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. ments, Pictured above is the newest integrated setup for reciprocity calibration
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Humidity . . . temperature . . .
altitude testing

Filter development

Testing modulation transformer under
operating conditions

150 VARICK STREET

Engineering
Leadership

UTC has the reputation for
exceptional quality and the
abilityflo produce units
previously considered impos-
sible. This position of engi-
neering leadership has been
effected through a continu.
ous program of research and
development at the UTC
laboratories. A few views of
these laboratories are shown
on this page.

Q meter measurements on
low frequency coils

EXPORT OIVISION: 13 EAST 40th STREET. N[W YORK 16, N. ¥

Tracing filter curves electronically

NEW YORK 13, N, Y.

CABLES: "ARLAS"

Development tests ... Y, cycle filter

Audio development

Pulse transformer development
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SPRAGUE'ElE(TRIC COMPANY * North Adams, Massachuselts ‘

This complete guide to Sprague dry electrolytic capacitors designed to
meet military requirements will gladly be sent to electronic engineers and
purchasing agents on letterhead request. Sprague’s new Catalog 11 is
printed in large, clear type to facilitate ready reference to its 24 pages of
military capacitor information. Write for your copy today to the Appli-
cation Engineering Dept., Sprague Electric Company, 235 Marshall
Street, North Adams, Massachusetts.

World’s Largest
Capacitor Manufacturer
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in the act of February 28, 1925, embodied in Paragr#ph 4, Section 412, P. L. and R., authorized October 26, 1927. Printed in U.S.A.
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RESISTOFLEX CORPORATION, Belleville 9, N. J.
SEND NEW BULLETIN contoining technicol doto ond informotion on

ook to

FLUOROFLEX'-T

for

TEFLON

with the
optimum performance
you're looking for

“Teflon” powder is converted into
Fluoroflex-T rod, sheet and tube under
rigid control, on specially designed
equipment, to develop optimum inert-
ness and stability in this material. You
can be sure of ideal, low loss insulation
for uhf and microwave applications.. ..
components which are impervious to
virtually every known chemical...and
serviceability through temperatures
from —90°F to +500°F.

Produced in uniform diameters,
Fluoroflex-T rods feed properly in
automatic screw machines without the
costly time and material waste of cen-
terless grinding. Tubes are concentric
— permitting easier boring and ream-
ing. Parts are free from internal strain,
cracks, or porosity. This means fewer
rejects, longer service life.

Mail in the coupon for more data.
*Du Pont trade mark for its tetrafluoro-
ethylene resin. tFluoroflex is a Resistoflex

registered trade mark for products made
from fluorocarbon resins.

RESISTOFLEX
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. Meetings
with
Exhibits

@® As a service both to Mem-
bers and the industry, we will
endeavor to record in this col-
umn each month those meetings
of IRE, its sections and profes-
sional groups which include

| exhibits.
' A

IRE Regional Convention
August 27, 28 & 29, 1952
Municipal Auditorium
Exhibits: lleckert Parker
215 American Avenue
Long Beach, Calif.

I.S.A.
Seventh National Instrument
Exhibit and
Instrument Society of America
Conference
September 8-12, 1952
Cleveland Municipal Auditorium
Exhibits: Mr. Richard Rimback, Mgr.
921 Ridge Avenue
Pittsburgh 12, Pa.

A

l Western Electronic Show and

National Electronic Conference
Sept. 29, 30, Oct. 1, 1952
Hotel Sherman. Chicago. 1l
Exhibits Manager: Mr. R. M. Krueger,
c/o Amphenol, 1830 South 54th Ave.,
Chicago 50, Il

A

Joint IRE-AIEE Computers Conference
December 10, 11. & 12. 1952
Park Sheraton Hotel
Exhibits: Perry Crawford
373 Fourth Avenue
New York City

A

Southwestern IRE Conference
February 5, 6, & 7, 1953
PPlaza Hotel, San Antonio, Tex.
Accept Exhibits

A

Radio Engineering Show
March 23, 24. 25, 26. 1953
Grand Central Palace
New York City
Exhibits Manager: Wm. C. Copp
303 W. 42nd St.. New York 36, N.Y.

A

NEREM—New England Radio
Engineering Meeting
Announced for April 25, 1953
University of Connecticut
Storrs, Conn.

A

National Conference on
Airborne Electronics
Mav 11, 12 & 13. 1953

Hotel Biltmore, Dayton, Ohio
Exhibits: Paul D. lauser
1430 Gascho Drive, Dayton 3
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Several Things Less to Wor  About...
When You Specify Synkote Coax Cable

Attenuation, impedance, shielding, insu- will be glad to work with you. Write
lation, velocity of propagation, all the today — your inquiry will be given
worrisome wire factors affecting your prompt attention.

final signal are dependably constant in

SYNKOTE Coaxial Cables.

Manufactured to 10 standard specifica-
tions, SYNKOTE Coax Cables are avail-
able in impedances from 50 to 300 ohms

. . insure minimum attenuation and
maximum dependability at all frequen-

cies and under most conditions. DEPENDABLE

For specifications other than standard, Coaxial Cable
our engineering service department “Made by the mile — tested by the inch”

PLASTUOTID C O RPORATTION
42.61 24th STREET, LONG ISLAND CITY 1, NEW YORK

' HOOK-UP WIRE o AIRCRAFT CABLE ¢ TV WIRE o COAXIAL CABLE o
NYLON JACKETING o HIGH TEMPERATURE WIRE o MULTI-CONDUCTOR CABLES
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THE TRANSISTOR

A picture report of progress

FIRST TRANSISTORS were of this point con-
tact type (picture three times life size).
Current is amplified as it flows between
wires through a wafer of germanium
metal. These transistors are now being
made at the Allentown plant of Western
Electric, manufacturing unit of the Bell
System. They will be used in a new selec-
tor which finds the hest routes for calls in
Long Distance dialing.

ASSEMBLY PROBLEMS, such as fixing hair-
thin wires to harely visible germanium
wafers, have been solved through new
tools and mechanized techniques. Fin-
ished transistors withstand great vibra-
tion and shock. Engineers see many
opportunities for these rugged devices in
national defense.

NEW JUNCTION TRANSISTORS, still experi-
mental, also use germaniun but have no
point contacts. Current is amplified as
it flows through germanium “sandwich”
—an electron-poor layer of the metal be-
tween two electron-rich ends. This new
transistor runs on as little as one-millionth
of the power of small vacuum tubes.

MOIST PAPER AND COIN gencrate enongh

current to drive audio oscillator using

junction transistors. Half as big as a
penny matchbox. an experimemal two-
stage trangistor amplifier does the work
of miniature-tube amplifiers ten times
larger.

MUCH HAD TO BE LEARNED, especiall

about the surface of germanium and the

effect of one part in a million of alloy-
ing materials. Transistors promise many
uses—as amplifiers, oscillators, modula-
tors...for Local and Long Distance
switching ... to count electrical pulses.

tiny amplifving deviee
first announced by Bell Telephone
Laboratories in 1918 is
about to appear as a versatile
element in telephony .

Each step in the work on

the transistor . . . from original
theory to initial production
technique . . . has been carried
on within the Laboratories.
I'hus, Bell scientists
demonstrate again how their
shills in many ficlds. from
theoretical physics to production
engineering, help improve
telephone service.

BELL TELEPHONE LABORATORIES

Improving telephone service for America provides

careers for creative men in scientific and technical fields.

e —————




UBE-3C
tickel-free

FERROX!
cores are

g When your drawings call for Ferroxcube 3C cores for your .'
APPLICATIONS: TV deflection yokes and horizontal output transformers,
2 you can forget about procurement problems. These fer-

[ ]
rite cores are nickel-free . . . . and delivery will be made

L
exactly as scheduled by you!

o . .
Improved temperature stability, high saturation flux

! & density, and high permeability are among the other
’ . advantages of Ferroxcube 3C.

Complete technical data is yours for the asking in

b Engineering Bulletin FC-5101A, available on letterhead

L requests. * * * * * * * * *

ATERI AL .

