat out to a diameter of

3^ in., and beyond this spun so that outer surface of the completed

shell will form a spherical section of 2£ in. radius of curvature.

After spinning, corresponding shoulders are turned in the adjacent

edges of parts A and B so that they will be accurately centered.

Completed housing: inside diameter, 1£ in.; maximum outside

diameter, A\ in. ; axial length, 1£ in. ; air gap, i in.

707
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3. Annealing. After fabrication is completed, heat to 1700°F for

one hour; cool not faster than 200°F/hr to 400°F; protect from

oxidation during annealing. (Annealing is recommended to avoid

magnetic nonuniformities due to fabrication.)

4. Plating. Cadmium-plate after annealing.

Coil

1. Dimensions. After impregnation, dimensions should be: minimum
ID, If in. ; nominal OD, 3^ in. ; maximum length, 1^ in. Wire is

usually wound on a spool of thin fiber or Kraft paper. After

winding, the coil is wrapped with linen or fiberglas tape, and
impregnated.

2. Turns data. Wire size to be chosen to fit application. With no
allowance for impregnation, approximately 40,000 turns of No.

38 enameled wire, having a resistance of 18,000 ohms, can be wound
on a spool to fit the enclosure. If impregnation is required, 80

to 90 per cent of the above number will be possible. See Fig. 3-8

for current and voltage required to focus, for this and other wire

sizes, for the condition that the wire used will always fill the same
volume.

3. Impregnation. The impregnation required depends on the

severity of the atmospheric conditions that the coil will encounter.

For ordinary use, a single vacuum impregnation, following the

technique of Appendix C, will be sufficient. The complete treat-

ment will be necessary for protection under severe atmospheric

conditions. In this case it may be more satisfactory to use a

hermetically sealed type of construction, in which the gap in the

magnetic circuit is filled by a ring of cadmium-plated brass, and

the ring and other joints are soldered to make an airtight enclosure.

The leads are brought through the case through Kovar glass seals.

A-2. Focus Magnet.—The construction of one type of focus magnet
is illustrated in Fig. A-2. Because some redesign work will be necessary

to adapt this magnet to particular circumstances, the information given

is of a general nature. Dimensions are given to serve as a guide for the

redesign work. Letters refer to parts so designated on the drawing.

The magnetic parts of the unit (except for the magnet itself) are best

made of soft steel (SAE 1010 or 1015) and should be well annealed after

machining to reduce residual magnetization. If the shunt B has (mag-

netic) hard spots it becomes magnetized and distorts the field so that the

focus deteriorates. The magnetization of the shunt has a deflecting

action. The direction of the magnetization tends to be aligned with the

asymmetry introduced in the field by the centering ring. If the hys-
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teresis of the iron is large because of poor annealing, however, the shunt

can be turned through a rather large angle with no readjustment of the

magnetization. The pattern on the screen of the cathode-ray tube,

then, does not drift appreciably as the focus is adjusted in one direction.

If the direction of focusing is reversed, however, the position of the pat-

tern suddenly jumps by perhaps an inch. Magnetization of the shunt

causes the most trouble; magnetization in other parts has a smaller effect.

Fig. A-2.—Details of focus-magnet construction. A, Alnico magnet; B, magnetic
shunt—soft steel; C, brass pins; D, steel insert for E, threaded to accommodate B; E,
rear plate—brass; F, aluminum gear for turning B; G, brass pinion gear; H, knurled thumb
knob; J, steel front plate; K, brass cam for adjusting centering ring N; L, brass adjusting
screw for driving cam—head of screw is cup-shaped for holding screw driver; M, spring for
holding cam in groove; N, steel centering ring; O, spring for centering ring; P, support for
spring 0; R, aluminum plate to hold centering ring in place ;S, front end cover—aluminum;
T, aluminum spacing pillar; U, rubber grommet; V, back end cover; W, spacing washers.

Soft steel rusts badly, and it should, therefore, be given some sort of

protection. It is difficult to protect the shunt and rear ring D because
of the threading. A plating of nonmagnetic material a few thousandths
of an inch thick will not interfere appreciably with the field distribution.

The fit of the threaded joint should be good. The shunt should turn

freely, but the amount of wobble should be kept to a minimum. The
range of motion of the shunt should be about half an inch, closing to a
minimum gap of about ^ in. The gap should not be allowed to close

completely because this disturbs the magnetization. The four brass pins,

C, press-fitted into the end of the shunt, prevent complete closure of the
gap. The threading should not extend to the front end of the shunt
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because the threaded ends will produce an asymmetry in the field that

rotates with the shunt.

An effort should be made to preserve axial symmetry of all magnetic

parts. The rear plate (D,E) is divided into two parts, the inner one of

steel, the outer one of brass so that the protruding-ear support for the

pinion gear will not be magnetic. If economy is required, the whole rear

plate can be made of steel, provided that the ear is kept small and that

no other magnetic material is near it. The front plate J and the center-

ing ring N are symmetrical. The spring and spring supports P are

of steel. They are small enough, however, to cause no appreciable

distortion.

Considerable care is needed in preparing the magnet, which is made
of Alnico V. Appropriate dimensions are 2£ in. OD, and 2 in. ID by f- in.

length. The ends should be ground smooth and parallel. This grinding

should preferably be done by the manufacturer 1 of the magnets because

it requires a special technique. Alnico is extremely brittle and, if

improperly ground, chips and breaks. The magnet should be free of

chipped edges, cracks, and blow holes.

The magnet should be annealed for a field parallel to the axis. Con-

siderable care is required in the annealing. A number of magnets have

had small sectors that have been considerably weaker than the remainder

of the magnet, probably because of nonuniform cooling in the annealing

process. With use, the magnetization of the weak sector has become

reversed and the field has been badly distorted. A more careful annealing

corrected this.

The rubber grommet2 U is a convenient support for the rear of the

cathode-ray tube. All machine screws should be of brass, plated to

avoid corrosion with the aluminum. The remaining parts, including the

end covers S and V, the large gear F, and the miscellaneous spacers R,

T, and W are all made of aluminum.

Magnetization of the focus magnets requires a very strong field.

It should be done after the assembly of all magnetic parts is completed,

but preferably before the end cover V, the pinion gear G, and knurled

screw H have been added. The centering ring should be centered by

eye by means of the adjusting screws L. The gap should then be opened

as far as it will go, and the unit placed between the pole pieces of a

magnetizing magnet. The focus magnet should be saturated. The

field of the magnetizer should then be reversed and the magnetization

reduced to the desired operating point. If it is not reduced far enough

at the first trial, it can be reduced further a second time. However, if

1 Obtainable from General Electric Company, Schenectady, N.Y.; Indiana Steel

Company, Valparaiso, Ind.
1 Part No, MD3368, Canfield Rubber Company, Bridgeport, Conn.
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it is too weak, it must be resaturated before the second trial. Otherwise

the magnetization will not be stable.

A convenient instrument for testing the field strength of a focus

magnet is a fluxmeter with a special pickup coil. The fluxmeter reading

depends on the exact position of the coil in the magnet. Therefore, a

standard position must be denned. The particular fluxmeter-coil

combination must be calibrated against a standard focus magnet, that

is, a magnet that has been tested in the mount in which it is to be used.

The standard should be adjusted so that the anode voltages for focus

with maximum and minimum gap widths should center (geometrically)

about the anode voltage at which the cathode-ray tube is to operate.

There is sufficient range of control of the field so that a tolerance of

± 10 per cent in the fluxmeter reading will be satisfactory for production

magnets.



APPENDIX B

CONSTRUCTION AND CHARACTERISTICS
OF DEFLECTION COILS

By R. Dressel and T. Soller

This appendix contains a compilation of information concerning the

mechanical and electrical characteristics of the various types of deflection

coils discussed in this volume, in tabular and diagrammatic form. More
specific information pertaining to the actual technique of construction

of air-core coils with distributed windings is also included.

B'l Mechanical and Electrical Characteristics of Various Types of

Deflection Coils. These are given in Figs. B-l through B-5, and in

Table B-l.

y-24-/

Fig. B-l.—Toroidal deflection coil. Core: Ribbon-wound silicon steel, annealed. Coila:

C\, Ct, C» and C«—layer-wound without paper insulation between layers. For wire size

and electrical characteristics see Table B-l.

B«2. Construction of Air-core Coils With Distributed Windings.—
A slotted form such as is illustrated in Fig. B-5 serves to support the

windings and at the same time fixes the geometrical properties of the

coil. The slots are radial and are equally spaced around the circum-

ference of the cylindrical form. Because of this equal spacing, the num-
ber of wires in each slot must be proportional to the sine of the vertical

angle of the slot if the coil is to be wound with a sine distribution. The
illustrated forms have two slots missing on top, and two slots missing on

the bottom. Since the number of wires which ordinarily would fit into

these slots is very small compared with the number of wires in the other

712



Sec. B-2] CONSTRUCTION OF AIR-CORE COILS 713

PQ

f;

©.2 3 -s 5

CO <D •»

'ill

ft!

OS eg h a
9 S 8 3— o

"* o © 2 S243^ 2

O g ja^
d g I §'|

^9

o x'S

_ a m
ooJJ

*8|

m*
oJ3 .

.SI,

0) O OS <N 00 0> CO OS 00
CQi-lr-t «CSS00OG

O T

3 M

Ot»U5Tl<0>00W<»l

ja £
b

o
o

8OOU5Q00OOO
too«5 >n ooo »oW i-lN«« i-l ~iN 0»

>I5 OifflTjl-^10000

o oooooppp

Stowoooooooooo
OS •OOO0W>nW»O0b»'-l

CO eO«5PJt-l KJ09O* M5

"OiOSOOOcqioaooo

ooooooooo p poosOOiOOpOO»00 00 ooo
CO^ t~ »C >0W ^h U3O CO COOOD
.-H.H i-H-lt-l i-l •* rt«

CO 00 1* t* t* 00 00 CO 00 ^* 00 ^ooco
00 CO CO 00 00 CO 00 00 CO CO Cfl rococo

MM M
s.s.s
3%Is

CNN

CM i-Ci-l i-l

* H. * -

n PQ fflpq

£ £ £ £ H I

(ft CO00O

is
ooo

J" M
.S-S

« I

II
8"!

il-
ls!
S> fc 3
61 «2 -9

§gi

3 8 «ago
•" *•'•§

3*1
a® i

ojs.S

§co>ON
»oo

Nt-H

# •(-++ ••.



714 CHARACTERISTICS OF DEFLECTION COILS [Sec. B-2

slots, they may be neglected without serious resultant distortion of the

magnetic field. The form dimensions are governed by the diameter of

the cathode-ray-tube neck over which the coil must fit and by the maxi-

mum angle of deflection required. The maximum angle, in turn, is

determined by the relationships between form dimensions and coil per-

formance discussed in Chap. 8.

B-2.

—

Two sizes of square iron-core deflection coils. Core: Interleaved 0.014-in. or

0.007-in. silicon steel L punchings annealed. Coils: Ci and Cs form one pair for vertical

deflection. C* and C* form one pair for horizontal deflection. Coils layer-wound, with

paper insulation between layers. For wire size and electrical characteristics see Table B-l.

Windings to fit the slots on the form are made between two flat disks

(Fig. B-66 and c). These disks are drilled so that wire pins can be pushed

easily through the holes in one disk, across the space between the disks,

and out the corresponding holes in the other disk. For winding, the

disks are mounted on a shaft held in a winding machine so that they may
be rotated. Four pins, forming a small rectangle, are pushed into the

set of holes nearest the shaft. The proper number of turns of insulated
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Fig. B-3.—Square iron-core deflection coil designed to present a square deflection
pattern on a 12DP7 tube. Core: Laminated silicon steel. Coils: Ci and C» form a pair
for vertical deflection. Ci and C« form a pair for horizontal deflection. Wound and
connected for push-pull operation. Two separate windings of 1500 turns each are placed
on each coil, one over the other. Winding distribution: 264, 213, 162, 111, 111, 162, 213,
264 turns. For wire size and electrical characteristics see Table B*l.
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Fig. B-4.—Square iron-core off-centering coil. Core: Laminated silicon steel. Coils:

Layer-wound, No. 28 enameled wire. Paper insulation between layers. First ten layers:
220 T/layer, 3-in. winding length; second ten layers: 200 T/layer, 2.9-in. winding length;
last layer: 180 T/l&yer, 2.8-in. winding length. Total turns « 4380.
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(a) Slotted coil form on which
windings are placed

3 3 5»

(6) Face view of wind- (c) Side view of winding (d) Cross-see-

ing disks showing disks showing posit- tion of coil

holes for pins ion of slanting pins after winding

(e) Coil after winding and tying

Fig. B-6.-

(f) Coil bent to cylindrical shape to) Coil placed on slotted form

-Steps in building a semidistributed air-core coil.

3s

:

(a) Winding disk show-
ing position of holes

(b) Winding disk with (c) Cross-section

pins in place of winding

(/) Coil in bending block (fc) Coil in place on formto) Coil with ends bent ready

for fitting on form

Fig. B-7.—Steps in building an air-core coil with bent-up ends.

copper wire may be wound over these pins to form the first hank; then

without breaking the wire, the winding machine is stopped, four more
pins are pushed into the second set of holes and the winding is continued

until the proper number of turns have been wound on the second hank.

The third, fourth, and fifth hanks are wound in the same manner.
Every size of coil form must have its own winding disks because the

holes are drilled so that the finished winding just fits on the slotted form.
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In order that the windings may fit into the radial slots of the coil form,

slanting holes are used so that the finished winding will have one long

side and one short side, corresponding to the different arc lengths. Wind-
ing should start at the bottom of the pin and then gradually work up the

side until the required number of turns have been wound (Fig. B-6d),

in order to prevent slippage.

After winding, the disks may be slid off the shaft and the pins pulled

out of the holes. The winding is thus freed and it should then be tied

with thread or fine string as shown (Fig. B-6e). The completely tied coil

may then be bent with the fingers into a cylindrical shape (Fig. B-6/) and
fitted onto the slotted form (Fig. B-6g). An adhesive tape may be used

to keep it in place.

Another winding, identical in every respect to the first, is placed on
the bottom half of the form to complete the coil. These halves are

connected in series so that they will aid each other in generating the

magnetic field.

The construction of a deflection coil with bent-up ends requires a

somewhat different technique, as shown in Fig. B-7. The same type of

slotted coil form is used but the holes in the winding disks are spaced

differently to allow for bent-up ends. These holes are not slanted because

the manner in which the ends are formed allows the windings to fit into

radial slots. The same steps as those described for the coil in Fig. B-6

are followed in winding the coil; but, after the hanks are tied to prevent

their being tangled, the winding is placed in a bending block so that the

ends may be bent up at right angles. When this step is finished, the

winding may be placed on the slotted form and secured as before.



APPENDIX C

IMPREGNATION OF DEFLECTION AND FOCUS COILS

By R. D. Rawcliffe

Electronic equipment used under adverse climatic conditions fre-

quently fails because of moisture penetration, fungus growth, corrosion,

etc. More or less satisfactory techniques of protecting apparatus

against the weather have been worked out. The protection of deflection

and focus coils is a difficult problem because, unlike transformers, they

cannot be hermetically sealed in a can. However, a number of techniques

and materials have been developed for this purpose. The following

treatment, although long and tedious, has been found to be one of the

best. The extra trouble is worth while, however, if the coils must stand

up under tropical conditions.

C'l. Material Used. Impregnation Compound.—The impregnation

compound consists of Irvington Varnish and Insulator Company's

"Harvel 612C" varnish, or its equivalent, thinned approximately 10 per

cent by volume with V.M. and P. naphtha, having a distillation range

from 104° to 160°C. The consistency of the impregnate should be 50

±5 sec when measured with a 0.10 in. ASTM cup (ASTM-D333-40).

Coating Compound.—One gallon of Irvington Varnish and Insulator

Company "Harvel 612C" Varnish, or the equivalent, is mixed with 3£ lb

of Whittaker, Clark, and Daniels No. 492 talc, or the equivalent, by add-

ing small quantities of talc to the varnish and agitating thoroughly.