T HE M O DE N C O

FERROXCUBE CORPORATION OF AMERICA

A Joint Affiliate of Philips Industries and Sprague Electric Co., Managed by Sprague
J ; SAUGERTIES, NEW YORK




BUSINESS IN MOTION

AN {%7(4@« T S T . P

For several years this space has been used to tell
how Revere has collaborated with its customers, to
mutual benefit. Now we want to talk about the way
our customers can help us, again to mutual benefit.
The subject is scrap. This is so important that a
goodly number of Revere men, salesmen and others,
have been assigned to urge customers to ship back
to our mills the scrap generated from our mill prod-
ucts, such as sheet and strip, rod and bar, tube,
plate, and so on. Probably few people realize it,
but the copper and brass industry obtains about
30% of its metal requirements
from scrap. In these days when
copper is in such short supply,
the importance of adequate sup-
plies of scrap is greater than
ever. We need scrap, our indus-
try needs scrap, our country
needs it promptly.

Scrap comes from many dif-
ferent sources, and in varying
amounts. A company making
screw-machine products may
find that the finished parts
weigh only about 50% as much
as the original bar or rod. The turnings are valu-
able, and should be sold back to the mill. Firms
who stamp parts out of strip have been mate-
rially helped in many cases by the Revere Tech-
nical Advisory Service, which delights in working
out specifications as to dimensions in order to
minimize the weight of trimmings; nevertheless,
such manufacturing operations inevitably produce
scrap. Revere needs it. Only by obtaining scrap
can Revere, along with the other companies in the
copper and brass business, do the utmost possible

in filling orders. You see, scrap helps us help you.

In seeking copper and brass scrap we cannot ap-
peal to the general public, nor, for that matter, to
the small businesses, important though they are
which have only a few hundred pounds or so to dis-
pose of at a time. Scrap in small amounts is taken
by dealers, who perform a valuable service in col-
lecting and sorting it, and making it available in
large quantities to the mills. Revere, which ships
large tonnages of mill products to important manu-
facturers, seeks from them in return the scrap that
is generated, which runs into
big figures of segregated or
classified scrap, ready to be
melted down and processed so
that more tons of finished mill
products can be provided.

So Revere, in your own inter-
est, urges you to give some ex-
tra thought to the matter of
scrap. The more you can help
us in this respect, the more we
can help you. When a Revere
salesman calls and inquires
about scrap, may we ask you to
give him your cooperation? In fact, we would like
to say that it would be in your own interest to
give special thought at this time to all kinds of
scrap. No matter what materials you buy, the
chances are that some portions of them, whether
trimmings or rejects, do not find their way into
your finished products. Let’s all see that every-
thing that can be re-used or re-processed is turned
back quickly into the appropriate channels and
thus returned to our national sources of supply,
for the protection of us all.

REVERE COPPER AND BRASS INCORPORATED

Founded by Paul Revere in 1801

Executive Offices:
230 Park Avenue, New York 17, N.Y.

SEE ‘"MEET THE PRESS” ON NBC TELEVISION EVERY SUNDAY

6a
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“The House
of Resistors”

exclygy.
Lelusive

CLAROSTAT SERIES 48
NO ]arger than a COMPOSITION-ELEMENT POTENTIOMETERS

“Life Saver!” Yet Only %" diamcter. V4" diameter shaft. 14" x 32
threaded bushing for mounting.
these thoroughly Up to S megohms, lincar. 2.5 megohms, tapered.

0.2 watt rating.
dependable Claro' Housed in low-loss phenolic. Convenient termi-

.« . o nal lugs.
Stat mlnlature controls are avall- Single and multiple units, including combination
ab]e in_ single dua] and triple of wire-wound and composition-clement scctions.
b4
units. Composition-element and
CLAROSTAT SERIES 49

wire-wound types. WIRE-WOUND POTENTIOMETERS
Only %" diameter. Y4” diameter shaft. %" x 32

Definitely, thesc remarkably  threaded bushing for mounting.
Up to 10,000 ohms. Lincar only. 1 watt rating.
compact controls are the answer Housed in low-loss phenolic. Convenient termi-

G gl . . nal lugs.
to your mlnlaturlzatlon ContrO] Single and multiple sections, including combina-

tion of composition-clement and wire-wound

problems. sections.

Again, you can stand pat with CLAROSTAT .. .Let us collaborate on your miniaturization
or any other problems involving resistors, controls or
resistance devices. Engineering data on request.

Get our quotations!
[ ]
sistors

* and Re e
HAMPSHY
CLAROST AT Co n'r°| o, WC, DOVER ‘“:‘ yoronte: O
LAROSTAT HFC: :‘;;- Marcont €0 uu:rk 7,8
dos Con® eot, NV
in Cunﬂ Waorren St
v 23
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Special coil eliminates
effects of magnetic fields
in Electron Optical Studies

In maintaining greatest possille accuracy
in electron optical experiments, it is
imperative that the heam be perfectly
aligned axially.

To assure this result it is necessary to
eliminate the effects of all stray fields . . .
including the earth’s magnetic field.

I'his 1s now accomplished at Sylvania
Research Laboratories by a specially de-
signed modified Helmholtz type coil
which produces a uniform magnetic field
which compensates for the eflects
produced by the earth’s field and local
fields. The coil frame is made
entirely of wood and is oriented
exactly along the earth’s field.

It is uniform to 1 part in 500 over
a volume enclosed by a cylinder 20
inches in diameter and 30

inches long. The axis of this
cvlinder is the axis of the coil.

This field is then explored by a
special Cathode Ray Tube to make
sure the net field registers
zero over the entire working
region within the coil.

Such strict attention to fund-
amental research in every phase
of electronics and radio devel-
opment pays off in the out-
standing performance of all
Sylvania Tubes.

SYIVANIA »

Sylvania Flectric Products Inc., 1740 Broadway, New York 19, N. Y.

RADIO TUBES; TELEVISION PICTURE TUBES; ELECTRONIC PRODUCTS; ELECTRONIC TEST EQUIPMENT; FLUORESCENT TUBES, FIXTURES. SIGN TUBING, WIRING DEVICES LIGHT BULBS: PHOTOLAMPS: TELEVISION SETS

8a PROCEEDIN(GS OF TIIE I.R.E June, 1952
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tackpole cup cores with their self-shielding
characteristic can be mounted close to the chassis
or any other meral part for maximum results in
extremely close quarters. In some instances, the
high Q circuits made possible through their use
permit reduction in the number of ubes needed.

Standard types include numerous shapes and
sizes. each available in a wide range of per-
meability possibilities. Highly specialized types
to meet the most critical specifications can be
engineered and produced from a broad back-
ground of experience in this exacting field.

Electronic Components Division

STACKPOLE CARBON COMPANY
St. Marys, Pa.

A= , E

A

Other Stackpole core types include:

ALL STANDARD MOLDED IRON CORE TYPES, SIDE-MOLDED,
CHOKE COIL CORES, SLEEVE TYPES, THREADED TYPES and

COIL FORMS . .

PROCEEDINCS OF THE I.RE June, 1952

. also Stackpole CERAMAG® CORES (FERRITES).
Write for Electronic Components Catalog RC-8
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ILIFFE

PUBLICATIONS

Up-to-date news of every British development

WIRELESS WORLD. Britain’s chief technical magazine in
the general field of radio, television and electronics. Founded
over 40 years ago, it provides a complete and accurate
survey of the newest British techniques in design and
manufacture. Articles of a high standard cover every phase
of radio and allied technical practice, with news items on
the wider aspects of international radio. Theoretical articles
by recognised experts deal with new developments, while
design data and circuits for every application are published.
WiReLESS WORLD is indispensable to technicians of all grades
and is read in all parts of the world.

Published monthly, $4.50 a year.

WIRELESS ENGINEER—the magazine of radio research and
progress—is produced for research engineers, designers and
students in the fields of radio, television and electronics. Its
editorial policy is to publish only original work, and its highly
specialized content is accepted as the authoritative source of
information for advanced workers everywhere. The magazine’s
Editorial Advisory Board contains representatives of the
National Physical Laboratory, the British Broadcasting Cor-
poration, and the Britsh Post Office. Regular features include
an Abstracts and References Section compiled by the Radio
Research Organization of the Department of Scientific and

Industrial Research. Published monthly, $7.00 a year.

RECENT EDITORIAL CONTENTS

Speech Reinforcement in Reverberant Auditoria: Use of Time
Delays and Line-source Loudspeakers. Magnetic Recording:
Mechanism of Asymmetrical Hysteresis. Valve Voltmeter
without Calibration Drift: * Infinite-input, Zero-output-
resistance ”” Adaptor for D.C. Voltmeters.

Visibility of Radar Echoes. Shunt-Regulated Amplifiers.
Dielectric Lens Aerial. Directional-Coupler Errors.
Impedance Changes in Image Iconoscopes. Precision
Calibrator for Low Frequency Phase-Meters. Television
Camera Tubes.

MAIL THIS ORDER TODAY

To ILIFFE & SONS LIMITED, DORSET HOUSE, STAMFORD STREET LONDON, S.E.i, ENGLAND

Please forward
NAME
ADDRESS

cITY ZONE

for 12 months. Pavment is beir g made*

STATE

*Payment can be made by Banker’s Draft or International Money Order.
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Bradleyometer resistor has termi-
nals, faceplalo, and bushing
molded in the plastic body.

W ADJUSTABLE RESISTORS

\
-“ Unaffected by Heat, Cold, Moisture, or Long Use
- For circuits requiring a top quality adjustable

Any resistance -rota-
tion curve up to 5
megohms. Higher val-
ues on special order

resistor not affected by moisture, heat, cold, or
age . . . the Allen-Bradley Type J Bradleyometer
is the ideal unit.

The resistor element is molded as a single piece.
It is not a film or paint type of resistor. Because of
its nature, the resistor can be built up to satisfy
any resistance -rotation curve. After molding, the
resistor is no longer affected by heat, cold, mois-
ture, or age. There are no rivets . . . no welded
or soldered connections . . . and the shaft, cover,
faceplate, and other ferrous parts are made of
corrosion -resistant metal. Let us send you the lat-
est Bradleyometer data.

Allen-Bradley Co., |14 W. Greenfield Ave.
Milwaukee 4, Wis.

D
ALLEN-BRADLEY

FIXED & ADJUSTABLE RAD;lé RESISTORS

Sold eaclusivaly 10 monutocturers %u u a l' l v of radlo ond electronic equipment
/ \

1A
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A BALLANTINE
~ Sensitive Wide Band Electronic Voltmeter

To measure...

, 1 millivolt to 1000 volts

from...

with accuracy of ...
3% to 3 mc; 5%, above

with input impedance. ..
6 mmfds shunted by 11

When used withqut probe, sensitivity

is increased to 100 MICROVOLTS but

impedance s reduced to 25 mmfds
and 1 megohm

Featuring customary Ballantine

15 cycles to 6 megacycles

megs

SENSITIVITY — ACCURACY — STABILITY

® Same accuracy at ALL points on
a logarithmic voltage scale and
a uniform DB scale.

® Only ONE voltage scale to read
with decade range switching.

(X ’y pd
® No “turnover’’ discrepancy on un-
symmetrical waves.

® Fasy-to-use probe with self-
holding connector tip and unique
supporting clamp.

® Low impedance ground return pro-
vided by supporting clamp.

® Stabilized by generous use of
negative feedback.

® Provides a 60 DB amplifier flat
within | DB from 50 cycles to 6 MC.

BALLANTING LABORATORIES, INC.

MODEL 314
Price $265

Specifications on other Ballantine Electronic Voltmeters

MODEL |FREQUENCY RANGE | VOLTAGE RANGE | INPUT IMPEDANCE ACCURACY PRICE
300 | 101a 150,000 cycles | | millivalt ta 1/2 megq. shunted 2% up ta 100 KC
100 valts by 30 mmfds 3% abave 100 KC 2210,
3028 2 megs. shunted by 3% fram
Battery | 210 150,000 cycles [ 100 micravalts ta | 8 mmfds. an high | 5i0 08" 0 225
100 valts ran d15 mmf ) . cycles; | 8§
ted angesan mmfds
Operate oRVlcW.ronges 5% elsewhere
Measures peak val-
' ves af pulses as
short as 3 micro- l
seconds witha repe- |
tition rate as low as | 1 millivalt to 1000 Same as 3
305 20 per sec. Alsa ’ volts Peak ta Peak Madel 302B 5;2 :: ::’e‘e\:oves $280
measures peak val-
ves far sine waves
from 10 ta 150,000
cps.
10 cycles to —= 100 micravolts to Same as 3 !
3104 2 megacycles 100 valts Madel 302B 5;% :;::; : xg $235.

102 Fanny Road, Boonton, N.J.

12

@
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Write for catalog for more information
about this and other BALLA NTINE

voltmelers, amplifiers, and accessories.
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Ceramic shafts for tuning condensers are chosen
because they are strong and rigidly maintain the
initial alignment between rotor and stator blades.
Bearing races and metal collars are press fitted
to the ceramic shaft, precision ground to tolerance
of .0001". Other designs use ceramic shafts, fire
metallized for direct soldering of rotor blades

Miniature ceramic transformer terminal housings
take advantage of ceramic stability and are metal
coated for shielding. Metallic connectors are
permanently bonded to the ceramic by either glaze
or by soldering to metallized surface

Ceramic coil forms have metallized mounting
supports for soldering to prevent noise due to
corona between insulator and mounting plate

Our broad experience in metal-ceramic combinations is available to you on request.

50TH YEAR OF CERAMIC LEADERSHIP

AMERICAN LAVA CORPORATION

CHATTANOOGA 5, TENNESSEE

OFFICES: METROPOLITAN AREA: 671 Broad St.. Newark, N. J., Mirchell 2.8159 ® PHILADELPHIA, 1649 Narth Brood St., Stevenian 4-2823
SOUTHWEST: John A, Groen Co., 6B15 Oriale Drive, Dollos 9, Dixan 9918 ® NEW ENGLAND, 1374 Mossochusetts Ave., Cambridge, Moassi., Kirklond 7-4498
LOS ANGELES, 5603 North Huntingtan Drive, Capital 0901 ® CHICAGO, 228 Narth LoSalle St., Central 6.1721 @ ST. LOUIS, 1123 Washingtan Ave., Goarfield 4959




Ever try to price-tag precision?..

Absolute precision 1n a vital instrument—what’s

1t worth?

to the bomber pilot trusting to Kolls-
man, instruments checked to one-ten-thou-
sandth of an inch for accuracy.

to the ship’s captain, banking all on the
preciston of his Kollsman sextant

At times such as these, can preciston ever be price
tagged? Yet its vital presence, or absence, is oft-
times the margin between victory or chaos

to maintain a free, strong America

Today

Kollsman 1s devising, developing and manufac-
turing instruments of utmost precision, depend

ability and quality in the fields of

Aircraft Instruments and Controls » Min-
iature AC Motors for Indicating and
Remote Control Applications ¢ Optical
Parts and Optical Devices ¢ Radio Com-
munications and Navigation Equipment

And to America’s research scientists secking the
answer to problems of instrumentation and con
trol-the facilities of Kollsman Research Labora-
tories are immediately available

KoLLsMAN INSTRUMENT CORPORATION

ELMHURST, NEW YORK

GLENDALE, CALIFORNIA

Standard coiL PropbUCTS coO INC

PROCEEDINGS OF THE IRE

June, 1952



THE ERIE Style 535 Tubular
Trimmer combines economical price,
compact size, and easy mounting,
with features for UHF operation. Ca-
pacitance range is 0.7 to 3.0 MMF.
When mounted it extends only
17/32" from the underside of the
chassis. It is 7/32'' in diameter, and
high terminal is conveniently avail-
able to tube socket terminals at a
level 1/4" from the underside of the
chassis.

Design cimplicity results in very
low inductance, and uniform, straight-
line, and noiseless adjustment. It can
be mounted close to associated cir-
cuit elements, and the ribbon type
leads help to minimize inductance in
UHF circuits.

The Style 535 Trimmer as shown
at the right, is unique in requiring
work from only one side of the chassis
when mounting. Ground terminal is
provided for soldering to chassis
when desired.

Write for descriptive literature
and samples.