The mixture is allowed to stand for 2 to 3 hr until all bubbling and foam-

ing has ceased, and then it is stirred again to ensure that the talc has not

settled. The talc should have a maximum water extract conductivity

of 1.5 (10
-6

) jLtohms/gram. The consistency of the mixture when meas-

ured at any temperature between 21.1° and 37.8°C should be adjusted to

49 + 4 sec in a 0.20 in. cup (similar to standard ASTM cups) by evaporat-

ing thinner from the mixture if the consistency is too low or adding

thinner if the consistency is too high. The V.M. and P. naphtha as

required for the impregnation compound is the only acceptable thinner.

C-2. Condition of Coils.—Before impregnation, the coils should be in

the following condition:

1. Not treated with wax.

2. In assembled condition with the leads firmly fastened.

719



720 IMPREGNATION OF DEFLECTION AND FOCUS COILS [Sec. C-3

3. Assembly cleaned.

4. Assembly holes plugged.

€•3. Method of Impregnation. First Impregnation.—
1. Vacuum Drying. The assembly is placed in a vacuum tank and

the pressure reduced until a vacuum of not less than 29 in. of mer-

cury is obtained. Drying is accomplished in 4 hr ± 15 min at a

temperature between 104° and 116°C.

2. Vacuum Cooling. The assembly is then immediately placed in a

second unheated vacuum tank and the pressure reduced until a
vacuum of not less than 29 in. of mercury is obtained. The
assembly is allowed to remain under this vacuum and cool for 1

hr ± 10 min.

3. Impregnating. The vacuum pump is then shut off and an amount
of impregnating compound sufficient to completely cover the

assembly is drawn into the tank so that the previously established

vacuum is not reduced to less than 28 in. of mercury. The vac-

uum is broken after 15 min and the assembly allowed to remain

immersed in the varnish for a period of 45 ± 10 min.

4. Air Drying and Draining. The assembly is then air dried and
drained for 1 hr + 10 min. During this draining period the

assembly should be suspended in a vertical position.

5. Baking. The assembly is then baked at a temperature of 130°

to 135°C, with the coil windings maintained at the baking tempera-

ture, for a period of 8 to 10 hr. During this baking period the

assembly should be suspended from metal hooks with the winding

assembly in the same vertical position as it was during the draining

process.

Second Impregnation.—The process used for the first impregnation,

starting with (2) vacuum cooling, is then repeated. In suspending the

coil by hooks during draining and baking, the position should be opposite

to that used in first impregnation.

C«4. Coating.—All coatings and air drying should be done at an
ambient temperature between 21 and 38°C.

1. First Coating. Immediately after baking, the assembly is allowed

to cool to a temperature of not over 9°C above room temperature.

The assembly is then completely immersed in the coating com-
pound, and allowed to remain in the solution for a minimum of 10

min.

2. Air Drying and Draining. The assembly is withdrawn from the

compound and allowed to air dry and drain with the mounting
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surface at the bottom for a period of 5 to 6 hr. Approximately

2 hr after the start of the air-drying period, excessive lumps and

streamers of the coating material should be removed from the

assembly and spots smoothed over.

3. Baking. The assembly is baked for a period of 5 hr ± 30 min at

a temperature of 93 ± 6°C.

4. Cooling. The assembly is removed from the baking oven and

allowed to cool for a period of 3 to 4 hr.

5. Second Coating. The process used to apply the first coating is

repeated except that the baking time is extended to 11 to 12 hr

instead of 5 hr, as previously.

C'6. Final Preparation.—At the conclusion of the second baking and

cooling the assembly is examined for pin holes, bubbles, or other signs of

defective coating. If defects in the coating are found, the assembly

should be recoated. When the final coating is completed, the terminals

and mounting surfaces should be scraped clean of all impregnating and

coating materials. Solvents should not be used in the cleaning procedure,

and care should be taken in handling the assembly to assure that the

coating is not damaged.



APPENDIX D

CATHODE-RAY-TUBE CHARACTERISTICS

By T. Soller and A. Y. Bentlby

The following tables of data covering cathode-ray-tube characteristics

have been compiled partially from the "Joint Army-Navy Specification

JAN-1A for Electron Tubes," and descriptive material covering ratings

is largely paraphrased from this specification. See Chap. 2 for a further

discussion of electrical characteristics of tubes, and Chap. 18 for screens.

Note 1.—The tubes listed may be obtained from the tube manufac-
turers with screen materials other than those indicated. Operating

conditions for screen materials are listed in Table D-4.

In Table D-l there are numerous "A" tube types. Mechanically

the "A" type and the "non-A" type are interchangeable but electrically

it will be noted that maximum Anode No. 1 current (or focus current)

is negligible for the "A" types. Thus if the power supply for the

cathode-ray-tube is designed for negligible focus current it will be over-

loaded when a "non-A" type is used. Wherever the two types differ,

the values for the "A" type follow the shilling bar.

Note 2.—Grid No. 1 cutoff voltage is the voltage applied to that

electrode to extinguish, visually, the undeflected, focused spot. Grid

No. 1 cutoff ratings are subject to ±50 per cent variation, and are valid

only when the other electrode voltages are as indicated.

Note 3.—Grid No. 2 voltage is the normal operating voltage applied

to that electrode. Ratings for Grid No. 1 cutoff voltage, Anode No. 1

or focus voltage, or focus ampere-turns apply when Grid No. 2 voltage

is as indicated. Maximum Grid No. 2 voltage is +220 volts for the

3HP type, +330 volts for the 7CP1 type, and +750 volts for all other

types. Grid No. 2 can be used for blanking of the return trace because a

change in Grid No. 2 voltage changes the Grid No. 1 cutoff voltage.

In general, an improvement in spot size can be obtained if Ec2 is made
more positive than the nominal value of +250 volts. Increasing Eet

results in an increase in Ee0 also. The value of Eco for a voltage on
the second grid, designated as (Ec0) C2, is given approximately by the

expression

\Eco)e2 = C"co)250 ' I one }'

722
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Increasing Ec2 also increases the amount of grid drive (AEcl) required to

produce a given beam current.

Note 4.—When the Grid No. 1 voltage is adjusted to 75 per cent of

the cutoff rating and all other voltages are as indicated, the Anode No. 1

voltage is that which must be applied to the first anode in order to bring

the electron beam to focus on the luminescent screen. Anode No. 1

voltage or focus voltage ratings are subject to ±20 per cent variation.

Note 5.—Anode voltages (other than Anode No. 1 voltages) are

nominal values and may be increased or decreased as indicated by the

tube manufacturer. Higher voltages produce smaller spot size, higher

light output, and decreased deflection sensitivity. For a minimum
amount of aberration in the spot in the case of electrostatic-deflection

types, a maximum ratio between Anode No. 2 voltage and Anode No. 3

voltage should not be exceeded. For electrostatic-deflection types,

Anode No. 2 is the final anode when there is no Anode No. 3.

Note 6.—Modulation characteristic is the maximum Grid No. 1

drive (or change in Grid No. 1 voltage from the cutoff value) necessary

to produce the indicated light output or anode current.

Note 7.—Deflection factor is the reciprocal of deflection sensitivity

and is the ratio of the instantaneous voltage applied to the deflection

plates to the corresponding deflection on the indicated deflection axis.

Deflection factor ratings are subject to ± 20 per cent variation, and apply

only when the other electrode voltages are as indicated.

Note 8.—Deflection angle is twice the angle of deflection from the

axis.

Note 9.—Focus-coil position is the distance from the center of the

focus-coil gap to the reference line. See Note 16.

Note 10.—Focus-coil ampere-turns ratings are nominal values for a

focus coil enclosed in a soft iron shell of 1* in. axial length, If in. inside

diameter, and an air-gap width of & in.

Note 11.—The test pattern used for light-output and shrinking-raster

line-width determinations is a 35- to 105-line pattern provided by 60-cps

sawtooth scanning on one axis and 2100- to 6300-cps sawtooth scanning

on the other axis. In the case of electrostatic-deflection types, the

mean potential of free deflecting plates should be that of Anode No. 2.

For light-output measurements, the pattern size should be adjusted

to 2 in. by 2 in.

For line-width or spot-size measurements (see also Chap. 17) the

pattern should first be adjusted to the size used in the measurement of

light output, and the fight output or anode current set to the indicated

value by adjusting the Grid No. 1 voltage. After this adjustment, the

high-frequency scanning amplitude (applied to the deflecting plates

nearest the screen for electrostatic types) should be adjusted to give a
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line length of approximately 90 per cent of the maximum tube diameter.

The low-frequency scanning amplitude should be increased to make the
line structure clearly visible and adjustment should be made for best

focus at the center of the pattern. The pattern should then be com-
pressed until the line structure first disappears or begins to overlap

at the center of the screen. The fine width at Position A is then given

by the quotient of the width of the compressed pattern transverse to the
line structure divided by the number of scanning lines.

For Position B (for electrostatic-deflection types) the connection of

deflection elements to the low- and high-frequency scanning supplies

should be interchanged from that of Position A and the determination

Table D-4.

—

Cathode-ray-tube Screen Characteristics

Screen designation (see Note 20)

Characteristic
See

note

PI P2 P3 P4 P5 P6 P7 P10 Pll P12 P13 P14

Number of layers 21 1 1 1 1 1 1 2 1 1 1 2
/Luminescence 22 G LBG LGY W LV W BW LB LO LR PW
I Main peak X 5250 5140 5500 4500 4300 4400 4400 4580 5870 6740 4400

£ ) Phosphorescence 23 G LBG LGY W LV W LY LB LO LR LO
q J

Main peak X 5600 6090
I Tenebreecence 24 M
\ Main peak X 5570

Persistence, sec. (to 1 % of

peak) 25 .05 0.5 .06 .06 io-» .005 3.0 10-10» .005 0.4 0.1 1.0
Decay type 26 «"< r* e~* e~*. r» e-< «-» l-» (-» <-» «-« «-' *-«

Rel. lum. efficiency (PI —
100%) 100 135 84 80 6 150 72 90 5

Minimum anode V. 27 500 1000 500 500 500 500 4000 9000 500 4000 4000 4000
Principal use 28 O.R L, R O, T T P C, T R.L R, L P R D,R D,

R,L

of line width repeated without adjustment of focus. In this case the line-

structure disappearance or overlap should be determined at the less

favorable of the two alternativeB positions (the points along the direction

of high-frequency scanning, distant from the center of the screen by
three-eighths of the maximum bulb diameter).

For Position C (for magnetic-deflection types) there is no interchange
of connections to the deflecting elements and line-width determination

is made at the less favorable of the two alternative C positions (same point

location as B position) without adjustment of focus.

The values for shrinking-raster line width or spot size are maximum
values and for average tubes are about 50 per cent of this value. The
actual "spot size" is approximately twice this value.

Note 12.—Maximum electrode currents are given for electrostatic

types only for power-supply-design considerations. In magnetic types



CATHODE-RAY-TUBE CHARACTERISTICS 729

no appreciable portion of the cathode current is collected by electrodes

other than the final anode in the types where magnetic focusing isused;

for the three electrostatic focus types listed, the focus electrode currents

are as follows: 5TP4, 75 n& max. for 200 n& to A 2 ; 7CP1, 200 n& max.;

7DP4, between -15 and +10 /xa.

Note 13.—The capacitance between the designated combinations of

elements should be measured by any of the methods described in the 1938

Report of the Standards Committee of the Institute of Radio Engineers

or by an equivalent method as exemplified by the direct-capacitance

high-frequency bridge-type circuit, or the direct-capacitance high-

frequency transmission-type circuit as shown by RMA Standards

Proposal No. 140 dated 27 April 1943.

Average values of capacitance are given, where figures are available.

In some cases the minimum to maximum range is given.

Note 14.—Minimum useful screen diameter is indicative of the extent

of uniformly coated screen. It is possible to use a small portion of the

screen outside of the screen size indicated but the uniformity of screen is

not guaranteed by tube manufacturers.

Note 15.—Nominal screen radius of curvature is indicative of the

"flatness" of the face plate.

Note 16.—Mechanical dimensions are for mounting design consider-

ations. The reference line is determined by the position at which a

2 in. long cylinder will rest on the bulb cone. For tubes having a neck

diameter of 1.37 in., this cylinder has an ID of 1.430 in. + 0.003 in.,

-0.000 in.; for 1.44 in. tubes, the ID is 1.500 in., +0.003 in., -0.000 in.

Note 17.—Focus and deflection elements must be so designed that

their inside diameters will adequately clear the maximum-size tube neck.

Note 18.—Basing and base types are shown in Table D«3.

Note 19.—Various shapes and sizes of anode terminals are used.

Type A: Recessed button.

Type B: Recessed small cavity.

Type C: Medium cap i^-va.. diam, i in. high cylinder).

Note 20.—Cathode-ray-tube screen properties. "P" numbers (PI,

P2, P7, etc.) are RMA assigned numbers and are reasonably uniform

among manufacturers. This table is of necessity brief and incomplete

and is intended to convey only partially the differences between the

various screen materials and the requirements for satisfactory operation.

Note 21.—Two-layer screens are referred to as "cascade" types.

These have two adjacent layers of different phosphors.

The P10 is an evaporated screen and is not used as a phosphor. See

also Note 24.

Note 22.—Luminescent color is the color of the light emitted by the

screen material during excitation by the electron beam. V = violet,
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B - blue, G = green, Y = yellow, R = red, P = purple, W = white,
and L = light, or pale.

Note 23.—Phosphorescent color is the color of light emitted by the
screen material after cessation of electron excitation.

Note 24.—Tenebrescent color is the color of the darkening of the
screen material due to excitation by the electron beam. Cathode-ray
tubes having tenebrescent screens are intended to be viewed by reflected

light. The color of a fresh trace is magenta (M).
Note 25.—The approximate time in seconds to decay to 1 per cent

of the peak excitation value is given. Values may vary considerably
from those given, since they depend upon current density used, especially
in the case of phosphors that have t~n type of decay.

Note 26.—Screens are listed as following an exponential (e~l
) or power-

law (/-") decay if the approximate behavior over the interval of time
usually associated with the use of the screen is either exponential or power
law in form.

No simple statement will adequately describe the complete decay
characteristics of the screen.

Note 27.—Minimum anode voltage is the minimum recommended
anode voltage at which reasonably satisfactory performance will be
attained.

Note 28.—There are obviously other uses than the customary ones
indicated by the following symbols: C, color television; D, dark adapta-
tion retention; L, transient oscillograph; 0, oscillograph or generai

purpose; P, photographic oscillograph and high-speed scanning; R,
radar; T, television.



APPENDIX E

VIDEO AMPLIFIERS

By P. Axel

Table E-l.

—

Characteristics of Video Amplifiers Illustrated in Figs.* E-l

through E-8

Input Output Power supply Rise time, Time for Bandwidth
Fig.

signal, signal, ftsec, 10% droop, / = 0.35/t,
no.

volts volts volts ma T >*sec Mc/sec

El +1 -50 120 75 0.06 1000 6

E-2 +1 -35 150 22 0.06 470 6

E-3 +1 -40 150 12 0.07 oo 5

E4 -0.9 -40 150 30 0.09 200 4

E-5 -0.9 -36 250 43 0.043 500 8.3

E-6 +1.3 -40 300 85 0.03 1000 12

J300
tl50

40 1.6 2500 2.3
E-7 +1 -40

16

f300

tl50

50 1.3 470 2.8
E-8 ±0.5 ±50

70

* Bee also Figs. 7-5, 7-6o, and 7'12 for other video amplifiers.

Fig. E-l.—Simple video amplifier with feedback.

731
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10 k, 2w
-AAAr-

lk

15juh

+ lv
video

in 0.0047

r
<> 100

^'=3Z—

I

1

6J6

• 1M
470

-±- 0.0047 ^z -±:

&

+150 v

^ 0.25

Marker in

+lv

—'VNA/ 1

100 -i-
Marker Gain

~

-4.5 v

Fig. E-2.—Shunt-peaked amplifier.

12/uhj

+ lv
video
«n 60

®-VVVn.