STYLE 535

PATENTED

1. Push in hole,

DIA
- 217 -—
4-5 e AL4 7—"24— *
6 32 64 |a— 593 - Y
— = C] Y, 238
S ,“ | 3 — 1‘;#+ 004
T = T ) ) I
¥ 174 062
1 yia 094 = | =
2 Mounting Hole £ 00¢
| Dimensions l
L) ( s L
152 e 5] > [« 062
+ ')ML ~L~ }
N
10
’422,2-,‘ F ug?
431 )4

2. lock in hole by
turning odjusting
screw 'hrough
top terminol,

3. Adjust copacitonce

from top ot finol
test stotion,

LONDON, ENGLAND

Cliffside, N.J. * Phil
Detroit, Mich,

PROCEEDINGS OF THE I.RE. June, 1952

Etectnonics Division
ERIE RESISTOR CORP., ERIE, PA.

« « +« - TORONTO, CANADA

ladelphio, Po. * Buffolo, N.Y. ¢ Chicago, lil.
®  Cincinnati, Ohioc *® Los Angeles, Calif.
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. . « provide DEPENDABLE ELECTRICAL CONTROL

Ohmite wire-wound resistors have earned a world-wide reputation
for dependability . . . the ability 1o give unfailing performance under
adverse operating conditions.

These fine units are available in the most complete line of tvpes
and sizes on the market. Included are fixed, tapped. adjustable, non-
inductive, and precision units—in more than 60 wattage sizes and
18 tvpes of terminals, and in a wide range of resistance values.
For extra dependability, specify Ohmite resistors, overwheliningly
the first choice of industry, today.
Write on company letterhead for catalog and engineering manual No. 40
Ohmite Manufacturing Co., - 4862 Flournoy St., Chicago 44, lllinois

- OHMITE.

IN WIRE-WOUND RHEOSTATS AND RESISTORS
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 TUBES ARE
PICTURED
ACTUAL SIZE

io\'-\- for
A ‘ypes . ALL. ThQSQ RQ"
fhese These Sizes Ingg
MIN. OPERATING MIN. MAX. MAX.
MAX. DIMENSIONS | STARTING | VOLTAGE | OPERATING | OPERATING | REGULA-
TYPE INCHES VOLTAGE (Approx.) CURRENT | CURRENT TION
HEIGHT DIAM. | SUPPLY MA. MA. VOLTS
OA2 2.63 75 185 150 5 30 6
OB2 2.63 75 133 108 5 30 4
cK1017 2.69 75 750 700 .005 055 15
CK1022 2.69 7 5 1100 1000 .005 055 20
CK1037 175 40 720 700 005 100 15
CK1038 175 40 925 900 005 055 15
CK1039 175 40 1230 1200 005 .100 25
CK5651* 2.13 75 15 87 1.5 3.5 3
CK5783* 163 .40 15 87 ] &5 3
CK5787 2.06 40 141 100 5 30 6
CK5962 2.69 75 730 700 005 055 15
L CK6213 1.38 40 200 130

*Voltage Reference Tube

PROCEEDINGS OF THE I.R.E
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\jt / Formerly Manufactured by DOOLITTLE RADIO, INC.

The JK FD-12 monitors any four frequencies any
FREQ"E"GY where Letween 25 mc and 175 me, checking both

H frequency deviation and amount of medulation. A
& MODULATION truly precise instrument for communication systems!
MONITOR

N
/l\}l]

When used for different
bands, plug-in type an-
tenna coils provided.
Crystal accuracy guaran-
teed to be + .0015%
over range of 15° to 50
C. Meets or exceeds FCC

requirements.

COMMUNICATION CRYSTALS for the CRITICAL!

Regardless of model, type, or design, James Knights
can provide you with the very finest in stabilized
Q“ARTZ crystals. Today JK erystals are used everywhere com-
CRYSTALS \munications require the VERY BEST.

Well known to every communications man
is the famous JK Stabilized H-1 7, with a
frequency range of 200 ke to 100 me.
But this is just one crystal in the JK line.
Wirite for complete crystal catalogl

ALSO manufacturer of the James Knights Frequency Standerd.

THE JAMES KNIGHTS COMPANY
SANDWICH 1, ILLINOIS

18A PROCEEDINGS OF THE I.R.E June, 1952
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When vou neep A Fuse

_tuink of BUSS ...

Fuse Headquarters for
the Electronic Industries

TELEVISION * RADIO - COMMUNICATIONS
CONTROLS * AVIONICS + INSTRUMENTS |

A complete line of fuses is available. Made in
Dual-Element {Slow blowing), Renewable and One-
Time types. Sizes from Y500 aompere up.

on i : , DUAL-ELEMENT (SLOW BLOWING) FUSES ]
And @ companion fine of BUSS Fuse Clips, Fuse | RENEWABLE FUSES, ONE TIME FUSES, SPECIAL FUSES

Blocks and Fuse Holders. i J
Behind each fuse or fuse mounting are 37 years f !
of know-how in building products of unquestioned ‘/
high quality, the world’s largest fuse research
/
laboratory and the world’s largest fuse pro-
duction capacity.
Each BUSS Fuse Electronically Tested.
To assure proper operation in the field, each :
ond every BUSS fuse is tested in o highly
sensitive electronic device that rejects any
fuse that is not correctly calibrated —
properly constructed and right in physical
dimensions.
BUSS Fuses are made to Protect —
not fo Blow. ‘ FUSE CLIPS, FUSE BLOCKS,
FUSE HOLDERS, SPECIAL FUSE MOUNTINGS
IF...YOUH AVE A We welcome requests to help you in selecfing the proper fuse or in
SP E c I Al P R 0 B l E M designing a special fuse or fuse mounting best suited to your conditions.
Submit sketch or description showing type of fuse contemplated,
TURN T0O SS number of circuits, type of terminals and the like.
Our staff of fuse engineers is at your service.
N BN BN EE NN I BN By I B
. IRE-652
BUSSMANN MFG, CO., University ot Jefferson
$t. Louis 7, Mo. (Division McGrow Electric Co.) I

USE THIS COUPON — Get All the Facts

Please send me Bulletin SFB contoining complete focts on BUSS l
Small Dimension Fuses ond Fuse Holders,

Nome S —

Title e

BUSSMANN MFG. CO., St. Louis, Mo.
Division of McGraw Electric Company
MANUFACTURERS OF A COMPLETE LINE OF FUSES
FOR HOME, FARM, COMMERCIAL AND INDUSTRIAL USE.

Compony ——

Address ___ i e —————
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COMPLETE LINE OF CORES

TO MEET YOUR NEEDS

% Furnished in four standard
permeabilities — 125, 60, 26
and 14,

% Available in a wide range of
sizes to obtain nominal in-
ductances as high as 281
mh/1000 turns,

% These toroidal cores are given
various types of enamel and
varnish finishes, some of
which permit winding with
heavy Formex insulated wire
without supplementary insu-
lotion over the core.

20

L T I S T T T

HIGH Q TOROIDS for use in
Loading Coils, Filters, Broadband
Carrier Systems and Networks—
for frequencies up to 200 K C

For high Q in a small volume, characterized by low eddy current
and hysteresis losses, ARNOLD Moly Permalloy Powder Toroidal
Cores are commercially available to meet high standards of physieal
and electrical requirements. They provide constant permeability
over a wide range of flux density. The 125 Mu cores are rccom._
mended for use up 1o 13 ke, 60 Mu at 10 1o 50 ke, 26 Mu at 30 to 75 ke,
and 14 Mu at 50 to 200 ke. Many of these cores may be furnished
stabilized to provide constant permeability (£0.19) ;)vcr a speeific
temperature range,

Manufactured under license arrangements with Western Electric Campany
wWapDp 4127

THE ARNOLD ENGINEERING COMPANYM‘%

M SUBSIDIARY OF ALLEGHENY LUDLUM STEEL CORPORATION ‘

General Office & Plant: Marengo, lllinois |

1

——
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PREMIUM INSULATION — Bodies are MYCALEX
glass-bonded mica, the dielectric that combines every char-
acteristic required in a modern insulation including low
dielectric loss, high dielectric strength, high arc resistance,
non-hygroscopic and great dimensional stability.