4.7 k

4.3 k'

2w'

+ 150

™ u
~40v

50 /«h video

r^^-r^To
i

cathode
1

of CRT
(Direct

connected)

470 k

-300
Fig. E-3.—Low-capacity tubes mounted at cathode-ray tube.
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0.0082

-0.9v(a-|
video ^ '

270 k

+ 150

60uh
0.1 -40 v video

K—r-^To
" > cathode
100 k> of CRT

marks

©JWv-1

51

Fia. E-4.—Amplifier with two input channels.

*»+250

Fia. E-5.—Amplifier with three input channels.



734 VIDEO AMPLIFIERS

-•+300V

;4.5/ih

-40v
video

f f »-To
1 cathode

10JS/JN ^ of CRT

6AL5VT—') SlOOk

Bias

Note:

N.l.= Non— inductive.

Fig. E-6.—Shunt and series peaking to obtain wide pass band with high gain.

»-+300v •+150v

6SN7

480 v level
-•-To

1-40 v video cathode

5R
>2Mc/sec of CRT

-150v
Fig. E-7.—Two identical amplifiers with common plate for mixing, cathode-followei low-

impedance output.
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Index

A-ecope, 17

A-ecope display, 26

A-sweep, 17

A/R scope, 17, 275-288

Accelerating electrode Gz, 47

Acceleration, postdenection, 65

Accelerator electron gun, 60

Air-core deflection coils, 330, 712-718

with distributed windings, 333

with iron return path, 334

with lumped windings, 330

two-axis, 334

Amplidyne, 189

Amplifier gain control, 157

Amplifiers, for current waveform, 362-

370

direct-coupled, 370-374

feedback (see Feedback amplifiers)

overdriven, 120

video (see Video amplifiers)

for voltage waveform, 359-362

Angle index, photoelectric, 230

Angle markers, electronic, 398
Angular resolution, 35

Anode, third, 65

Atomic nucleus, 612

Automatic shutoff circuit, 139-144, 440,

450, 462

Autosyn, 185

Azimuth, 12

Azimuth sweep, reverse, 393

B

B-Bcan, 384

B-scope, 227

typical, 386

B-scope display, 26
Bachman, C. H., 90
Bales, P., 288

Barrel field, 313

Beam convergence, 53

Beam current, 48

Beam divergence, 52, 83

Bearings, 546

Bendix condenser, 215

Bias, cutoff, 82

grid, 48

positive, 117

Blanking, 82, 159

Blanking voltage, 92

Blocking oscillator, 120, 465

Blocking-oscillator pulse, 121

Blooming, 35

Briggs, B. H., 447

Brightness, 659

C-scan, 384, 401

C-scope, 401-406

Carrier demodulation, 128

Cascade, 645

Cathode, 44, 58

Cathode emitting area, 51

Cathode-follower-diode switch, 365

Cathode followers, 114-118, 359

operating conditions of, 118

Cathode-lens system, 44

Cathode loading, 51

mean, 51

peak, 51

Cathode-ray tubes, 2-6

basing of, 727

central-electrode, 70

characteristics of, 722-730

dark-trace, projection of, 578
electrostatic, 4, 57-77

tube mounts for, 540

niters for, 560-564

flat-faced, pattern distortions due to,

338-342

737
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Cathode-ray tubes, high-intensity, 72

magnetic, 77

fixed-coil mounts for, 541-545

operating conditions for, 91

mounts for, 539

multigun, 71

overlays for, 558-560

phosphors for, 609

projection, 89

radial-deflection, 70

screen test equipment, 699-705

screens for, 4

characteristics of, 728

ultrahigh-frequency, 73

Centering, 411, 477

Centibel, 623

Circuit constants of deflection coils,

measurement of, 325-329

Circuit techniques, 111-183

Clamp, 128

four-diode, 476

one-way, 128

triode, 129

two-diode, 131

two-triode, 131

two-way, 131, 475

two-way four-diode, 131

Clamp resistance, 129

Clamping circuits, 128-132

Coil, fixed, for sector display, 484-486

of relay, 126

rotating, 426-445, 484, 492

Condenser, coupling, 112

resolved-time-base applications using,

217

resolved-time-base Pfl using, 218

sine-cosine, 452

sinusoidal, 218, 472

variable, used as electromechanical

modulators, 212

as position-data-transmission device,

213

Condenser method of data transmission,

398

Conduction band, 612

Contrast, 35

liminal, 647

Contrast filter, 561

Contrast gradient, 35, 648

Control grid Oi, 47

Control transformer, 187

Crossover, 46

Current-balance tube, 438
Current density, 55

image, 53

Current feedback, 363, 436-440

Current waveform, amplifiers for, 362-

370

area-balanced, 461-466

in inductance, 358

Cutoff, 49

extrapolated, 50

visual, 49

Cutoff bias, 82

Cutoff voltage, 722

CV-11 sweep condenser, Rauland, 216

D

Damping resistance, 356

Damping resistors, 382

Dark trace screen, 664-699

Data transmission, condenser method of,

398

photoelectric-mechanical, 221

position-, 184-226

D-c restoration, 112, 113

Decay, phosphorescent, 632

Decay laws, 632

Deflecting fields, magnetic, defects in,

312-314

methods of producing, 314-316

of square iron-core coil, 316

Deflection, electrostatic, 3

magnetic, 3

push-pull, 76

theory of, 303-306

in electrostatic field, 62-65

Deflection angle, 723

Deflection characteristic, 66

Deflection coils, 3, 303-337, 356-359, 712-

718

air-core (see Air-core deflection coils)

balanced winding, 320

characteristics of, 713

circuit constants of, measurement of,

325-329

construction of, 712

core materials for, 317

distributed capacity of, 358

eddy currents in, 317

energy stored in, 307
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Deflection coils, impregnation of, 719-

721

inductance of, 310

iron-core (see Iron-core deflection coils)

maximum length of, 306

motor stator, 336

power loss in, 310

push-pull-operation, 319

recovery time of, 311

resistance of, 309

selenium rectifiers with, 466

shields for, 321-324

simplified equivalent circuit of, 356

single-ended-operation, 319

and synchro, equivalent circuit for, 382

synchro driving, 381

voltage drive for, 310

windings of, 318-320

Deflection defocusing, 54, 102, 312

Deflection efficiency, 306-308

Deflection factor, 64, 309, 723

Deflection modulation, 6, 17

Deflection sensitivity, 64, 308, 723

Delay circuits, 264, 272, 279-282

Detector, boxcar, 198

keyed, 197

peak, 196, 231

phase-sensitive, 196

r-f, 259

Diode, 113, 128

Dispersion, 35

Display, A-scope, 26

B-soope, 26

double-dot, 22

expanded, 129-432, 516

micro-B, 21

polar, 426

sector (see Sector display)

televised, projection of, 577

television, 406

three tone, 38

type A, 14

type B, 15, 21

type C, 15

type E, 15, 21
type F, 15

type J, 14

type K, 15

type L, 15

V-beam, 15

vertically expanded, 517

Distortion, in B-scan, 385

due to asymmetries in iron-core

deflection coils, 351-354

geometrical, 429

in start of sweep, 354

Drive, mechanical, 184

Droop, 149

Du Mont Laboratories, 74

Dushman, S., 679

Duty ratio, 113

E

E-scope, 250, 518

hybrid RHI, 534-538

Earth's-curvature correction, 533

Eastman Kodak Company, 584

Electrical differential, 187, 231

Electromechanical modulators, variable

condensers used as, 212

Electron beam, precentering of, 342-344

Electron gun, 2, 46-56, 57-62, 78-89

accelerator, 60

electrostatic focus, 86

ion-trap, 87

tetrode, 79-85

modified, 85

triode, 59, 78

zero-first-anode-current, 61

Electron lens, 2, 40

{See also Focusing lens)

thin, 93

Electron optics, 39-43

Electronic angle markers, 230, 398
Electronic markers, 16

Electronic switches, 128

Electrons, trapping of, 694

Electrostatic cathode-ray tubes, 4, 57-

77

Electrostatic deflection, 3

Electrostatic field, theory of deflection

in, 62-65

Electrostatic focusing, 44

Elevation, 12

Ellwood, W. B., 556

Epstein, D. W., 39, 90

Error indicators, 23

Excitation, 609

raster, 651

Excitation purity, 659
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Feedback, negative, 535

Feedback amplifiers, 363

gain of, 363

Feedback signal, compensation of, for

screen current, 368

Feldt, R., 288

Filters for cathode-ray tubes, 560-564

contrast, 561

for dark adaptation, 564

for P7 screens, 562

Fixed-coil mounts for magnetic cathode-

ray tubes, 541-545

Flexible-shaft coupling, 184

Flip-flop, 125, 127, 128, 142, 239, 243

Floating-paraphase circuit, 139

Flopover, 126, 234, 249

Fluorescence, 616, 617

Flyback, 133

Focus coils, 93-105

construction of, 707

current control in, 98-102

impregnation of, 719-721

mechanical adjustment of, 103-105

performance of, 96-98

theory of, 93-95

types of, 95

Focus compensation, 102, 440

Focus magnets, 105-110

construction of, 708

magnetization of, 710

operation of, 105

shunt of, 708

theory of, 105

Focus voltage, 723

Focus-voltage characteristic, 68

Focusing lens, 48

magnetic, 43

magnetostatic, 43

Focusing-lens systems, 43-46

Frame, 6

Frequency divider, 122

Frequency source, 120

Frequency stability, 121

G

gm, large effective, 361

Oi, control grid, 47

6t, accelerating electrode, 47

Gain control, 158

Garlick, G. F. J., 616

Gate feedthrough, 476

Gating, 223

Gating signal, 123

General Electric Company, 381, 679,

689

Generator, delayed-trigger, 281

marker, 283

rectangular-wave (see Rectangular-

wave generator)

sawtooth-wave, 132-139

sweep (see Sweep generator)

synchro, 185

as tachometer, 219

time-base, 258

trigger (see Trigger generator)

tube-oscillator high-voltage, 173

Gethman, R. B., 343, 352

Ghost, 59

Glass layer, 645

Goldstein, E., 664

Goldstein, EL, 288

Grid bias, 48

Grid control, modulating, 59

Grid drive, 49

Grid-drive factor, 49

Grid skirt, 59

Gurney, R. W., 610

Gustafson, W. G., 558

H

Hazeltine Corporation, 178

Headrick, L. B., 45, 629

Height-indicator scale, 565

Height markers, 521

Height measurement, 517

Herzberg, G., 610

High-frequency response, 151

High-voltage supply for CRT, 163-183

Hue, 659

Hue saturation, 659

Image current density, 53

Immersion-lens system, 44

Impedance changer, 114-116

Impregnation, of deflection coils, 719-

721

of focus coils, 719-721
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Impregnation compound, 719

Impulse function, 357

Indication, azimuth-elevation, 22

type C, 22

Indicator, projection, 579-684

remote, 191

Indices, 15

derived, 249

flashing, 229

slow-scan, 229-238

substitution, 229, 236

timing, 238-247

{See also Time indices)

Inductance, current waveform in, 358

of deflection coils, 310

iron-core, 323

Input capacity, 116

Input resistance, 116

Intensifier, 65

Intensity modulation, 6, 246, 384

Ion spot, 44, 94

Ions, focusing of, 44

Iron-core deflection-coil inductance, 323

Iron-core deflection coils, distortion due

to asymmetries in, 351-354

equivalent circuit of, 324

square, deflecting field of, 316

toroidal, 329

Ives, H. E., 619

J-scope, 10, 17, 70, 296-301

Jacob, L., 55

Jitter, 429

Joubert, J., 333

Jump, 345-347

Klemperer, O., 39

Langmuir, D. B., 53

Law, R. R., 90, 95

Lee, G. M., 73

Lens, focusing (see Focusing lens)

Level stabilization, 113

Leverenz, W. H., 617, 629

Liebman, G., 48

Light output, 723

Liminal contrast, 647

Limiting apertures, 86

Limiting potential, 629

Line splitting, 347-351

Line-width characteristic, 69

Line-width measurement, 723

Loop gain, 124, 367

Low-frequency response, 150

Luckiesh, M., 619

Luminance, 659

Luminance characteristics of P7 com-
ponents, 646

Luminance level, 609

Luminescence, 609, 617

short-time, 648

M

Magnet, permanent, demagnetization,

417

focusing by (see Focus magnets)

off-centering by, 412-419

Magnetic deflecting fields, defects in,

312-314

Magnetic deflection, 3

Magnetic materials, 556

Magnetron, 11

Maloff, I. G., 39

Map superposition and plotting, 566

Marker, angle, 230-238

height, 249

multiple, 246

range, 25, 238

See also Indices

Marker generator, 283

Martin, S. T., 629

Mascart, E., 333

Mean cathode loading, 51

Mean potential adjustment, 75

Micro-B scope with range normalization,

487-492

Middleton, W. E. K, 665

Miller-rundown sawtooth voltage, 135,

377

Mixer, nonadditive, 533

Model 5 synchroscope, 261-270

Model G synchronizer, 271-275

Modulating grid control, 59

Modulation characteristic, 723

Modulator, 23



742 CATHODE RAY TUBE DISPLAYS

Morton, G. A., 39

Moss, H., 39

Mott, N. F., 610

Mount for off-centering, 552

rotating-coil, 545-555

servomechanism-driven, 550

synchro-driven, 547

Mueller, C. W., 628

Multivibrator, 125

output coupling for, 123

Multivibrator circuit, 122

Myers, L. M., 39

N

National Union, 171

O

Off-centering, 103, 429, 466, 483

mount for, 552

permanent-magnet, 412-419

radial-time-base display with, 440-445

for radial-time-base display, 419-424

Off-centering coil, 429-431, 484

Off-centering control, 444

1-Mc/sec oscillator, 398

Operating voltage, 77

Optical-superposition devices, 564-567

Optical system, reflective, 579-583

Optimum resolution, attainment of, 606

Oscillator, blocking, 120, 465

1-Mc/sec, 398

20 kc/sec, 208

Oscilloscope, high-speed, 288-296

Output voltage, proportional to shaft

rotation, 212, 217

proportional to tangent of shaft rota-

tion, 212

Overlays for cathode-ray tubes, 558-

560

Overshoot, 120, 149, 359

P-4 synchroscope, 252-261

P7 components, luminance character-

istics of, 646

P7 screens, niters for, 562

Parameters, various, spot size affected

by, 601-606

Pattern distortions due to flat-faced

cathode-ray tubes, 338-342

Pattern rotation, 94, 344, 345

Peak cathode loading, 51

Peaking, low-frequency, 450

Pensack, L., 90

Pentode for electron coupling, 127

Persistence, intermediate, 609, 653

Philip, F., 357

Phosphorescence, 609, 616

short-time, 649

Phosphorescent decay, 632, 653

Phosphorescent light, 609

Photoelectric angle index, 230

Photoelectric-cell switch, 398

Photoelectric-mechanical data transmis*

sion, 221

Photographic projection, 584-589

Photopic vision, 659

Pickup of hum, 266

Pie windings, 320

Pincushion field, 313

Plan-position indicator (see PPI and

Radial-time-base)

Plotting, 567-570, 579

map superposition and, 566

Plotting screen, 588

Pohl, R. W., 684

Polar coordinates, 425

Polar display, 426

Polka-dot raster, 597

Position-data transmission, 184-226

Position-data-transmission device, var-

iable condenser as, 213

Position error, 488, 493, 502, 504

Positive bias, 117

Postdeflection acceleration, 65

Potentiometers, linear, 200-202

nonlinear, 204-207

sine-cosine, 450

sinusoidal, 202-204, 472

Power supplies, high-voltage, 163-183

Power supply, 161-163

regulated (see Voltage regulator)