COMPETITIVELY PRICED — Although manufacture is

to the most exacting quality standards and fully meets
RTMA recommendations, an exclusive MYCALEX manu-

—available in two grades:

i ica-filled . . :
MYC.ALEX 410 priced t°"‘P°"°'~';'° ta ’f"“" '_°n facturing process permits pricing at a level competitive
phenalics. Lass factor is only .015 at 1 mec., insulatia with low cost phenolic types.
resistance 10,000 megahms. Appraved fully as Grade
1-48 under N.M.E.S. JAN-1.10 “Insulating Materials PRECISION MOLDED — An exclusive MYCALEX injec-
Ceramic, Radio, Class 1" tion mold_mg tgchnique affords great dimensional accuracy,

) . exact uniformity, superior low loss characteristics and

MYCALEX 410X - iow in cast but insvlating perfect homogeneity.

praperties greatly exceed thase of general purpose

phenolics. loss factar is only one-fourth that of MYCALEX TUBE SOCKET CORPORAT|ON

phenolics (.083 at 1 mc) but cost is comparable. Under Exclusive License of Mycalex Corporatian of America
Insulation resistance 10,000 megahms, 30 ROCKEFELLER PLAZA . NEW YORK 20, N. Y.
; sl ool v
s \
i INFORMATIVE DATA SHEETS
. Include them in your files — Complete information including \
) dimensional data, specifications and other pertinent facts on
; MYCALEX low-loss, low-cost, tube sockgts. Write for your set Y
i complete with loose-leaf binder that permits the inclusion of sub-
: sequent releases and data sheets,
'

------- SINCEINS et LR L L RPN
MYCALEX CORPORATION OF AMERICA

TRADE MARK REG US PA!H Owners of ‘MYCALEX' Patents and Trade-Marks
Executive Ofices: 30 ROCKEFELLER PLAZA, NEW YORK 20 — Plant ¢ Gensral Otfices: CLIFTON, N.J.
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A change to Plaskon Alkyd for its specially
designed TV brackets helped Emerson Radio and
Phonograph Corp. cut bracket costs 509, and
assured that there would be "no arc over or elec-
trical leakage from the high potential picture
tube to the grounded chassis.”

When your TV parts are molded
of Plaskon Alkyd, you can meet
the extremely close tolerances de-
manded in television assemblies.
That's because Plaskon Alkyd has
exceptional dimensional stability
with no after-shrinkage.

And the high heat resistance
prevents parts molded of Plaskon
Alkyd from breaking down, even
under short-time contact with
molten solder when connections
are made.

parts that resist high heat and
arcing. .. hold precise dimensions!

combines a number of outstanding
properties so essential for superior
electrical insulating parts: high di-
electric strength, superior arc re-
sistance, excellent resistivity. In
addition, it can be molded faster
and at lower temperatures, giving
increased production and greater
savings.

Before you redesign, look into
the advantages Plaskon Alkyd can
offer. Write today for full informa-
tion on television and electronic

CONDENSERS

Libbey « Owens « Ford
Glass Company
Toledo 6, Ohio
Branch Offices:

Boston « Chicago + Los Angeles « New York
Mabuiacturers of Molding Compounds,
Resin Glues. Costing Resine
In Canada:

Canadian Industries, Ltd. « Montresl. P.Q.

PROCEEDINGS OF THE I.R.E. June, 1952

What’s more,

Plaskon Alkyd uses.

INSIST ON

PLASKON.
o atave 3
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Here are the coils you want

...the way you want them!

Take advantage of one of C.T.C’s
most popular and useful services
the winding of slug tuned coils to exact
specifications. Single layer or pie types
furnished. You can be sure your specs—
military or personal—will be faithfull
followed to the last detail of materials
and methods, and with expert workman-
.\,Illp

C.TC. coil forms are made of quality
paper base phenolic or grade L-5 silicone
impregnated ceramic. Mounting bush-
ings are cadmium plated brass and ring
type terminals are silver plated brass
Terminal retaining collars of nylon-
phenolic also available in types LST,
LS5, Ls6

Wound units can be coated with dur-
able resin varnish, wax or lacquer. Both

CAMBRIDGE THERMIONIC
CORPORATION

custom or standard . . . the guaranteed components

New catalog! Send for your copy now.

24A

coils and coil forms are furnished witl
slugs and mounting hardware — and
are obtainable in large or small produc-
tion quantities. Be sure to send com
plete specifications for specially wound
coils.

All C.TC. materials, methods, and
processes meet applicable government
specifications. For further information
on coils, coil forms or C.T.Cs special
consulting service, write us direct. This
service s available to you without extra
cost. Cambridge Thermionic Corpora-
tion, 456 Concord Avenue, Cambridge
38, Mass. West Coast manufacturers
contact: E. V. Roberts. 5068 W. Wash-
ington Blvd., Los Angeles 16, Calif., and
988 Market Street, San ’

Francisco, California 1’

A

4

PROCEEDINGS OF THE | R.E

NEW CERAMIC COIL FORM KIT.
Helps you spark ideas in designing elec-
tronic equipment or developing proto-
types and pilot models. Contains 3 each
of the following 5 C.T.C. ceramic coil
form types: LST, LS5, LS6, LS7, Ls8.
Color-coded chart simplifies slug-identi-
fication and gives approximate fre-
quency ranges and specifications. Nylon-
phenolic dllars 1o replace b tallic rings
available with kit for all deramic coil
forms except LS7 and LS8.

NEW NYLON-PHENOLIC COLLARS.
Terminals held securely; soldering spaces
doubled; excellent for both bifilar and
single pie wn'ndings. Show an increase in
9 ond many new benefits over metallic
fings — without impairing in ony way the
moisture- and fungus-resistant qualities of
coil form assemblies,

June, 1952



For higher capacity values, which require extreme tempera-
ture and time stabilization, there are no substitutes for El-
Menco Silvered Mica Capacitors. E1-Menco Capacitors are
made in all capacities and voltages in accordance with

military specifications.

From the smallest to the
largest each is paramount

in the performance field.

Write on your business letterhead
for catalog and samples.

Jobbers and distributors are requested to write for
information to Arco Electronics, Inc., 103 Lafayette
$t., New York, N. Y. — Sole Agent for Jobbers
and Distributors in U. $. and Conada.

Hllenco.......

CAPACITORS

Radio and Television Manufacturers, Domestic and Foreign, Communicate Direct With Factory—

THE ELECTRO MOTIVE MFG. CO., INC. WILLIMANTIC, CONNECTICUT

PROCEEDINGS OF THE I.R.E June, 1952 25A
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Advancement in

Eimac tubes fill key sockets
In continuous service transmitters

New and vnique in civil emergency communication systems is
the New York City Fire Department’s five boraugh radio network
planned to meet the threat of any emergency, inclvd-
ing atomic attack. Transmitters designed by Radio
Engineering Laboratories to give continvous operation
are significant contributions to this electronic accom-
plishment.

c -, . "". % D '3 - i
..-'..'—{,;.WW“ -
- e P AR :‘ 3 . i
AR o
* - ¢

Eimac's 2C39A triode is utilized in REL's type 757C point-to-
point radio relay transmitter operating in continuous around
the clock service at 900 mc. The 2C39A is used in two stages
—as a tripler from 150 mc. to 450 mc. and as a doubler from
450 mc. to 900 mc. The 2C39A is a natural to serve in REL's
757C where it can perform as a frequency multiplier at ultra
high frequencies with excellent operating efficiency. This
compact, rugged, high-mu tube is designed for a variety of
uses as a power amplifier, oscillator or frequency multiplier

REL type 757C transmitter wherever dependability and durability are demanded.

Two Eimac 4X500A’s give dependable performance
in the REL type 715 emergency service transmitter.
These external-anode tetrodes are in the power out-
put stage of the final amplifier in each of the New
York City Fire Department's eight main station 350
watt transmitters. Operating in the 150 mc. region
the 4X500A's meet the challenge of 24-hour perform-
ance. Designed for application the 500 watt 4X500A
has small size and low inductance leads which permit
efficient operation at relatively large outputs well
into VHF.

Write our application engineering de-

. partment for the latest information and
technical data about these and other
Eimac tubes.