PPI, 15, 19, 26, 425

delayed, 15, 20, 429

electronic, 27

off-center, 19

open-center, 15, 19

resolved-time-base, using condenser,

218, 452-454
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PPI, resolved-time-base, using sinusoidal

potentiometer, 450-452

rotating coil, 26, 426-445

stretched, 15, 20

with sweep through synchro, 447-450

three-tone, 38

Pratt, W. H., 320

Precentering of electron beam, 342-344

Pretrigger, 26

Projection cathode-ray tubes, 89

Projection of dark-trace cathode-ray

tubes, 578

photographic, 584-589

of televised display, 577

Projection indicator, 579-584

Projection systems, 576-589

Pulse, 11

delayed, 10

synchronizing, 125

trigger, 9, 120

Pulse network, 291

Pulse transformers, 120

Push-pull centering, 77

Push-pull condenser networks, 214

Push-pull deflection, 76

R

R-sweep, 17

Radar, pulsed, 11

Radar displays, 11-16

Radial-time-base (RTB), 23, 425

expanded, 483

(See also PPI)
Radial-time-base display, 425-481

off-centering for, 419-424

with off-centering, 440-445

Radio Corporation of America, 45, 61,

578

Randall, J. T., 616

Range-height displays, 516-538

Range-height indication (see RHI)
Range markers, 25, 238

Range normalization, 389, 487, 490

Range resolution, 11, 35

Range scopes, 17

Range sweep, 8, 14, 29

linear, 9

Raster, polka-dot, 597

shrinking, 69, 594

Raster excitation, 651

Rauland CV-11 sweep condenser, 216

Recovery time of deflection coils, 311

Rectangular-coordinate displays, 384-410

Rectangular wave, 123

Rectangular-wave generator, 123-128,

140,432

delayed, 526

Relay servo, 400-cps, 193

Relays, vibrating mercury, 193

Repetition rate, 121

Resistance variation proportional to

square of shaft rotation, 204

Resolution, 34

before time-base generation, 471-481

Resolved-time-base applications using

condensers, 217

Resolved-time-base method, 445-471

Resolver, 27

Resolving device, 185, 186

R-f detector, 259

RHI, 15, 20, 26, 518

precise, 527

RHI-E-scope, hybrid, 534-538

Rise time, 149

Rotating-coil method for polar display,

426-445, 484

Rotating-coil mounts, 545-555

S

Sanborn Company, 547, 550

Sawtooth, horizontal, 12

vertical, 12

Sawtooth current, linear, 357

Sawtooth current waveform, 362

Sawtooth wave, 132

Sawtooth-wave generator, 132-139

bootstrap, 135-138

Scale-of-two, 126

Scan, conical, 23, 220

helical, 12

spiral, 12

television, 384

V-beam, 12

Scanner, 12

Scanning, 6, 12

Schade, O. H., 164, 173

Scotopic, definition of, 659

Screen absorptance, 620

Screen "buildup," 6, 32
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Screen decay, 32

Screen materials, 610

Screen persistence, 5

Screen transmittance, 620-623

Screens, 609

cascade, 5

dark trace, 6, 664-699

deexcitation of, 638

long-persistence, 609, 626

multiple-layer, 610

persistent, 626, 653

short-persistence, 609, 643

single-layer, comparison of, to cascade,

655

special, properties of, 658-664

sulfide (see Sulfide screens)

supernormal buildup, 34

triple-component, properties of, 658

two-color, 661

willemite, 5

zinc-magnesium fluoride, 5

Searchlighting, 12

Sector, movable, 390

true, 509-514

Sector display, 19, 482-515

Sector-selecting synchro, 209

Seitz, F., 610

Selenium-rectifier disk, single, resistance

of, 468

Selenium rectifiers, 166, 466-471

with deflection coils, 466

Self-synchronous system, 25

Selsyn, 185

Servomechanism-driven mount, 550

Servo system, 187-195

1-speed, 191

1- and 36-speed 60-cps, 189

400-cps, 191

relay, 193

Shaft rotation, output voltage propor-

tional to, 212, 217

output voltage proportional to tangent

of, 212

resistance variation proportional to

square of, 204

voltage proportional to reciprocal of,205

voltage proportional to secant of, 205

Shafts, two, synchronizing rotation of,

222

Sheard, C, 564

Shielding, 77

magnetic, 555-558

Shrinking raster, 69, 594

Shunt, magnetic, 106

Shutoff, automatic, 508

Sickles, F. W., Company, 296

Signal, minimum detectable, 30

Signal discernibility, 28-38

Signal discrimination, 28-34

Signal mixing, 160

Signal-to-noise discrimination, 14

Signal-to-noise ratio, 28

Signal resolution, 28-38

Sine and cosine components, 445

Sine-wave carriers, 195

Sinusoidal carriers, 207-210

Sinusoidal condensers, 218, 472

Sinusoidal potentiometers, 202-204, 472

Skellett, A. M., 105, 412

Skiatron, 6

Slant range, 13, 14

Space charge, 56

Spherical aberration, 44

Spot size, 34, 55, 97, 590-608

affected by various parameters, 601-

606

Spot-size measurement, 723

double-pulse method of, 592

microscope method of, 591

miscellaneous methods of, 599, 600

polka-dot-raster method of, 597

shrinking raster method of, 594

Stabilization sawtooth, 399

Step attenuator, 157

Step-plus-sawtooth waveform, 357

Sticking potential, 577, 629, 630

Strong, J., 221

Subproportional, definition of, 625

Sulfide screens, double-layer, 645-658

Superproportional, definition of, 625

Superproportionality, 626, 651

Sutton, R. W., 664

Sweep, 6

circular, 299

delayed, 487

linear, 356

range (see Range sweep)

start of, distortions in, 354

time-base, 8

Sweep amplifiers for reactive loads, 356-

383
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Sweep condenser, 398

Sweep field, rotation of, 425

Sweep generator, 266, 274, 360, 435

bootstrap, 367

(See also Sawtooth wave generator)

Sweep length, 14

Sweep-stopping circuit, 234, 399

Switch circuit, 365, 380

(See also Clamp)

Switching, mechanical, 229

Sylvania Electric Products, Inc., 254,

269

Synchro, 185, 472

angular accuracy of, 210

circuits for driving, 377-381

deflection coil driven by, 381-383

and deflection coil, equivalent circuit

for, 382

differential-generator, 187

equivalent circuit for, 374

sector-selecting, 209

stator leakage inductance for, 376

3-phase, 2-phase output from, 208

transient response of, 374-377

Synchro-driven mount, 547

Synchro errors, 194

Synchro generator, 185

Synchro motor, 185

Synchro-null index, 231

Synchronization, 23

of rotation of two shafts, 222

Synchronizer, model G, 271-275

Synchroscope, 9

model 5, 261-270

P-4, 252-261

Tachometer, 225

generator as, 219

Tails, 108

Target, 11

Teletorque, 185

Television display, 406

Television scan, 384
Temperature compensation, 281

Test pattern, 723

Test scope, simple, 251

Third anode, 65
Tiffany Foundation, 647

Time-base generation, 508

resolution before, 471-481

(See also Sweep generator)

Time-base generator, 258

Time constant, 112

Time indices, movable, 239

periodic, 243

Time-selector circuit, 403

Timer, 23

Transconductance, effective, 362

Transfer characteristic, 67, 80

Transformers, rotary, 185

Transmission, synchronized, of angular

data, 222

Trapping, 613

of electrons, 694

of holes, 694

Trigger-delay circuits, 262, 272, 279, 282

Trigger generator, 118-123, 255, 262, 272

Trigger inverter, 432

Trigger pulse, 9, 120

positive, transmission of, 119

negative, 119

Trigger shaper, 284

Trigger source, 122

Trigger waveforms, 118

Triggered circuits, 223-226

Triggering, 223

Triode clamp, 129

Tube mounts for electrostatic cathode-

ray tubes, 540

V-beam scan, 12

Vector error, 489, 494, 502, 504
Video-amplifier bandwidth, 30, 147

Video amplifiers, 145-159, 436, 444, 731-

735

wideband, 268

Video mapping, 570-576

Video output amplifiers, 154

Video test probe, 270

Voltage, blanking, 92
cutoff, 722

focus, 723

proportional to secant of shaft rota-

tion, 205

proportional to reciprocal of shaft

displacement, 205
Voltage drive for deflection coils, 310
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Voltage feedback, 360

Voltage regulator, 116, 170-172, 180, 182,

263, 438
Voltage waveform, amplifiers for, 359-

362

W
Watson Laboratories, 577

Wave, nonsymmetrical, 113

rectangular, 123

Waveforms, area-balanced, 454-461

balancing, 446

Wavelength, dominant, 659

Westinghouse Electric and Manufactur-

ing Company, 317

Wilkins, M. H. P., 616

Williams, F. C, 447, 459

Windings, pie, 320

Wings, 23

Zero reference level, 445

Zworykin, V. K., 39
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tion of the concept of light, a step-by-step description of how he developed his own momen-
tous theory, and many more of the basic ideas behind modern physics. Formerly "A Survey
of Physics." Bibliography. Index. 128pp. 5% x 8. S650 Paperbound $1.15

THE ATOMIC NUCLEUS, M. Korsunsky. The only non-technical comprehensive account of the

atomic nucleus in English. For college physics students, etc. Chapters cover: Radioactivity,

the Nuclear Model of the Atom, the Mass of Atomic Nuclei, the Disintegration of Atomic
Nuclei, the Discovery of the Positron, the Artificial Transformation of Atomic Nuclei, Artifi-

cial Radioactivity, Mesons, the Neutrino, the Structure of Atomic Nuclei and Forces Acting
Between Nuclear Particles, Nuclear Fission, Chain Reaction, Peaceful Uses, Thermoculear
Reactions. Slightly abridged edition. Translated by G. Yankovsky. 65 figures. Appendix includes
45 photographic illustrations. 413 pp. 5% x 8. S1052 Paperbound $2.00

PRINCIPLES OF MECHANICS SIMPLY EXPLAINED, Morton Mott-Smith. Excellent, highly readable

introduction to the theories and discoveries of classical physics. Ideal for the layman who
desires a foundation which will enable him to understand and appreciate contemporary devel-

opments in the physical sciences. Discusses: Density, The Law of Gravitation, Mass and
Weight, Action and Reaction, Kinetic and Potential Energy, The Law of Inertia, Effects of

Acceleration, The Independence of Motions, Galileo and the New Science of Dynamics,
Newton and the New Cosmos, The Conservation of Momentum, and other topics. Revised
edition of "This Mechanical World." Illustrated by E. Kosa, Jr. Bibliography and Chronology.
Index, xiv + 171pp. 5% x 8V2. T1067 Paperbound $1.00

THE CONCEPT OF ENERGY SIMPLY EXPLAINED, Morton Mott-Smith. Elementary, non-technical

exposition which traces the story of man's conquest of energy, with particular emphasis on
the developments during the nineteenth century and the first three decades of our own
century. Discusses man's earlier efforts to harness energy, more recent experiments and
discoveries relating to the steam engine, the engine indicator, the motive power of heat, the
principle of excluded perpetual motion, the bases of the conservation of energy, the concept
of entropy, the internal combustion engine, mechanical refrigeration, and many other related
topics. Also much biographical material. Index. Bibliography. 33 illustrations, ix + 215pp.
53/a x 81/2. T1071 Paperbound $1.25

HEAT AND ITS WORKINGS, Morton Mott-Smith. One of the best elementary introductions to the
theory and attributes of heat, covering such matters as the laws governing the effect of heat
on solids, liquids and gases, the methods by which heat is measured, the conversion of a

substance from one form to another through heating and cooling, evaporation, the effects of

pressure on boiling and freezing points, and the three ways in which heat is transmitted
(conduction, convection, radiation). Also brief notes on major experiments and discoveries.
Concise, but complete, it presents all the essential facts about the subject in readable style.

Will give the layman and beginning student a first-rate background in this major topic in

physics. Index. Bibliography. 50 illustrations, x + 165pp. 5% x 8V2. T978 Paperbound $1.00

THE STORY OF ATOMIC THEORY AND ATOMIC ENERGY, J. G. Feinberg. Wider range of facts

on physical theory, cultural implications, than any other similar source. Completely non-

technical. Begins with first atomic theory, 600 B.C., goes through A-bomb, developments to

1959. Avogadro, Rutherford, Bohr, Einstein, radioactive decay, binding energy, radiation

danger, future benefits of nuclear power, dozens of other topics, told in lively, related,

informal manner. Particular stress on European atomic research. "Deserves special mention

. . . authoritative," Saturday Review. Formerly "The Atom Story." New chapter to 1959.

Index. 34 illustrations. 251pp. 53/8 x 8. T625 Paperbound $1.60
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THE STRANGE STORY OF THE QUANTUM, AN ACCOUNT FOR THE GENERAL READER OF THE
GROWTH OF IDEAS UNDERLYING OUR PRESENT ATOMIC KNOWLEDGE, B. Hoffmann. Presents

lucidly and expertly, with barest amount of mathematics, the problems and theories which

led to modern quantum physics. Dr. Hoffmann begins with the closing years of the 19th

century, when certain trifling discrepancies were noticed, and with illuminating analogies

and examples takes you through the brilliant concepts of Planck, Einstein, Pauli, de Broglie,

Bohr, Schroedinger, Heisenberg, Dirac, Sommerfeld, Feynman, etc. This edition includes a

new, long postscript carrying the story through 1958. "Of the books attempting an account

of the history and contents of our modern atomic physics which haVe come to my attention,

this is the best," H. Margenau, Yale University, in "American Journal of Physics." 32 tables

and line illustrations. Index. 275pp. 5% x 8. T518 Paperbound $1.50

THE EVOLUTION OF SCIENTIFIC THOUGHT FROM NEWTON TO EINSTEIN, A. d'Abro. Einstein's
special and general theories of relativity, with their historical implications, are analyzed in

non-technical terms. Excellent accounts of the contributions of Newton, Riemann, Weyl,
Planck, Eddington, Maxwell, Lorentz and others are treated in terms of space and time,
equations of electromagnetics, finiteness of the universe, methodology of science. 21 dia-

grams. 482pp. 5% x 8. T2 Paperound $2.25

THE RISE OF THE NEW PHYSICS, A. d'Abro. A half-million word exposition, formerly titled

THE DECLINE OF MECHANISM, for readers not versed in higher mathematics. The only thor-

ough explanation, in everyday language, of the central core of modern mathematical physical

theory, treating both classical and modern theoretical physics, and presenting in terms
almost anyone can understand the equivalent of 5 years of study of mathematical physics.

Scientifically impeccable coverage of mathematical-physical thought from the Newtonian
system up through the electronic theories of Dirac and Heisenberg and Fermi's statistics.

Combines both history and exposition; provides a broad yet unified and detailed view, with
constant comparison of classical and modern views on phenomena and theories. "A must for

anyone doing serious study in the physical sciences," JOURNAL OF THE FRANKLIN INSTITUTE.
"Extraordinary faculty ... to explain ideas and theories of theoretical physics in the lan-

guage of daily life," ISIS. First part of set covers philosophy of science, drawing upon the

practice of Newton, Maxwell, Poincare\ Einstein, others, discussing modes of thought, experi-

ment, interpretations of causality, etc. In the second part, 100 pages explain grammar and
vocabulary of mathematics, with discussions of functions, groups, series, Fourier series, etc.

The remainder is devoted to concrete, detailed coverage of both classical and quantum
physics, explaining such topics as analytic mechanics, Hamilton's principle, wave theory of

light, electromagnetic waves, groups of transformations, thermodynamics, phase rule, Brownian
movement, kinetics, special relativity, Planck's original quantum theory, Bohr's atom,

Zeeman effect, Broglie's wave mechanics, Heisenberg's uncertainty, Eigen-values, matrices,

scores of other important topics. Discoveries and theories are covered for such men as Alem-

bert, Born, Cantor, Debye, Euler, Foucault, Galois, Gauss, Hadamard, Kelvin, Kepler, Laplace,

Maxwell, Pauli, Rayleigh, Volterra, Weyl, Young, more than 180 others. Indexed. 97 illustra-

tions, ix -I- 982pp. 5% x 8. T3 Volume 1, Paperbound $2.00
T4 Volume 2, Paperbound $2.00

SPINNING TOPS AND GYROSCOPIC MOTION, John Perry. Well-known classic of science still

unsurpassed for lucid, accurate, delightful exposition. How quasi-rigidity is induced in flexible

and fluid bodies by rapid motions; why gyrostat falls, top rises; nature and effect on climatic

conditions of earth's precessional movement; effect of internal fluidity on rotating bodies,

etc. Appendixes describe practical uses to which gyroscopes have been put in ships, com-

passes, monorail transportation. 62 figures. 128pp. 53/s x 8. T416 Paperbound $1.00

THE UNIVERSE OF LIGHT, Sir William Bragg. No scientific training needed to read Nobel

Prize winner's expansion of his Royal Institute Christmas Lectures. Insight into nature of

light, methods and philosophy of science. Explains lenses, reflection, color, resonance,

polarization, x-rays, the spectrum, Newton's work with prisms, Huygens' with polarization,

Crookes' with cathode ray, etc. Leads into clear statement ot 2 major historical theories

of light, corpuscle and wave. Dozens of experiments you can do. 199 illus., including 2

full-page color plates. 293pp. 5% x 8. S538 Paperbound $1.85

THE STORY OF X-RAYS FROM RONTGEN TO ISOTOPES, A. R. Bleich. Non-technical history of

x-rays, their scientific explanation, their applications in medicine, industry, research, and

art, and their effect on the individual and his descendants. Includes amusing early reactions

to Rontgen's discovery, cancer therapy, detections of art and stamp forgeries, potential

risks to patient and operator, etc. Illustrations show x-rays of flower structure, the gall

bladder, gears with hidden defects, etc. Original Dover publication. Glossary. Bibliography.

Index. 55 photos and figures, xiv + 186pp. 53/a x 8. T662 Paperbound $1.35

ELECTRONS, ATOMS, METALS AND ALLOYS, Wm. Hume-Rothery. An introductory-level explana-

tion of the application of the electronic theory to the structure and properties ot metals

and alloys, taking into account the new theoretical work done by mathematical physicists.

Material presented in dialogue-form between an "Old Metallurgist" and a "Young Scientist."

Their discussion falls into 4 main parts: the nature of an atom, the nature of a metal,

the nature of an alloy, and the structure of the nucleus. They cover such topics as the

hydrogen atom, electron waves, wave mechanics, Brillouin zones, co-valent bonds, radio-

activity and natural disintegration, fundamental particles, structure and fission of the

nucleus etc. Revised, enlarged edition. 177 illustrations. Subject and name indexes. 407pp.

5% x 8V2 S1046 Paperbound $2.25
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OUT OF THE SKY, H. H. Nininger. A non-technical but comprehensive introduction to "me-
teoritics", the young science concerned with all aspects of the arrival of matter from
outer space. Written by one of the world's experts on meteorites, this work shows how,
despite difficulties of observation and sparseness of data, a considerable body of knowledge
has arisen. It defines meteors and meteorites; studies fireball clusters and processions,
meteorite composition, size, distribution, showers, explosions, origins, craters, and much
more. A true connecting link between astronomy and geology. More than 175 photos, 22 other
illustrations. References. Bibliography of author's publications on meteorites. Index, viii +
336pp. 5% x 8. T519 Paperbound $1.85

SATELLITES AND SCIENTIFIC RESEARCH, D. King-Hele. Non-technical account of the manmade
satellites and the discoveries they have yielded up to the autumn of 1961. Brings together
information hitherto published only in hard-to-get scientific journals. Includes the life history

of a typical satellite, methods of tracking, new information on the shape of the earth, zones
of radiation, etc. Over 60 diagrams and 6 photographs. Mathematical appendix. Bibliography
of over 100 items. Index, xii + 180pp. 534 x 8V2. T703 Paperbound $2.00

BOOKS EXPLAINING SCIENCE AND MATHEMATICS

Mathematics

CHANCE, LUCK AND STATISTICS: THE SCIENCE OF CHANCE, Horace C. Levinson. Theory of

probability and science of statistics in simple, non-technical language. Part I deals with

theory of probability, covering odd superstitions in regard to "luck," the meaning of bet-

ting odds, the law of mathematical expectation, gambling, and applications in poker, rou-

lette, lotteries, dice, bridge, and other games of chance. Part II discusses the misuse of

statistics, the concept of statistical probabilities, normal and skew frequency distributions,

and statistics applied to various fields—birth rates, stock speculation, insurance rates, adver-

tising, etc. "Presented in an easy humorous style which I consider the best kind of exposi-

tory writing," Prof. A. C. Cohen, Industry Quality Control. Enlarged revised edition. Formerly
titled "The Science of Chance." Preface and two new appendices by the author. Index, xiv

+ 365pp. 5% x 8. T1007 Paperbound S1.85

PROBABILITIES AND LIFE, Emile Borel. Translated by M. Baudin. Non-technical, highly read-

able introduction to the results of probability as applied to everyday situations. Partial con-

tents: Fallacies About Probabilities Concerning Life After Death; Negligible Probabilities and
the Probabilities of Everyday Life; Events of Small Probability; Application of Probabilities

to Certain Problems of Heredity; Probabilities of Deaths, Diseases, and Accidents; On
Poisson's Formula. Index. 3 Appendices of statistical studies and tables, vi + 87pp. 5%
x 8Vfc. T121 Paperbound $1.00

GREAT IDEAS OF MODERN MATHEMATICS: THEIR NATURE AND USE, Jagjit Singh. Reader with
only high school math will understand main mathematical ideas of modern physics, astron-

omy, genetics, psychology, evolution, etc., better than many who use them as tools, but
comprehend little of their basic structure. Author uses his wide knowledge of non-mathe-
matical fields in brilliant exposition of differential equations, matrices, group theory, logic,

statistics, problems of mathematical foundations, imaginary numbers, vectors, etc. Original

publication. 2 appendices. 2 indexes. 65 illustr. 322pp. 5% x 8. S587 Paperbound $1.75

MATHEMATICS IN ACTION, 0. G. Sutton. Everyone with a command of high school algebra
will find this book one of the finest possible introductions to the application of mathematics
to physical theory. Ballistics, numerical analysis, waves and wavelike phenomena, Fourier

series, group concepts, fluid flow and aerodynamics, statistical measures, and meteorology
are discussed with unusual clarity. Some calculus and differential equations theory is

developed by the author for the reader's help in the more difficult sections. 88 figures.

Index, viii + 236pp. 5% x 8. T440 Clothbound $3.50

THE FOURTH DIMENSION SIMPLY EXPLAINED, edited by H. P. Manning. 22 essays, originally

Scientific American contest entries, that use a minimum of mathematids to explain aspects
of 4-dimensional geometry: analogues to 3-dimensional space, 4-dimensional absurdities and
curiosities (such as removing the contents of an egg without puncturing its shell), possible
measurements and forms, etc. Introduction by the editor. Only book of its sort on a truly

elementary level, excellent introduction to advanced works. 82 figures. 251pp. 53/fe x 8.

T711 Paperbound SI.35
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MATHEMATICS-INTERMEDIATE TO ADVANCED

General

INTRODUCTION TO APPLIED MATHEMATICS, Francis D. Murnaghan. A practical and thoroughly
sound introduction to a number of advanced branches of higher mathematics. Among the
selected topics covered in detail are: vector and matrix analysis, partial and differential
equations, integral equations, calculus of variations, Laplace transform theory, the vector
triple product, linear vector functions, quadratic and bilinear forms, Fourier series, spherical
harmonics, Bessel functions, the Heaviside expansion formula, and many others. Extremely
useful book for graduate students in physics, engineering, chemistry, and mathematics.
Index. Ill study exercises with answers. 41 illustrations, ix + 389pp. 53/8 x 8V2.

S1042 Paperbound $2.00

OPERATIONAL METHODS IN APPLIED MATHEMATICS, H. S. Carslaw and J. C. Jaeger. Explana-
tion of the application of the Laplace Transformation to differential equations, a simple and
effective substitute for more difficult and obscure operational methods. Of great practical
value to engineers and to all workers in applied mathematics. Chapters on: Ordinary Linear
Differential Equations with Constant Coefficients;; Electric Circuit Theory; Dynamical Appli-
cations,- The Inversion Theorem for the Laplace Transformation; Conduction of Heat; Vibra-
tions of Continuous Mechanical Systems; Hydrodynamics-, Impulsive Functions; Chains of
Differential Equations; and other related matters. 3 appendices. 153 problems, many with
answers. 22 figures, xvi + 359pp. 5% x 8V2. S1011 Paperbound $2.25

APPLIED MATHEMATICS FOR RADIO AND COMMUNICATIONS ENGINEERS, C. E. Smith. No
extraneous material here!—only the theories, equations, and operations essential and im-
mediately useful for radio work. Can be used as refresher, as handbook of applications and
tables, or as full home-study course. Ranges from simplest arithmetic through calculus, series,
and wave forms, hyperbolic trigonometry, simultaneous equations in mesh circuits, etc.
Supplies applications right along with each math topic discussed. 22 useful tables of func-
tions, formulas, logs, etc. Index. 166 exercises, 140 examples, all with answers. 95 diagrams.
Bibliography, x + 336pp. 5% x 8. S141 Paperbound $1.75

Algebra, group theory, determinants, sets, matrix theory

ALGEBRAS AND THEIR ARITHMETICS, L. E. Dickson. Provides the foundation and background
necessary to any advanced undergraduate or graduate student studying abstract algebra.
Begins with elementary introduction to linear transformations, matrices, field of complex
numbers; proceeds to order, basal units, modulus, quaternions, etc.; develops calculus of

linears sets, describes various examples of algebras including invariant, difference, nilpotent,

semi-simple. "Makes the reader marvel at his genius for clear and profound analysis," Amer.
Mathematical Monthly. Index, xii + 241pp. 53/8 x 8. S616 Paperbound $1.50

THE THEORY OF EQUATIONS WITH AN INTRODUCTION TO THE THEORY OF BINARY ALGEBRAIC
FORMS, W. S. Burnside and A. W. Panton. Extremely thorough and concrete discussion of the
theory of equations, with extensive detailed treatment of many topics curtailed in later texts.

Covers theory of algebraic equations, properties of polynomials, symmetric functions, derived
functions, Horner's process, complex numbers and the complex variable, determinants and
methods of elimination, invariant theory (nearly 100 pages), transformations, introduction to
Galois theory, Abelian equations, and much more. Invaluable supplementary work for modern
students and teachers. 759 examples and exercises. Index in each volume. Two volume set.

Total of xxiv + 604pp. 53/s x 8. S714 Vol I Paperbound $1.85
S715 Vol II Paperbound $1.85

The set $3.70

COMPUTATIONAL METHODS OF LINEAR ALGEBRA, V. N. Faddeeva, translated by C. D. Benster.
First English translation of a unique and valuable work, the only work in English present-
ing a systematic exposition of the most important methods of linear algebra—classical
and contemporary. Shows in detail how to derive numerical solutions of problems in mathe-
matical physics which are frequently connected with those of linear algebra. Theory as well
as individual practice. Part I surveys the mathematical background that is indispensable
to what follows. Parts II and III, the conclusion, set forth the most important methods
of solution, for both exact and iterative groups. One of the most outstanding and valuable
features of this work is the 23 tables, double and triple checked for accuracy. These tables
will not be found elsewhere. Author's preface. Translator's note. New bibliography and
index, x + 252pp. 53/8 x 8. S424 Paperbound $1.95

ALGEBRAIC EQUATIONS, E. Dehn. Careful and complete presentation of Galois' theory of alge-
braic equations; theories of Lagrange and Galois developed in logical rather than historical
form, with a more thorough exposition than in most modern books. Many concrete applica-
tions and fully-worked-out examples. Discusses basic theory (very clear exposition of the
symmetric group); isomorphic, transitive, and Abelian groups; applications of Lagrange's and
Galois' theories; and much more. Newly revised by the author. Index. List of Theorems,
xi + 208pp. 53/s x 8. S697 Paperbound $1.45
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Differential equations, ordinary and partial; integral equations

INTRODUCTION TO THE DIFFERENTIAL EQUATIONS OF PHYSICS, L. Hopf. Especially valuable

to the engineer with no math beyond elementary calculus. Emphasizing intuitive rather than

formal aspects of concepts, the author covers an extensive territory. Partial contents: Law
of causality, energy theorem, damped oscillations, coupling by friction, cylindrical and
spherical coordinates, heat source, etc. Index. 48 figures. 160pp. 5% x 8.

S120 Paperbound $1.25

INTRODUCTION TO THE THEORY OF LINEAR DIFFERENTIAL EQUATIONS, E. G. Poole. Authorita-

tive discussions of important topics, with methods of solution more detailed than usual, for

students with background of elementary course in differential equations. Studies existence

theorems, linearly independent solutions; equations with constant coefficients; with uniform

analytic coefficients; regular singularities; the hypergeometric equation; conformal repre-

sentation; etc. Exercises. Index. 210pp. 5We x 8. S629 Paperbound $1.65

DIFFERENTIAL EQUATIONS FOR ENGINEERS, P. Franklin. Outgrowth of a course given 10

years at M. I. T. Makes most useful branch of pure math accessible for practical work.

Theoretical basis of D.E.'s; solution of ordinary D.E.'s and partial derivatives arising from

heat flow, steady-state temperature of a plate, wave equations; analytic functions; con-

vergence of Fourier Series. 400 problems on electricity, vibratory systems, other topics.

Formerly "Differential Equations for Electrical Engineers." Index 41 illus. 307pp. 5% x 8.

S601 Paperbound $1.65

DIFFERENTIAL EQUATIONS, F. R. Moulton. A detailed, rigorous exposition of all the non-

elementary processes of solving ordinary differential equations. Several chapters devoted to

the treatment of practical problems, especially those of a physical nature, which are far

more advanced than problems usually given as illustrations. Includes analytic differential

equations; variations of a parameter; integrals of differential equations; analytic implicit

functions; problems of elliptic motion; sine-amplitude functions; deviation of formal bodies;

Cauchy-Lipschitz process; linear differential equations with periodic coefficients; differential

equations in infinitely many variations; much more. Historical notes. 10 figures. 222 prob-

lems. Index, xv + 395pp. 53/8 x 8. S451 Paperbound $2.00

DIFFERENTIAL AND INTEGRAL EQUATIONS OF MECHANICS AND PHYSICS (DIE DIFFERENTIAL-

UND INTEGRALGLEICHUNGEN DER MECHANIK UND PHYSIK), edited by P. Frank and R. yon

Mises. Most comprehensive and authoritative work on the mathematics of mathematical

physics available today in the United States: the standard, definitive reference for teachers,

physicists, engineers, and mathematicians—now published (in the original German) at a rela-

tively inexpensive price for the first time! Every chapter in this 2,000-page set is by an

expert in his field: Caratheodory, Courant, Frank, Mises, and a dozen others. Vol I, on

mathematics, gives concise but complete coverages of advanced calculus, differential equa-

tions, integral equations, and potential, and partial differential equations. Index, xxiii +
916pp. Vol. II (physics): classical mechanics, optics, continuous mechanics, heat conduction

and diffusion, the stationary and quasi-stationary electromagnetic field, electromagnetic

oscillations, and wave mechanics. Index, xxiv + 1106pp. Two volume set. Each volume avail-

able separately. 5% x 83/8 . S787 Vol I Clothbound $7.50
S788 Vol II Clothbound $7.50

The set $15.00

LECTURES ON CAUCHY'S PROBLEM, J. Hadamard. Based on lectures given at Columbia, Rome,

this discusses work of Riemann, Kirchhoff, Volterra, and the author's own research on the

hyperbolic case in linear partial differential equations. It extends spherical and cylindrical

waves to apply to all (normal) hyperbolic equations. Partial contents: Cauchy's problem,

fundamental formula, equations with odd number, with even number of independent var-

iables; method of descent. 32 figures. Index, iii + 316pp. 53/8 x 8. S105 Paperbound $1.75

THEORY OF DIFFERENTIAL EQUATIONS, A. R. Forsyth. Out of print for over a decade, the

complete 6 volumes (now bound as 3) of this monumental work represent the most com-

prehensive treatment of differential equations ever written. Historical presentation includes

in 2500 pages every substantial development. Vol. 1, 2: EXACT EQUATIONS, PFAFF'S

PROBLEM; ORDINARY EQUATIONS, NOT LINEAR: methods of Grassmann, Clebsch, Lie, Dar-

boux; Cauchy's theorem; branch points; etc. Vol. 3, 4: ORDINARY EQUATIONS, NOT LINEAR;

ORDINARY LINEAR EQUATIONS: Zeta Fuchsian functions, general theorems on algebraic

integrals, Brun's theorem, equations with uniform periodic coffiecients, etc. Vol. 4, 5:

PARTIAL DIFFERENTIAL EQUATIONS: 2 existence-theorems, equations of theoretical dynamics,

Laplace transformations, general transformation of equations of the 2nd order, much more.