Power amplifier of REL's type 715

Follow the Leaders o

/,;s EITEL-McCULLOUGH, INC. |

|
S A N B R UN O, CALlLIFORNI I A

313 Export Agents: Frozor & Honsen, 301 Cloy Street * San Francisco, California
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Most

wilcox

ELECTRIC COMPANY, INC.
Fourteenth & Chestnut
Kansas City 1, Missouri

wilcox

440A VHF AIRBORNE

COMMUNICATIONS

SYSTEM

a”epeﬂo’ab/e

communications used
by Scheduled, Non-scheduled,

Corporate Aircraft Operators

Advanced techniques and design
are used to insure a maximum

of performance and reliability with
minimum maintenance time

and expense.

Covers all 180 channels (118

136 mc/s) assigned to world-wide
Civil Aviation — your protection
against obsolescence.

The most powerful transmitter
available, plus a highly sensitive
and selective receiver, provides
dependable communications for low
altitude operations and under
adverse conditions.

Write for specifications today.

©
A

&




NEWS and NEW PRODUCTS

JUNE 1952

Junction Transistors

Germanium Products Corp., 28 Cor
nelison Ave., Jersey City, N. J., (a sub
sidiary of Radio Development & Research
Corp.) licensed by \Western Elec. Corp.,
and S. I. Weiss, has announced the avail
ability of a junction type n-p-n germanium
crystal amplifier, Type RD 2517.

ey '
1

The space saving possibilities .of this
new transistor are expected to be utilized
to such an extent that the chassis of a TV
receiver will be reduced to the size of a
cigar box.

Power requirements are said to be 1
millionth of a watt (0.000001).

The specifications for the Type RD
2517 are:

Ec —45 v supply voltage-collector circuit;

ic 400 pa collector current;

ie — 175 pa emitter current;

Ee | to 3 v may be operated as self-biasing
device by placing suitable resistor be-
tween emitter and base;

\ 20 db minimum gain at 1,000 cps;

Zin 500 ohms input impedance;

R1 60 k load resistance

frequency response: 4 db from 30 cps to
20 kc. . i?

ambient temperature: 50°C.

The transistors are being merchan-
dized through Federated Semi-Conductor
Co., 66 Dey St., New York, N. Y.

Toroids

The Raytheon Manufacturing Co.,
\Waltham, Mass. announce that they have
complete facilities for large-volume pro-
duction, ‘as well as for engineering design
and production of models, of custom-made
transformers.

More than 10 years' experience in de-
signing and building toroid-1. units en-
ables Raytheon to design toroid-L-coils
from the problem stage up, or to wind to
specified C, L, and Q. values, precision

wound on temperature stabilized, pow-
dered permalloy cores, high-permeability
solid materials, or stamped “O” cores.
They are able to wind No. 20 10 No. 42

28A

These manufacturers have invited PRO-
CEEDINGS readers to write for literature
and further technical information. Please
mention your |.R.E. affiliation.

wires on “wedding-ring” cores to small ul
timate ID.

Raytheon is equipped for litzendraht
coil windings. Facilities for all types of
winding are available, including square
coils from strip materials for improved
geomelry.

Miniature Connectors

The Elco Corp., 190 \V. Glenwood Ave.,
Philadelphia 40, Pa. is introducing Vari
cons, miniature connectors that have
various production and application fea
tures.

The connectors are rated at 30 amperes,
and at 110 volts, withstanding voltage be
tween closest terminals of 4,000 volts.
Voltage is rated at 1,330 volts. Using four
basic components, it is possible to assemble
male and female connectors with any re
quired number of contacts. The connectors
can be furnished assembled, or can be put
together by the user to suit his own re-
quirements. Stocking only the four com
ponents, the user can produce finished
connectors on a mass-production basis and
yet make changes in the number of con
tacts or polarity of any connector a:
needed.

Capacitance is negligible. Contact re-
sistance is 0.0001 ohm and contact spacing
is suitable for 300 ohim lines. Contacts are
made of brass and phosphor bronze on
beryllium copper, and are silver-plated;
the body sections are of molded phenolic
in general purpose or mica filled and alkyd
resins.

Specific information regarding the ap-
plication of the new Varicons in product
design may be obtained from the Elco
Corporation.

Resistance Limit Bridge

The General Radio Co., 275 Massa-
chusetts Ave., Cambridge 39, Mass., has a
new Type 1652-A resistance limit bridge,
which indicates on a panel meter the per-
centage deviation of unknown resistors.
Deviation can be measured from an ex-
ternal standard or from an internal stand
ard adjustable from 1 to 1,111,111 ohms

PROCEEDINGS OF THE I.R.E

in steps of 0.1 chm. Maximum deviation is
420 per cent and accuracy is between 0.2
and 0.5 per cent, depending on application

I'he limit bridge can also he used 10
maich one resistor to another, or as a con
ventional decade \Vheatstone bridge for
resistance measurements by the null
method.

Production applications were of pri
mary importance in the design of this
bridge, although it is as useful in the
laboratory and model shop as in manufac-
turing departments. To facilitate the speed
and convenience of production measure
ments, test jigs can be connected direcrtly
10 panel terminals.

Oscillator

I'he T'ype 907, a fundamental oscillator
continuously tunable over the frequency
range of 35 to 900 mc has been developed
by the Polytechnic Research and Develop-
ment Co., 55 Johnson St., Brooklyn, N. Y
The unit features a tank circuit design that
permits a 30-to-1 tuning range with an
output voltage of not less than 1 volt
across 75 ohms at all frequencies. Other
features include a video-type blanking
circuit which yields a true horizontal zero
base line and provisions for the introduc
tion of an external frequency marker.

The oscillator may be swept in fre
quency by means of a sinusoidally vibrat
mg “tank” capacity which provides a
sweep width of not less than 10 mc for a
center frequency of 35 mc. The frequency
deviation is greater than 20 mc for carrier
frequencies above 60 mc.

The rf output power is coupled from
th(_: sweep generator by means of a wave-
guide beyond the cutoff-type attenuator.
The attenuator, which is terminated on the
output end with a BNC connector, per-
mits continuous adjustment of the output
voltage from 10 uv to 1 volt at all fre-
quencics. A resistance pickup loop provides
a low vswr source impedance for the sweep
generator over the operating frequency
range.

(Continued on page 39A4)

June, 1952




Are all branc
* Specifications
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® Brands of Resistors vary as widely in
the completeness of a linc and in per-
formance, as do brands of any other
product.

DAVEN originated the first pie-type,
wire wound Resistor more than a gen-
eration ago. Since that time, DAVEN
has designed and manvufactured Pre-
cision Wire Wound Resistors of every
conceivable type to meet the increasing
demands of the electronics industry.

SUPER DAVOHM RESISTORS are noted
for their high stability and accuracy un-
der extreme temperature and humidity
conditions. DAVEN Resistors are made
in accordance with JAN-R-93 specifica-
tions and are in use in all types of
Army, Navy and Air Force electronic
equipment.

DAVEN has developed special small
precision Resistors for use in minia-
turized assemblies. All types of mount-
ings, sizes, tolerances and temperature
coefficients are available from a large
variety of standard types. That's why
DAVEN can fill your precision Resistor
needs.

Take advantage of DAVEN's ad-
vanced engineering and manufac-
turing techniques to help with any
Resistor problem confronting you.