Indexes. Total of 2766pp. 53/8 x 8. S576-7-8 Clothbound: the set $15.00

PARTIAL DIFFERENTIAL EQUATIONS OF MATHEMATICAL PHYSICS, A. G. Webster. A keystone

work in the library of every mature physicist, engineer, researcher. Valuable sections on

elasticity, compression theory, potential theory, theory of sound, heat conduction, wave

propagation, vibration theory. Contents include: deduction of differential equations, vibra-

tions, normal functions, Fourier's series, Cauchy's method, boundary problems, method of

Riemann-Volterra. Spherical, cylindrical, ellipsoidal harmonics, applications, etc. 97 figures,

vii + 440pp. 53/a x 8. S263 Paperbound $2.00
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ELEMENTARY CONCEPTS OF TOPOLOGY, P. Alexandroff. First English translation of the famous
brief introduction to topology for the beginner or for the mathematician not undertaking
extensive study. This unusually useful intuitive approach deals primarily with the concepts of
complex, cycle, and homology, and is wholly consistent with current investigations. Ranges
from basic concepts of set-theoretic topology to the concept of Betti groups. "Glowing
example of harmony between intuition and thought," David Hilbert. Translated by A. E Farlev
Introduction by D. Hilbert. Index. 25 figures. 73pp. 5% x 8. S747 Paperbound $1.00
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advanced mathematics; 95% of this book can be understood by readers who have gone no
farther than high school algebra. Partial contents: divisibility theory, important number
tneoretical functions, congruences, primitive roots and indices, etc. Solutions to both
problems and exercises. Tables of primes, indices, etc. Covers almost every essential formula
in elementary number theory! Translated from Russian. 233 problems, 104 exercises, viii +
227pp. 5% x 8. S259 Paperbound $1.60

THEORY OF NUMBERS and DIOPHANTINE ANALYSIS, R. 0. Carmichael. These two complete
worKs in one volume form one of the most lucid introductions to number theory, requiring only
a firm foundation in high school mathematics. "Theory of Numbers," partial contents:
Eratosthenes sieve, Euclid's fundamental theorem, G.C.F. and L.C.M. of two or more integers,
linear congruences, etc "Diophantine Analysis": rational triangles, Pythagorean triangles,
equations of third, fourth, higher degrees, method of functional equations, much more. "Theory
of Numbers": 76 problems. Index. 94pp. "Diophantine Analysis": 222 problems. Index. 118pp.5% x 8. S529 Paperbound $1.35

Numerical analysis, tables

MATHEMATICAL TABLES AND FORMULAS, Compiled by Robert D. Carmichael and Edwin R.
Smith. Valuable collection for students, etc. Contains all tables necessary in college algebra
and trigonometry, such as five-place common logarithms, logarithmic sines and tangents of
small angles, logarithmic trigonometric functions, natural trigonometric functions, four-place
antilogarithms, tables for changing from sexagesimal to circular and from circular to sexa-
gesimal measure of angles, etc. Also many tables and formulas not ordinarily accessible,
including powers, roots, and reciprocals, exponential and hyperbolic functions, ten-place
logarithms of prime numbers, and formulas and theorems from analytical and elementary
geometry and from calculus. Explanatory introduction, viii + 269pp. 53/s x 8V2.

Sill Paperbound $1.00

MATHEMATICAL TABLES, H. B. Dwight. Unique for its coverage in one volume of almost every
function of importance in applied mathematics, engineering, and the physical sciences.
Three extremely fine tables of the three trig functions and their inverse functions to
thousandths of radians; natural and common logarithms; squares, cubes; hyperbolic functions
and the inverse hyperbolic functions; (a* + b^) exp. V2a; complete elliptic integrals of the
1st and 2nd kind; sine and cosine integrals; exponential integrals Ei(x) and Ei( — x); binomial
coefficients; factorials to 250; surface zonal harmonics and first derivatives; Bernoulli and
Euler numbers and their logs to base of 10; Gamma function; normal probability integral;
over 60 pages of Bessel functions; the Riemann Zeta function. Each table with formulae
generally used, sources of more extensive tables, interpolation data, etc. Over half have
columns of differences, to facilitate interpolation. Introduction. Index, viii + 231pp. 5% x 8.

S445 Paperbound $1.75

TABLES OF FUNCTIONS WITH FORMULAE AND CURVES, E. Jahnke & F. Emde. The world's most
comprehensive 1-volume English-text collection of tables, formulae, curves of transcendent
functions. 4th corrected edition, new 76-page section giving tables, formulae for elementary
functions—not in other English editions. Partial contents: sine, cosine, logarithmic integral;
factorial function; error integral; theta functions; elliptic integrals, functions; Legendre,
Bessel, Riemann, Mathieu, hypergeometric functions, etc. Supplementary books. Bibliography.
Indexed. "Out of the way functions for which we know no other source," SCIENTIFIC COM-
PUTING SERVICE, Ltd. 212 figures. 400pp. 5% x 8. S133 Paperbound $2.00
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CHEMISTRY AND PHYSICAL CHEMISTRY

ORGANIC CHEMISTRY, F. C. Whitmore. The entire subject of organic chemistry for the practic-

ing chemist and the advanced student. Storehouse of facts, theories, processes found else-

where only in specialized journals. Covers aliphatic compounds (500 pages on the properties

and synthetic preparation of hydrocarbons, halides, proteins, ketones, etc.), alicyclic com-
pounds, aromatic compounds, heterocyclic compounds, organophosphorus and organometallic
compounds. Methods of synthetic preparation analyzed critically throughout. Includes much of

biochemical interest. "The scope of this volume is astonishing," INDUSTRIAL AND ENGINEER-
ING CHEMISTRY. 12,000-reference index. 2387-item bibliography. Total of x + 1005pp. 5% x 8.

Two volume set. S700 Vol I Paperbound $2.25
S701 Vol II Paperbound $2.25

The set $4.50

THE MODERN THEORY OF MOLECULAR STRUCTURE, Bernard Pullman. A reasonably popular
account of recent developments in atomic and molecular theory. Contents: The Wave Func-
tion and Wave Equations (history and bases of present theories of molecular structure);

The Electronic Structure of Atoms (Description and classification of atomic wave functions,
etc.); Diatomic Molecules; Non-Conjugated Polyatomic Molecules; Conjugated Polyatomic
Molecules; The Structure of Complexes. Minimum of mathematical background needed. New
translation by David Antin of "La Structure Moleculaire." Index. Bibliography, vii + 87pp.
5% x 8V2. S987 Paperbound $1.00

CATALYSIS AND CATALYSTS, Marcel Prettre, Director,- Research Institute on Catalysis. This
brief book, translated into English for the first time, is the finest summary of the principal
modern concepts, methods, and results of catalysis. Ideal introduction for beginning chem-
istry and physics students. Chapters: Basic Definitions of Catalysis (true catalysis and
generalization of the concept of catalysis); The Scientific Bases of Catalysis (Catalysis
and chemical thermodynamics, catalysis and chemical kinetics); Homogeneous Catalysis
(acid-base catalysis, etc.); Chain Reactions; Contact Masses; Heterogeneous Catalysis
(Mechanisms of contact catalyses, etc.); and Industrial Applications (acids and fertilizers,
petroleum and petroleum chemistry, rubber, plastics, synthetic resins, and fibers). Trans-
lated by David Antin. Index, vi + 88pp. 5% x 8J/2. S998 Paperbound $1.00

POLAR MOLECULES, Pieter Debye. This work by Nobel laureate Debye offers a complete guide
to fundamental electrostatic field relations, polarizability, molecular structure. Partial con-
tents: electric intensity, displacement and force, polarization by orientation, molar polariza-
tion and molar refraction, halogen-hydrides, polar liquids, ionic saturation, dielectric con-
stant, etc. Special chapter considers quantum theory. Indexed. 172pp. 5% x 8.

S64 Paperbound $1.50

THE ELECTRONIC THEORY OF ACIDS AND BASES, W. F. Luder and Saverio Zuffanti. The first
full systematic presentation of the electronic theory of acids and bases—treating the
theory and its ramifications in an uncomplicated manner. Chapters: Historical Background-
Atomic Orbitals and Valence; The Electronic Theory of Acids and Bases; Electrophilic and
Electrodotic Reagents; Acidic and Basic Radicals; Neutralization; Titrations with Indicators-
Displacement; Catalysis; Acid Catalysis; Base Catalysis; Alkoxides and Catalysts; Conclu-
sion. Required reading for all chemists. Second revised (1961) eidtion, with additional
examples and references. 3 figures. 9 tables. Index. Bibliography xii + 165pp. 5% x 8.

S201 Paperbound $1.50

KINETIC THEORY OF LIQUIDS, I. Frenkel. Regarding the kinetic theory of liquids as a gen-
eralization and extension of the theory of solid bodies, this volume covers all types of
arrangements of solids, thermal displacements of atoms, interstitial atoms and ions,
orientational and rotational motion of molecules, and transition between states of matter
Mathematical theory is developed close to the physical subject matter. 216 bibliographical
footnotes. 55 figures, xi + 485pp. 5% x 8. S95 Paperbound $2.55

THE PRINCIPLES OF ELECTROCHEMISTRY, D. A. Maclnnes. Basic equations for almost every
subfield of electrochemistry from first principles, referring at all times to the soundest and
most recent theories and results; unusually useful as text or as reference. Covers coulometers
and Faraday's Law, electrolytic conductance, the Debye-Hueckel method for the theoretical

calculation of activity coefficients, concentration cells, standard electrode potentials, thermo-
dynamic ionization constants, pH, potentiometric titrations, irreversible phenomena, Planck's
equation, and much more. "Excellent treatise," AMERICAN CHEMICAL SOCIETY JOURNAL.
"Highly recommended," CHEMICAL AND METALLURGICAL ENGINEERING. 2 Indices. Appendix.
585-item bibliography. 137 figures. 94 tables, ii + 478pp. 5% x 8%.

S52 Paperbound $2.45

THE PHASE RULE AND ITS APPLICATION, Alexander Findlay. Covering chemical phenomena
of 1, 2, 3, 4, and multiple component systems, this "standard work on the subject"
(NATURE, London), has been completely revised and brought up to date by A. N. Campbell
and N. 0. Smith. Brand new material has been added on such matters as binary, tertiary
liquid equilibria, solid solutions in ternary systems, quinary systems of salts and water.
Completely revised to triangular coordinates in ternary systems, clarified graphic repre-
sentation, solid models, etc. 9th revised edition. Author, subject indexes. 236 figures. 505
footnotes, mostly bibliographic, xii + 494pp. 5% x 8. S91 Paperbound $2.50
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PHYSICS

General physics

FOUNDATIONS OF PHYSICS, R. B. Lindsay & H. Margenau. Excellent bridge between semi-

popular works & technical treatises. A discussion ot methods of physical description, con-

struction of theory; valuable tor physicist with elementary calculus who is interested in

ideas that give meaning to data, tools of modern physics. Contents include symbolism, math-

ematical equations; space & time foundations of mechanics; probability; physics & con-

tinua; electron theory; special & general relativity; quantum mechanics; causality. "Thor-

ough and yet not overdetailed. Unreservedly recommended," NATURE (London). Unabridged,

corrected edition. List of recommended readings. 35 illustrations, xi + 537pp. 5% x 8.

S377 Paperbouna $2.75

FUNDAMENTAL FORMULAS OF PHYSICS, ed. by D. H. Menzel. Highly useful, fully inexpensive

reference and study text, ranging from simple to highly sophisticated operations. Mathematics

integrated into text—each cnapter stands as short textbook ot field represented. Vol. 1:

Statistics, Physical Constants, Special Theory of Relativity, Hydrodynamics, Aerodynamics,

Boundary Value Problems in Math. Physics; Viscosity, Electromagnetic Theory, etc. Vol. 2:

Sound, Acoustics, Geometrical Optics, Electron Optics, High-Energy Phenomena, Magnetism,

Biophysics, much more. Index. Total of 800pp. 53/8 x 8. Vol. 1 S595 Paperbound $2.00
Vol. 2 S596 Paperbound $2.00

MATHEMATICAL PHYSICS, 0. H. Menzel. Thorough one-volume treatment of the mathematical

techniques vital for classic mechanics, electromagnetic theory, quantum theory, and rela-

tivity. Written by the Harvard Proressor of Astrophysics for junior, senior, and graduate

courses, it gives clear explanations of all those aspects of function theory, vectors, matrices,

dyadics, tensors, partial differential equations, etc., necessary tor the understanding of the

various physical theories. Electron theory, relativity, and other topics seldom presented

appear here in considerable detail. Scores of definitions, conversion factors, dimensional

constants, etc. "More detailed than normal for an advanced text . . . excellent set of sec-

tions on Dyadics, Matrices, and Tensors," JOURNAL OF THE FRANKLIN INSTITUTE. Index.

193 Rroblems, with answers, x + 412pp. 53/8 x 8. S56 Paperbound $2.00

THE SCIENTIFIC PAPERS OF J. WILLARD GIBBS. All the published papers of America's outstand-

ing theoretical scientist (except for "Statistical Mechanics" and "Vector Analysis"). Vol I

(thermodynamics) contains one of the most brilliant of all 19th-century scientific papers—the

300-page "On the Equilibrium of Heterogeneous Substances," which founded the science of

physical chemistry, and clearly stated a number of highly important natural laws for the first

time; 8 other papers complete the first volume. Vol II includes 2 papers on dynamics, 8 on

vector analysis and multiple algebra, 5 on the electromagnetic theory of light, and 6 miscella-

neous papers. Biographical sketch by H. A. Bumstead. Total of xxxvi + 718pp. 5% x 83/8.
S721 Vol I Paperbound $2.50
S722 Vol II Paperbound $2.00

The set $4.50

BASIC THEORIES OF PHYSICS, Peter Gabriel Bergmann. Two-volume set which presents a

critical examination of important topics in the major subdivisions of classical and modern

physics. The first volume is concerned with classical mechanics and electrodynamics:

mechanics of mass points, analytical mechanics, matter in bulk, electrostatics and magneto-

statics, electromagnetic interaction, the field waves, special relativity, and waves. The

second volume (Heat and Quanta) contains discussions of the kinetic hypothesis, physics and

statistics, stationary ensembles, laws of thermodynamics, early quantum theories, atomic

spectra, probability waves, quantization in wave mechanics, approximation methods, and

abstract quantum theory. A valuable supplement to any thorough course or text.

Heat and Quanta: Index. 8 figures, x + 300pp. 5% x 8V2. S968 Paperbound $1.75

Mechanics and Electrodynamics: Index. 14 figures, vii + 280pp. 5% x 8V2.
S969 Paperbound $1.75

THEORETICAL PHYSICS, A. S. Kompaneyets. One of the very few thorough studies of the

subject in this price range. Provides advanced students with a comprehensive theoretical

background. Especially strong on recent experimentation and developments in quantum

theory. Contents: Mechanics (Generalized Coordinates, Lagrange's Equation, Collision of

Particles etc ), Electrodynamics (Vector Analysis, Maxwell's equations, Transmission of

Signals, Theory of Relativity, etc.), Quantum Mechanics (the Inadequacy of Classical Mechan-

ics the Wave Equation, Motion in a Central Field, Quantum Theory of Radiation, Quantum

Theories of Dispersion and Scattering, etc.), and Statistical Physics (Equilibrium Distribution

of Molecules in an Ideal Gas, Boltzmann statistics, Bose and Fermi Distribution,

Thermodynamic Quantities, etc.). Revised to 1961. Translated by George Yankovsky, author-

ized by Kompaneyets. 137 exercises. 56 figures. 529pp. 53/s x 8V2. S972 Paperbound $2.50

ANALYTICAL AND CANONICAL FORMALISM IN PHYSICS, Andre Mercier. A survey, in one vol-

ume of the variational principles (the key principles— in mathematical form—from which

the basic laws of any one branch of physics can be derived) of the several branches of

physical theory, together with an examination of the relationships among them. Contents:

the Lagrangian Formalism, Lagrangian Densities, Canonical Formalism, Canonical Form of

Electrodynamics, Hamiltonian Densities, Transformations, and Canonical Form with Vanishing

Jacobian Determinant. Numerous examples and exercises. For advanced students, teachers,

etc 6 figures. Index, viii + 222pp. 53/8 x 8V2. S1077 Paperbound $1.75
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MATHEMATICAL PUZZLES AND RECREATIONS

AMUSEMENTS IN MATHEMATICS, Henry Ernest Dudeney. The foremost British originator of

mathematical puzzles is always intriguing, witty, and paradoxical in this classic, one of the

largest collections of mathematical amusements. More than 430 puzzles, problems, and

paradoxes. Mazes and games, problems on number manipulation, unicursal and other route

problems, puzzles on measuring, weighing, packing, age, kinship, chessboards, joining,

crossing river, plane figure dissection, and many others. Solutions. More than 450 illustra-

tions, vil + 258pp. 53/s x 8. T473 Paperbound $1.25

SYMBOLIC LOGIC and THE GAME OF LOGIC, Lewis Carroll. "Symbolic Logic" is not concerned

with modern symbolic logic, but is instead a collection of over 380 problems posed with

charm and imagination, using the syllogism, and a fascinating diagrammatic method of draw-

ing conclusions. In "The Game of Logic," Carroll's whimsical imagination devises a logical

game played with 2 diagrams and counters (included) to manipulate hundreds of tricky syl-

logisms. The final section, "Hit or Miss" is a lagniappe of 101 additional puzzles in the

delightful Carroll manner. Until this reprint edition, both of these books were rarities cost-

ing up to $15 each. Symbolic Logic: Index, xxxi + 199pp. The Game of Logic: 96pp. Two
vols, bound as one. 53/8 x 8. T492 Paperbound $1.50

MAZES AND LABYRINTHS: A BOOK OF PUZZLES, W. Shepherd. Mazes, formerly associated with

mystery and ritual, are still among the most intriguing of intellectual puzzles. This is a

novel and different collection of 50 amusements that embody the principle of the maze:

mazes in the classical tradition; 3-dimensional, ribbon, and Mobius-strip mazes-, hidden mes-
sages; spatial arrangements; etc.—almost all built on amusing story situations. 84 illustra-

tions. Essay on maze psychology. Solutions, xv + 122pp. 53/8 x 8. T731 Paperbound $1.00

MATHEMATICAL RECREATIONS, M. Kraitchik. Some 250 puzzles, problems, demonstrations of

recreational mathematics for beginners & advanced mathematicians. Unusual historical prob-

lems from Greek, Medieval, Arabic, Hindu sources: modern problems based on "mathematics
without numbers," geometry, topology, arithmetic, etc. Pastimes derived from figurative

numbers, Mersenne numbers, Fermat numbers; fairy chess, latruncles, reversi, many topics.

Full solutions. Excellent for insights into special fields of math. 181 illustrations. 330pp.

5% x 8. T163 Paperbound $1.75

MATHEMATICAL PUZZLES OF SAM LOYD, Vol. I, selected and edited by M. Gardner. Puzzles

by the greatest puzzle creator and innovator. Selected from his famous "Cyclopedia ot

Puzzles," they retain the unique style and historical flavor of the originals. There are posers

based on arithmetic, algebra, probability, game theory, route tracing, topology, counter,

sliding block, operations research, geometrical dissection. Includes his famous "14-15"

puzzle which was a national craze, and his "Horse of a Different Color" which sold millions

of copies. 117 of his most ingenious puzzles in all, 120 line drawings and diagrams. Solu-

tions. Selected references, xx + 167pp. 5% x 8. T498 Paperbound $1.00

MY BEST PUZZLES IN MATHEMATICS, Hubert Phillips ("Caliban"). Caliban is generally con-

sidered the best of the modern problemists. Here are 100 of his best and wittiest puzzles,

selected by the author himself from such publications as the London Daily Telegraph, and

each puzzle is guaranteed to put even the sharpest puzzle detective through his paces. Per-

fect for the development of clear thinking and a logical mind. Complete solutions are pro-

vided for every puzzle, x + 107pp. 53/8 x 8V2. T91 Paperbound $1.00

MY BEST PUZZLES IN LOGIC AND REASONING, H. Phillips ("Caliban"). 100 choice, hitherto

unavailable puzzles by England's best-known problemist. No special knowledge needed to

solve these logical or inferential problems, just an unclouded mind, nerves of steel, and

fast reflexes. Data presented are both necessary and just sufficient to allow one unambiguous

answer. More than 30 different types of puzzles, all ingenious and varied, many one of a

kind, that will challenge the expert, please the beginner. Original publication. 100 puzzles,

full solutions, x + 107pp. 53/8 x 8V2. T119 Paperbound $1.00

MATHEMATICAL PUZZLES FOR BEGINNERS AND ENTHUSIASTS, G. Mott-Smith. 188 mathematical
puzzles to test mental agility. Inference, interpretation, algebra, dissection of plane figures,
geometry, properties of numbers, decimation, permutations, probability, all enter these
delightful problems. Puzzles like the Odic Force, How to Draw an Ellipse, Spider's Cousin,
more than 180 others. Detailed solutions. Appendix with square roots, triangular numbers,
primes, etc. 135 illustrations. 2nd revised edition. 248pp. 53/8 x 8. T198 Paperbound $1.00

MATHEMATICS, MAGIC AND MYSTERY, Martin Gardner. Card tricks, feats of mental mathe-
matics, stage mind-reading, other "magic" explained as applications of probability, sets,
theory of numbers, topology, various branches of mathematics. Creative examination of laws
and their applications with scores of new tricks and insights. 115 sections discuss tricks

wtih cards, dice, coins; geometrical vanishing tricks, dozens of others. No sleight of hand
needed; mathematics guarantees success. 115 illustrations, xii + 174pp. 5% x 8.

T335 Paperbound $1.00
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RECREATIONS IN THE THEORY OF NUMBERS: THE QUEEN OF MATHEMATICS ENTERTAINS, Albert
H. Beiler. The theory of numbers is often referred to as the "Queen of Mathematics." In

this book Mr. Beiler has compiled the first English volume to deal exclusively with the
recreational aspects of number theory, an inherently recreational branch of mathematics.
The author's clear style makes for enjoyable reading as he deals with such topics as:

perfect numbers, amicable numbers, Fermat's theorem, Wilson's theorem, interesting proper-
ties of digits, methods of factoring, primitive roots, Euler's function, polygonal and figurate
numbers, Wlersenne numbers, congruence, repeating decimals, etc. Countless puzzle problems,
with full answers and explanations. For mathematicians and mathematically-inclined laymen,
etc. New publication. 28 figures. 9 illustrations. 103 tables. Bibliography at chapter ends,
vi + 247pp. 5% x 8V2. T1096 Paperbound SI.85

PAPER FOLDING FOR BEGINNERS, W. D. Murray and F. J. Rigney. A delightful introduction to

the varied and entertaining Japanese art of origami (paper folding), with a full crystal-clear

text that anticipates every difficulty; over 275 clearly labeled diagrams of all important

stages in creation. You get results at each stage, since complex figures are logically devel-

oped from simpler ones. 43 different pieces are explained: place mats, drinking cups, bonbon

boxes, sailboats, frogs, roosters, etc. 6 photographic plates. 279 diagrams. 95pp. 5% x 8%.
T713 Paperbound $1.00

1800 RIDDLES, ENIGMAS AND CONUNDRUMS, Darwin A. Hindman. Entertaining collection rang-

ing from hilarious gags to outrageous puns to sheer nonsense—a welcome respite from

sophisticated humor. Children, toastmasters, and practically anyone with a funny bone will

find these zany riddles tickling and eminently repeatable. Sample: "Why does Santa Claus

always go down the chimney?" "Because it soots him." Some old, some new—covering a

wide variety of subjects. New publication, iii + 154pp. 5% x 8V2. T1059 Paperbound $1.00

EASY-TO-DO ENTERTAINMENTS AND DIVERSIONS WITH CARDS, STRING, COINS, PAPER AND
MATCHES, R. M. Abraham. Over 300 entertaining games, tricks, puzzles, and pastimes for

children and adults. Invaluable to anyone in charge of groups of youngsters, for party givers,

etc. Contains sections on card tricks and games, making things by paperfolding—toys, deco-

rations, and the like; tricks with coins, matches, and pieces of string; descriptions of games;
toys that can be made from common household objects; mathematical recreations; word
games; and 50 miscellaneous entertainments. Formerly "Winter Nights Entertainments."

Introduction by Lord Baden Powell. 329 illustrations, v + 186pp. 5% x 8.

T921 Paperbound $1.00

DIVERSIONS AND PASTIMES WITH CARDS, STRING, PAPER AND MATCHES, R. M. Abraham.
Another collection of amusements and diversion for game and puzzle fans of all ages.

Many new paperfolding ideas and tricks, an extensive section on amusements with knots

and splices, two chapters of easy and not-so-easy problems, coin and match tricks, and

lots of other parlor pastimes from the agile mind of the late British problemist and gamester.

Corrected and revised version. Illustrations. 160pp. 53/e x 8V2. T1127 Paperbound $1.00

STRING FIGURES AND HOW TO MAKE THEM: A STUDY OF CAT'S-CRADLE IN MANY LANDS,
Caroline Furness Jayne. In a simple and easy-to-follow manner, this book describes how to

make 107 different string figures. Not only is looping and crossing string between the

fingers a common youthful diversion, but it is an ancient form of amusement practiced in

all parts of the globe, especially popular among primitive tribes. These games are fun for

all ages and offer an excellent means for developing manual dexterity and coordination.
Much insight also for the anthropological observer on games and diversions in many different

cultures. Index. Bibliography. Introduction by A. C. Haddon, Cambridge University. 17 full-

page plates. 950 illustrations, xxiii + 407pp. 5% x 8V2. T152 Paperbound $2.00

CRYPTANALYSIS, Helen F. Gaines. (Formerly ELEMENTARY CRYPTANALYSIS.) A standard ele-

mentary and intermediate text for serious students. It does not confine itself to old material,

but contains much that is not generally known, except to experts. Concealment, Transposi-

tion, Substitution ciphers; Vigenere, Kasiski, Playfair, multafid, dozens of other techniques.

Appendix with sequence charts, letter frequencies in English, 5 other languages, English

word frequencies. Bibliography. 167 codes. New to this edition: solution to codes, vi +
230pp. 5% x 8. T97 Paperbound $2.00

MAGIC SQUARES AND CUBES, W. S. Andrews. Only book-length treatment in English, a thor-

ough non-technical description and analysis. Here are nasiK, overlapping, pandiagonal, ser-

rated squares; magic circles, cubes, spheres, rhombuses. Try your hand at 4-dimensional

magical figures! Much unusual folklore and tradition included. High school algebra is suffi-

cient. 754 diagrams and illustrations, viii + 419pp. 5% x 8. T658 Paperbound $1.85

CALIBAN'S PROBLEM BOOK: MATHEMATICAL, INFERENTIAL, AND CRYPTOGRAPHIC PUZZLES,
H. Phillips ("Caliban"), S. T. Shovelton, G. S. Marshall. 105 ingenious problems by the great-

est living creator of puzzles based on logic and inference. Rigorous, modern, piquant, and
reflecting their author's unusual personality, these intermediate and advanced puzzles all

involve the ability to reason clearly through complex situations; some call for mathematical
knowledge, ranging from algebra to number theory. Solutions, xi + 180pp. 5% x 8.

T736 Paperbound $1.25



CATALOGUE OF DOVER BOOKS

FICTION

THE LAND THAT TIME FORGOT and THE MOON MAID, Edgar Rice Burroughs. In the opinion of

many, Burroughs' best work. The first concerns a strange island where evolution is indi-

vidual rather than phylogenetic. Speechless anthropoids develop into intelligent human
beings within a single generation. The second projects the reader far into the future and
describes the first voyage to the Moon (in the year 2025), the conquest of the Earth by the

Moon, and years of violence and adventure as the enslaved Earthmen try to regain posses-

sion of their planet. "An imaginative tour de force that keeps the reader keyed up and
expectant," NEW YORK TIMES. Complete, unabridged text of the original two novels (three

parts in each). 5 illustrations by J. Allen St. John, vi + 552pp. 5 3/s x 8V2.
T1020 Clothbound $3.75
T358 Paperbound $2.00

AT THE EARTH'S CORE, PELLUCIDAR, TANAR OF PELLUCIDAR: THREE SCIENCE FICTION NOVELS
BY EDGAR RICE BURROUGHS. Complete, unabridged texts of the first three Pellucidar novels.
Tales of derring-do by the famous master of science fiction. The locale for these three
related stories is the inner surface of the hollow Earth where we discover the world of
Pellucidar, complete with all types of bizarre, menacing creatures, strange peoples, and
alluring maidens—guaranteed to delight all Burroughs fans and a wide circle of advenutre
lovers. Illustrated by J. Allen St. John and P. F. Berdanier. vi + 433pp. 5% x 8V2.

T1051 Paperbound $2.00

THE PIRATES OF VENUS and LOST ON VENUS: TWO VENUS NOVELS BY EDGAR RICE BURROUGHS.
Two related novels, complete and unabridged. Exciting adventure on the planet Venus with
Earthman Carson Napier broken-field running through one dangerous episode after another.
All lovers of swashbuckling science fiction will enjoy these two stories set in a world of
fascinating societies, fierce beasts, 5000-ft. trees, lush vegetation, and wide seas. Illustra-
tions by Fortunino Matania. Total of vi + 340pp. 5% x 8V2. T1053 Paperbound $1.75

A PRINCESS OF MARS and A FIGHTING MAN OF MARS: TWO MARTIAN NOVELS BY EDGAR
RICE BURROUGHS. "Princess of Mars" is the very first of the great Martian novels written

by Burroughs, and it is probably the best of them all; it set the pattern for all of his later

fantasy novels and contains a thrilling cast of strange peoples and creatures and the

formula of Olympian heroism amidst ever-fluctuating fortunes which Burroughs carries off

so successfully. "Fighting Man" returns to the same scenes and cities—many years later.

A mad scientist, a degenerate dictator, and an indomitable defender of the right clash

—

with the fate of the Red Planet at stake! Complete, unabridged reprinting of original edi-

tions. Illustrations by F. E. Schoonover and Hugh Hutton. v + 356pp. 5% x 8V2.
T1140 Paperbound $1.75

THREE MARTIAN NOVELS, Edgar Rice Burroughs. Contains: Thuvia, Maid of Mars; The Chessmen
of Mars; and The Master Mind of Mars. High adventure set in an imaginative and intricate

conception of the Red Planet. Mars is peopled with an intelligent, heroic human race which

lives in densely populated cities and with fierce barbarians who inhabit dead sea bottoms.

Other exciting creatures abound amidst an inventive framework of Martian history and

geography. Complete unabridged reprintings of the first edition. 16 illustrations by J. Allen

St. John, vi + 499pp. 5Va x 8V2. T39 Paperbound $1.85

THREE PROPHETIC NOVELS BY H. G. WELLS, edited by E. F. Bleiler. Complete texts of

"When the Sleeper Wakes" (1st book printing in 50 years), "A Story of the Days to Come,"

"The Time Machine" (1st complete printing in book form). Exciting adventures in the

future are as enjoyable today as 50 years ago when first printed. Predict "IV, movies,

intercontinental airplanes, prefabricated houses, air-conditioned cities, etc. First important

author to foresee problems of mind control, technological dictatorships. "Absolute best of

imaginative fiction," N. Y. Times. Introduction. 335pp. 53/8 x 8. T605 Paperbound $1.50

28 SCIENCE FICTION STORIES OF H. G. WELLS. Two full unabridged novels, MEN LIKE GODS
and STAR BEGOTTEN, plus 26 short stories by the master science-fiction writer of all time.