Naturally, no
® the right to

SUPER DAVOHM
RESISTORS

W!i'e '0!

information y and

i suppli prove

specify onjy Pplied, thay when yoy o,dwokyo'"’iell, from the
o esist

01s you shoylqd

su' ER DAU OH‘“ Fre:llon VVI'Q Wound RES,S|°RS




Measure Differential
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a»

o
a8 1)

-
I

with

The Q METER
| Type 190-A

FREQ RANGE /
3 o
7,
\/ Y ‘9 ¢ ﬁ!\ } ee “\'$'
G . o

J

In Designing Tuned Circuits the eftect on Q of adding capacitors,
iron cores, or resistors must frequently be determined. The Q
of the separate components is also often needed. These measure-
ments made on Q Meters formerly available required the use of
a small difference between two large Q values in various formulie.
This led to large errors. The Q Meter Type 190-A reads the
difference between the  of a reference aircuit and the Q of this
circuit when new components are added. The scale that indicates
this Differential () has a sensitivity 4 tmes as great as the scale

BOONTON
RADIO CORPORATION

which reads Q. The accuracy and ease with which Differential Q SINGLE, EASY-TO-READ METER
can be read 1s greatly improved by use of the 190-4 Q Meter. WITH PARALLAX CORRECTION
The Q Meter Type 190-A has a “Lo Q” scale which rcads Q FOR ALL FUNCTIONS

down to a value of 5. The internal resonating capacitor is dircetly
read and has a vermer arrangement for accurate reading of
capacitance. The dial rotates approximately 10 times in covering

® Q indicating voltmeter: 50 to 400.
® Multiply Q scale: 0.5 to 3.0.

the capacitance range. All readings are mmade on a single meter ® A differential Q scale for accurately in-
corrected for parallax. dicating the difference in Q between two
test ci i
SPECIFICATIONS EO
FREQUENCY COVERAGE: 20 mc to 260 mc. Continuously Variable in Four Ranges. ® Additional accurate expanded scale for
FREQUENCY ACCURACY: Calibrated to = 1%, measuring low values of Q.
RANGE OF Q MEASUREMENTS: 5 to 1200. : .
Q it ] ® A counter type resonating capacitor dial
RANGE OF DIFFERENTIAL Q@ MEASUREMENTS: O to 100. for i d . c
. mproved setting and reading
ACCURACY OF Q MEASUREMENTS: Circuit Q of 400 read directly on meter can accuracy
be determined to accuracy of = 5% to 100 mc and to = 12% to 260 mec. )
INTERNAL RESONATING CAPACITANCE RANGE: 7.5 mmf to 100 mmf (dircct ® Regulated power supply for increased
reading) calibrated in 0.1 mmf increments. sfubilify and accuracy,
ACCURACY OF RESONATING CAPACITOR: = 0.2 mmf to 20 mmf . L
= 0.3 mmf to 50 mmf ® Cureful desngn to minimize instrument
= 0.5 mmf to 100 mmf loading of circuit under test.
POWER SUPPLY: 90-130 volts—60 cps {internally regulated). Power Consumption—

55 watts,
( Specificotions subject to chonge without notice)

PRICE: $625.00 F.O.B. Factory

BOONTON ‘RADIO
BOONTON - N-J- U-S-A- L*‘/7o‘2(¢’/2(}/( .
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A Molehill of Difference Can Make a Mountain
of Trouble
in Waveguides

Remember this traffic-stopper ot the 1952 IRE Show in Grond
Centrol Poloce? It's o torture test. Flexed well over 1,000,000
times, Woveflex flexible Woveguides gove no evidence of foilure
or loss of physicol or electricol properties.

Fabricated to precision methods, Titeflex fexible ond rigid
Woveguides ore produced to the closest toleronces ond to exocting
specificotions. Titeflex mointoins strict quolity control ond inspection
from row moteriols 1o finished products.

. A little difference in waveguides
imperceptible to the eve—can jeopardize
a costly investment.
If you want to be sure of your electronic
equipment, if you want to reduce operational failures,
insist upon Titeflex microwave components.

No Woveguide gets by this deportment without o thorough elec-
tricol check-up. Every single Titeflex Woveguide is togged
before shipment with its test score on JAN-W.287 specificotions
for Aexible Woveguides or JAN-W.85A for rigid Woveguldes.

Send for free catalog of uses, properties,

and specifications.

v Check products you are interested in. - TITEFLEX, INC
I a e " y
LI, A = 511 Fretinghuysen Ave
L N, u‘-ﬁm: l)_ & &y i el Nowark 5, N.J
\Z “ } Pleose send me without cost
— } 1 informotion oboul the products

AMED AN ‘ )
__gEm{fS; L PRECISON BELOWS IGHITION HARNESS IGAITION SHIELOING chichid of Jom B

. - e p— NAME
o ) —f A
§(‘Tg = ‘ I ) TITLE

Sl “z, v ) FIRM

(s A Pt >
3 ~ v i A~ ADDRESS

CLECTRICAL RIGID AND FLEXIBLE FILTERS FUSES
CONNECTORS WAYE GUIDES cny ZONE  STATE
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THE COURSE OF YOUR CAREER
may depend upon what you do about
your future—now. A sure way to
miss success is to miss opportunity.

Now is the time for qualified
ELECTRONIC, ELECTRICAL and MECHANICAL
ENGINEERS . . . PHYSICISTS . . . METALLUR-
GISTS . . . PHYSICAL CHEMISTS and GLASS
TECHNOLOGISTS . . . as well as TECH-
NICAL SALES ENGINEERS to decide to
take full advantage of the opportu-
nities now open at RCA to achieve
professional success.

LIFELONG CAREER OPPORTUNITIES

These are not temporary positions.
They are independent of national
defense requirements. The openings
represent a wide choice of long-term

Whatever your plans for the future—you
will find the bocklet “The Role of the
Engineer in RCA” interesting reading.

Write for your free copy.

government projects as well as chal-
lenging work in the permanent ex
pansion of a diversified line of com-
mercial products.

YOU ENJOY THESE BENEFITS

At RCA, you enjoy professional
status, recognition for accomplish
ments . . . unexcelled research facili
ties for creative work . . . opportuni:
ties for advancement in position and
income . . . pleasant surroundings in
which to work. You and your families
participate in Company-paid hospi-
tal,surgical, accident,sicknessandlife
insurance. Modern retirement pro-
gram. Good suburban or country resi
dential and recreational conditions.
Opportunities for graduate study.
Investigate opportunities today.

PPOSITIONS OPEN
IN THE FOLLOWING FIELDS:

TELEVISION DEVELOPMENT—
Receivers, Transmitters and Studio
Equipment

ELECTRON TUBE DEVELOPMENT—
Receiving, Transmitting, Cathode-Ray,
P’hototubes and Magnetrons

TRANSFORMER and COIL DESIGN

COMMUNICATIONS —
Microwave, Mobile, Aviation, Special-
ized Military Systems

RADAR—
Circuitry, Antenna Design, Computer,
Servo - Systems, Information Display
Systems

COMPUTER DEVELOPMENT AND
DESIGN —
Digital and Analog Computers, Mag-
netic Recording, Pulse ( ircuitry,
Storage Components, Systems Design

NAVIGATIONAL AIDS
TECHNICAL SALES

ELECTRONIC EQUIPMENT FIELD
SERVICE

MAIL RESUME

If you qualify for any of the positions listed above, send us a
complete resumé qf your education and experience, also state
your specialized field preference. Send resumé to:

MR. ROBERT E. MeQUISTON,
Specialized Employment Division, Dept. 94F
Radio Corporation of Amerie:

d.

30 Rockefeller Plaza,
New York 20, NY.

‘ RADIO CORPORATION of AMERICA
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D-1290

RMS applied voltage, max 26 volts per cell
D-'I 224 n Peak inverse voltage 60 volts per celt
q & s RMS input current, max. 3.75 milliamperes
" g DC output voltage - 20 volts per cell
1/8 diameter q Voltage drop at full load ... 1 volt per cell
1/4” Iength DC output current, avg. 1.5 milli.amperes
" DC output current, peak 20 milliamperes
Potted in thermo- m Max. surge current . ... 80 milliamperes
] Reverse leakage at 10V RMS ... 2.4 microamperes
Settlng Compound. q Reverse leakage at 26V RMS 12 microamperes
Frequency max. CPS ... 100 KC

q Alsa available in 2, 3 and 4-cell Diodes.

2 Times q

actual Size

D-1224
RMS applied voltage, max 26 volts per cell LJ
Peak inverse voltage 60 volts per cell
RMS input current, max. 500 micraamperes
OC output voltage 20 volts per cell b “ D-] 290
Voltage drop at full laad 1 volt per celt b "o
OC output current, avg. 200 miuramperes LJ b 2 Times 5/32 dlametET
DC output current, peak 2.6 milliomperes b "
Max. surge current .. .. 10 milliomperes actual Size 9/32 Iength
Reverse Leakage at 10V RMS 0.6 microampere Potted in thermo.
Reverse Leakage at 26V RMS 3 microamperes _
Frequency max. CPS ... 200 KC \J SEttlng Compound.