Stories of space, time, invention, exploration, future adventure—an indispensable part of

the library of everyone interested in science and adventure. PARTIAL CONTENTS: Men Like

Gods, The Country of the Blind, In the Abyss, The Crystal Egg, The Man Who Could Work

Miracles, A Story of the Days to Come, The Valley of Spiders, and 21 more! 928pp. 53/e x 8.

T265 Clothbound $4.50

THE WAR IN THE AIR, IN THE DAYS OF THE COMET, THE FOOD OF THE GODS: THREE SCIENCE
FICTION NOVELS BY H. G. WELLS. Three exciting Wells offerings bearing on vital social and
philosophical issues of his and our own day. Here are tales of air power, strategic bomb-
ing, East vs. West, the potential miracles of science, the potential disasters from outer

space, the relationship between scientific advancement and moral progress, etc. First

reprinting of "War in the Air" in almost 50 years. An excellent sampling of Wells at his

storytelling best. Complete, unabridged reprintings. 16 illustrations. 645pp. 5% x 8V2.
T1135 Paperbound $2.00
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SEVEN SCIENCE FICTION NOVELS, H. G. Wells. Full unabridged texts of 7 science-fiction

novels of the master. Ranging from biology, physics, chemistry, astronomy to sociology and
other studies, Mr. Wells extrapolates whole worlds of strange and intriguing character.

"One will have to go far to match this for entertainment, excitement, and sheer pleas-

ure .. . ," NEW YORK TIMES. Contents: The Time Machine, The Island of Dr. Moreau,
First Men in the Moon, The Invisible Man, The War of the Worlds, The Food of the

Gods, In the Days of the Comet. 1015pp. 53/8 x 8. T264 Clothbound $4.50

BEST GHOST STORIES OF J. S. LE FANU, Selected and introduced by E. F. Bleiler. LeFanu is

deemed the greatest name in Victorian supernatural fiction. Here are 16 of his best horror

stories, including 2 nouvelles: "Carmilla," a classic vampire tale couched in a perverse

eroticism, and "The Haunted Baronet." Also: "Sir Toby's Will," "Green Tea," "Schalken the

Painter," "Ultor de Lacy," "The Familiar," etc. The first American publication of about half

of this material: a long-overdue opportunity to get a choice sampling of LeFanu's work. New
selection (1964). 8 illustrations. b% x 83/8 . T415 Paperbound $1.85

THE WONDERFUL WIZARD OF OZ, L. F. Baum. Only edition in print with all the original W. W.
Denslow illustrations in full color—as much a part of "The Wizard" as Tenniel's drawings
are for "Alice in Wonderland." "The Wizard" is still America's best-loved fairy tale, in

which, as the author expresses it, "The wonderment and joy are retained and the heartaches
and nightmares left out." Now today's young readers can enjoy every word and wonderful
picture of the original book. New introduction by Martin Gardner. A Baum bibliography. 23
full-page color plates, viii + 268pp. 5% x 8. T691 Paperbound $1.50

GHOST AND HORROR STORIES OF AMBROSE BIERCE, Selected and introduced by E. F. Bleiler.

24 morbid, eerie tales—the cream of Bierce's fiction output. Contains such memorable
pieces as "The Moonlit Road," "The Damned Thing," "An Inhabitant of Carcosa," "The Eyes
of the Panther," "The Famous Gilson Bequest," "The Middle Toe of the Right Foot," and
other chilling stories, plus the essay, "Visions of the Night" in which Bierce gives us a

kind of rationale for his aesthetic of horror. New collection (1964). xxii + 199pp. 53/8 x

83/8 . T767 Paperbound $1.00

HUMOR

MR. DOOLEY ON IVRYTHING AND IVRYBODY, Finley Peter Dunne. Since the time of his appear-

ance in 1893, "Mr. Dooley," the fictitious Chicago bartender, has been recognized as Amer-

ica's most humorous social and political commentator. Collected in this volume are 102 of

the best Dooley pieces—all written around the turn of the century, the height of his popu-

larity. Mr. Dooley's Irish brogue is employed wittily and penetratingly on subjects which are

just as fresh and relevant today as they were then: corruption and hypocrisy of politicans,

war preparations and chauvinism, automation, Latin American affairs, superbombs, etc. Other

articles range from Rudyard Kipling to football. Selected with an introduction by Robert

Hutchinson, xii + 244pp. 53/8 x 8V2. T626 Paperbound $1.00

RUTHLESS RHYMES FOR HEARTLESS HOMES and MORE RUTHLESS RHYMES FOR HEARTLESS

HOMES, Harry Graham ("Col. D. Streamer"). A collection of Little Willy and 48 other poetic

"disasters." Graham's funniest and most disrespectful verse, accompanied by original illus-

trations. Nonsensical, wry humor which employs stern parents, careless nurses, uninhibited

children, practical jokers, single-minded golfers, Scottish lairds, etc. in the leading roles.

A precursor of the "sick joke" school of today. This volume contains, bound together for

the first time, two of the most perennially popular books of humor in England and America.

Index, vi + 69pp. 53/8 x 8. T930 Paperbound 75C

A WHIMSEY ANTHOLOGY, Collected by Carolyn Wells. 250 of the most amusing rhymes ever

written. Acrostics, anagrams, palindromes, alphabetical jingles, tongue twisters, echo verses,

alliterative verses, riddles, mnemonic rhymes, interior rhymes, over 40 limericks, etc. by

Lewis Carroll Edward Lear, Joseph Addison, W. S. Gilbert, Christina Rossetti, Chas. Lamb,

James Bosweil, Hood, Dickens, Swinburne, Leigh Hunt, Harry Graham Poe, Eugene Field

and many others, xiv + 221pp. 53/8 x 8V2. T195 Paperbound $1.25

MY PIOUS FRIENDS AND DRUNKEN COMPANIONS and MORE PIOUS FRIENDS AND DRUNKEN
COMPANIONS, Songs and ballads of Conviviality Collected by Frank Shay. Magnificently

illuminated by John Held, Jr. 132 ballads, blues, vaudeville numbers, drinking songs, cow-

boy songs, sea chanties, comedy songs, etc. of the Naughty Nineties and early 20th century.

Over a third are reprinted with music. Many perennial favorites such as: The Band Played On,

Frankie and Johnnie, The Old Grey Mare, The Face on the Bar-room Floor, etc. Many others

unbeatable elsewhere: The Dog-Catcher's Child, The Cannibal Maiden, Don't Go in the

Lion's Cage Tonight, Mother, etc. Complete verses and introductions to songs. Unabridged

republication of first editions, 2 Indexes (song titles and first lines and choruses). Intro-

duction by Frank Shay. 2 volumes bounds as 1. Total of xvi + 235pp. 53/8 x 8V2.
T946 Paperbound $1.25
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MAX AND MORITZ, Wilhelm Busch. Edited and annotated by H. Arthur Klein. Translated by
H. Arthur Klein, M. G. Klein, and others. The mischievous high jinks of Max and Moritz,

Peter and Paul, Ker and Plunk, etc. are delightfully captured in sketch and rhyme. (Com-
panion volume to "Hypocritical Helena.") In addition to the title piece, it contians: Ker and
Plunk; Two Dogs and Two Boys; The Egghead and the Two Cut-ups of Corinth; Deceitful

Henry; The Boys and the Pipe; Cat and Mouse; and others. (Original German text with accom-
panying English translations.) Afterword by H. A. Klein, vi + 216pp. 5% x 8V2.

T181 Paperbound $1.15

THROUGH THE ALIMENTARY CANAL WITH GUN AND CAMERA: A FASCINATING TRIP TO THE
INTERIOR, Personally Conducted by George S. Chappell. In mock-travelogue style, the amus-
ing account of an imaginative journey down the alimentary canal. The "explorers" enter the

esophagus, round the Adam's Apple, narrowly escape from a fierce Amoeba, struggle through

the impenetrable Nerve Forests of the Lumbar Region, etc. Illustrated by the famous cartoonist,

Otto Soglow, the book is as much a brilliant satire of academic pomposity and pro-

fessional travel literature as it is a clever use of the facts of physiology for supremely

comic purposes. Preface by Robert Benchley. Author's Foreword. 1 Photograph. 17 illustra-

tions by 0. Soglow. xii + 114pp. 53/8 x 8V2. T376 Paperbound $1.00

THE BAD CHILD'S BOOK OF BEASTS, MORE BEASTS FOR WORSE CHILDREN, and A MORAL
ALPHABET, H. Belloc. Hardly an anthology of humorous verse has appeared in the last 50
years without at least a couple of these famous nonsense verses. But one must see the

entire volumes—with all the delightful original illustrations by Sir Basil Blackwood—to

appreciate fully Belloc's charming and witty verses that play so subacidly on the platitudes

of life and morals that beset his day—and ours. A great humor classic. Three books in one.

Total of 157pp. 53/8 x 8. T749 Paperbound $1.00

THE DEVIL'S DICTIONARY, Ambrose Bierce. Sardonic and irreverent barbs puncturing the

pomposities and absurdities of American politics, business, religion, literature, and arts,

by the country's greatest satirist in the classic tradition. Epigrammatic as Shaw, piercing

as Swift, American as Mark Twain, Will Rogers, and Fred Allen. Bierce will always remain
the favorite of a small coterie of enthusiasts, and of writers and speakers whom he supplies

with "some of the most gorgeous witticisms of the English language." (H. L. Mencken)
Over 1000 entries in alphabetical order. 144pp. 53/8 x 8. T487 Paperbound $1.00

THE COMPLETE NONSENSE OF EDWARD LEAR. This is the only complete edition of this master
of gentle madness available at a popular price. A BOOK OF NONSENSE, NONSENSE SONGS,
MORE NONSENSE SONGS AND STORIES in their entirety with all the old favorites that have
delighted children and adults for years. The Dong With A Luminous Nose, The Jumblies, The
Owl and the Pussycat, and hundreds of other bits of wonderful nonsense. 214 limericks, 3 sets

of Nonsense Botany, 5 Nonsense Alphabets. 546 drawings by Lear himself, and much more.
320pp. 53/8 x 8. T167 Paperbound $1.00

SINGULAR TRAVELS, CAMPAIGNS, AND ADVENTURES OF BARON MUNCHAUSEN, R. E. Raspe,
with 90 illustrations by Gustave Dor£. The first edition in over 150 years to reestablish
the deeds of the Prince of Liars exactly as Raspe first recorded them in 1785—the genuine
Baron Munchausen, one of the most popular personalities in English literature. Included
also are the best of the many sequels, written by other hands. Introduction on Raspe by
J. Carswell. Bibliography of early editions, xliv + 192pp. 5% x 8. T698 Paperbound $1.00

HOW TO TELL THE BIRDS FROM THE FLOWERS, R. W. Wood. How not to confuse a carrot
with a parrot, a grape with an ape, a puffin with nuffin. Delightful drawings, clever puns,
absurd little poems point out farfetched resemblances in nature. The author was a leading
physicist. Introduction by Margaret Wood White. 106 illus. 60pp. 53/s x 8.

T523 Paperbound 750

JOE MILLER'S JESTS OR, THE WITS VADE-MECUM. The original Joe Miller jest book. Gives
a keen and pungent impression of life in 18th-century England. Many are somewhat on the
bawdy side and they are still capable of provoking amusement and good fun. This volume
is a facsimile of the original "Joe Miller" first published in 1739. It remains the most
popular and influential humor book of all time. New introduction by Robert Hutchinson,
xxi + 70pp. 53/s x 8V2. T423 Paperbound $1.00

Prices subject to change without notice.

Dover publishes books on art, music, philosophy, literature, languages,
history, social sciences, psychology, handcrafts, orientalia, puzzles and
entertainments, chess, pets and gardens, books explaining science, inter-

mediate and higher mathematics, mathematical physics, engineering

,

biological sciences, earth sciences, classics of science, etc. Write to :

Dept. catrr.

Dover Publications, Inc.

180 Varick Street, N.Y. U, N.Y.
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Applied Mathemat/cs for Radio and Communications Engineers, Car/
Smith. $1.75

Fluid Mechanics Through Worked Examples, D. R. L. Smith and J,
Houghton. Clothbound $6.00

Mathematical Methods (or Scientists and Engineers, L. P. Smith. $2.00

Teach Yourself the Slide Rule, Burns Snodgrass. Clothbound $2.00

An Introduction to the Statistical Dynamics of Control Systems, V. V.
Solodovnikov. $2.25

Bridges and Their Builders, David B. Steinman and Sara R. Watson. $2.00
Raylergh's Principle and Us Applications to Engineering, George Temple
and William G. Bickley. $1.50

A History of the Theory of Elasticity and of the Strength of Materials,
Isaac Todhunter and Karl Pearson. Clothbound. Three vo/ume set
$17,50

Basin Theory and Application of Transistors, U. S. Department of the
Army. $1.25

Basic Electricity, V. S. Navy Bureau of Personnel. $3.00
Basic Electronics, U. S. Navy Bureau of Personnel. $2.75
The Schwarz-Christoffel Transformation and Its Applications: A Simple

Exposition, Miles Walker. $1.25

Photometry, John W. T. Walsh. $3.00

The Design and Use of instruments and Accurate Mechanisms: Under-
lying Processes, Thomas North Whitehead. $2.00

Teach Yourself Electricity, C. W. Wilman. Clothbound $2.00

Paperbound unless otherwise indicated. Prices subject to change with-
out notice. Available at your book dealer or write for free catalogues to
Dept. Eng.. Dover Publications, Inc., 180 Varick St., N. Y., N. Y. 10014.
Please indicate field of interest. Dover publishes over 125 new books
and records each year on such fields as mathematics, physics, explaining
science, art, languages, philosophy, classical records, and others.



CATHODE RAY
TUBE DISPLAYS
EDITED BY THEODORE SOLLER
MERLE A. STARR
GEORGE E.VALLEY, JR.

Highly intensified research activities carried on at government laboratories

during World War II resulted in major developments in the radio electronics

and high-frequency fields. Classified during the war. much of this information

was held to be so valuable that it was written up afterwards by a staff of

prominent physicists, mathematicians, and engineers at the Radiation Labora-

tory of M.I.T. The resulting "Radiation Laboratory Series" is recognized

as the most distinguished and comprehensive series on radio engineering

ever published.

This is a highly useful volume on the theory and circuit of cathode-ray

tubes and their applications. The discussion is technical and quite detailed,

with emphasis upon applications to radar displays and to test equipment. The

tubes themselves are discussed primarily from a functional rather than

developmental point of view. In so far as the theory and circuitry are con-

cerned, the material is still up to date.

The introductory first chapter explains the motivation of some of the circuit

design by presenting a general description of the problems peculiar to radar.

Chapter 2 offers an elementary treatment of the electron optical principles

involved in the formation of the focused spot on the cathode-ray tube screen,

and of the effects on the electron beam of varying certain parameters of the

electron gun. LatcT sections elaborate on the electrical characteristics of

the electrostatic and magnetic types of cathode-ray tubes and the operating

conditions necessary for optimum performance. There is a thorough discussion

of the parts and functional circuits used in building up a display system and

a description of how these parts can be synthesized into complete systems.

The authors cover: theory and operation of focus coils and magnets, mechan-

ical and electromechanical means of transmitting data, synchronized trans-

mission of angular data, deflection-modulated displays, deflection coils (iron-

core, air-core, and motor staler types), sweep amplifiers for reactive loads, rectan-

gular-coordinate displays, radial-time base displays, range-height displays, etc.

Unabridged and unaltered republication of 1st (1948) edition. Foreword hy

L A DuBridge. Preface by editors. 555 figures. 21 tables. Bibliography^ ^
notes. 5 Appendices. Index, xvii + 746pp. 5% x 8'/2 . S1562 Paperbound g •

A DOVER EDITION DESIGNED FOR YEARS OF USE!
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We have made every effort to make this the best book possible. Our paper

is opaque, with minimal show-through; it will not discolor or become hnt- Q
tie with age. Pages are sewn in signatures, in the method traditionally used ^
for the best books, and will not drop out, as often happens with paperbacks

held together with glue Books open flat for easy reference. The binding will

not crack or split. This is a permanent book.

m
u