Also available in 2.cell Diodes.

GENERAL OFFICES:
1521 E. Grand Ave.

]
El Segundo, Calif.
Phone El Segundo 1890
CHICAGO BRANCH OFFICE:

RECTIFIER CORPORATION 205 W. Wacker Dr.

Franklin 2-3889

PROCEEDINGS OF THE I.R.E. June, 1952

33a




Adventurers
in Research..

Dr. ] oseph Slepian

INVENTOR-SCIENTIST

One of the world’s foremost authorities on the
behavior and eonirol of the elecirie are. He
left his job as mathematies instructor at
Cornell University in 1916 10 work as a eoil
winder in the Westinghouse Eaat Pittshurgh,
Pa., plant. But his brilliant handling of engi-
neering problems won immediate attention. In
1922 he was named head of the general researeh
section, four years later Researeh Consulting
Engineer, and in 1938 was appointed Associate
Direetor of the Researeh Laboratories.

His colleagues at the Westinghouse Research Laboratories say
of Dr. Joseph Slepian that “he can look at an electric are and
see not fire and heat, but all of the atoms, ions, and molecules
arranged in a neat mathematical formula”. They also say that
if you want 10 know anything about arcs Slepian is your man.

Dr. Slepian’s work with the electric arc hasn’t remained in
the realin of pure mathematics, however, for he combines with
it a practical knack for invention that has produced some 225
patentable ideas thus far in his career. This prolific record has
prompted one of his associates to remark that *if Dr. Slepian
takes a pencil out during lunch, it’s almost a sure bet another
patent is in the making”.

He developed the “De-ion®" circuit breaker and the “De-ion”
protector tube, which have helped pave the way for trans-
mission of power at higher voltages and for the greatly im-
proved defense of power lines against lightning. To cite just
oneinstance, beforeDe-ion”flashover protectors were installed
on a 47-mile stretch of line in a western state, there were 46
interruptions a year because of lightning. Afterwards, inter-
ruptions averaged less than two a year.

Similarly, Dr. Slepian’s study of arc behavior led to the devel-

opment of the Ignitron mercury-arc rectifier. Perfected in
the 1930%, the Ignitron came into its own in 1940 when the
requirements of aluminum production reached an all-time
high. Now Ignitron mstallations provide the direct-current
power for magnesium and aluminum plants the nation over.
The Ignitron has also been adapted as the control element in
electrical circuits that generate power for two of the nation”
largest cvelotrons. And its most recent application is in the
field of electrified locomotives. where it promises greater
simplicity and economy of operation,

A Keen and agile thinker, Dr. Slepian likes nothing better
than to joust with younger rescarchers on scientific topics. One
of his favorite hobhies is to devise plausible but impossible
inventions and then challenge his colleagues to find the flaw.

Of the many honors bestowed on Dr. Slepian, nearly all
have stressed the happy combination of pure science and
practical inventiveness. 1t is the Kind of comnbination that at
Westinghouse has made for the continuous flow of new and
improved equipment, while providing a fruitful source for
the products of tomorrow. \Veslingh(mse Llectric ( ‘orporation,

Pittsburgh, Pennsylvania. G-10226

you cAN BE SURE...IF iTs Westinghouse
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Symhol of . experience

.

WPJB-FM.TV Broodcosting Station, Providence, R.l., using a Truscon Self-Supporting Radio
Tower 431 feet high, to support on RCA.TY Double Antenna 2.Section Pylon 14.7 feet high.

Years of research and development are represented in this Truscon Self-Supporting Radio
Tower, designed and erected by Truscon for WPJB-FM-TV Broadcasting Station, Provi-
dence, Rhode Island.

In every corner of America, and in many foreign countries, there are out-

standing examples of Truscon Tower design for AM, FM, TV and Micro-

wave broadcasting. Truscon has designers, engincers, and fabricators with

an unexcelled fund of practical knowledge to meet every tower requirement.

Your phone call or letter to any convenient Truscon district office, or to

our home office in Youngstown, will bring prompt, capable engineering

assistance on your tower problems. Call or write today.

TRUSCON® STEEL COMPANY
Subsidiary of Republic Steel Corporotion TRUSCON...a name you can bulld on
1074 Albert Strcet, YOUNGSTOWN 1, OHIO
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MOISTURE
FUNGUS
VIBRATION

SALT SPRAY
ROTATIONAL WEAR

MALLORY

SERIES Q CARBON CONTROLS

withstand them all !

For special service. these additional features can

Now ... from Mallory . .. you ¢an get a carbon
be supplied

control that takes the toughest service conditions

in stride. I’s the Q series Midgetrol® . . . a new
version of this outstanding control. with added
features thar make it applicable to the most
severe requirements:

NEGLIGIBLE HUMIDITY DRIFT: carbon is deposited

“under precise control on a hase material which
affords greatly improved stability under
humid conditions.

IMPROVED INSULATION: selected for unusually

WATERPROOFING: gasket-sealed shaft  bushing
pached with silicone grease. and gasket-scaled panel
"lolllllll]g.

VIBRATION-PROOFING: |ch-ty pe split bushing pre-
vents shaft rotation even under heavv vibration.
() series Midgetrols are supplied in values from
5000 ohms o 10 megohms in all standard JAN

tapers. Single or dual units are available, with or
without attached switeh.

high insulation resistance and extremely low mois- :- - |
ture absorption . . . thoroughly fungus-proofed. | Wire Wound Controls |
SALT SPRAY RESISTANCE: all metal parts pass 100- | for Military applications :
hour salt spray test. I Lol to Mallors for O series wire wound gon - |
‘ . | trols made especially Jor Military service !
LONGER ROTATIONAL LIFE: hard nickel silver con- ‘ nowe arvailable with all the constructian H
lacts limit wear, assure long service. | Jeatures listed for () series Midgetrol car- |
| bon controls |

|
B 5 el e s e . o |

Be ready for those tough applications: find out about Mallor
() series Midgetrols now. Call or write Mallor, today.

Television Tuners, Special Switches, Controls and Resistors

. o S

SERVING INDUSTRY WITH THESE PRODUCTS:

Electromechanical —Resistors ® Switches o Television Tuners o Vibrators

P.R.MALLORY & CO.inc.

ALLOR

MALLORY & CO.,

Electrochemical—Capacitors ¢ Rectifiers o Mercury Dry Batteries
Metallurgical —Contactss Special Metals and CeromiCs'Welding Materials

INC.,

INDIANAPOLIS 6, INDIANA
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q
... We’'ll take it from HERE

Good ideas for electronic circuitry sometimes run afoul = \
of connector problems. Maybe existing connector units < - @:'i @}
won’t hold air pressure gradients, won’t stand the heat, 3 2+
aren’t rugged enough for the job. Or maybe it’s a ques-

tion of altitude, or under-water application. But if you
can sketch the circuit, we'll take it from there. We've

ligh'w)eigh' actuators for Job engineered, welded-
any requirement, diaphragm bellows.

engineered so many special connectors, solved so many I’g«!g")

“impossible” problems, that whatever the requirements B

are, we can usua“y provnde the answer. Flexible conduit and ig- Aero-Seal vibrotione
nition assemblies, proof hose clamps.

WRI‘I’E TODAon. specific information, or send us your

sketches. We'll forward recommendations promptly.

BREEZE
Special CONNECTORS

BREEZE CORPORATIONS, INC.

Removable pins in Breeze connectors speed solder-
ing, save time, trouble. Pins snap back into block.
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For

(D Aecwiacy

- to 15%

with a Mirror-Scale
(Aptatitidy
with %% resistors

Try it at your distributors

384 A




News—New Products

These manufacturers have invited PROCEEDINGS
readers to write for literature and further technical
information. Please mention your L.R.E. affiliation.

(Continued from page 284)

Clipper Diode

Designed for high-voltage pulse ap-
plications, a new clipper diode, of the Los
Gatos Type 719A, has been developed by
Lewis and Kaufman, Inc., Los Gatos,
Calif. It is recommended for use in pulse
generators where the pulse-repetition rate
is 2,000 pps or less and the peak forward
current is 10 amperes. Peak inverse rating
is 25,000 volts.

Conservatively rated at 75 watts, the =
tube incorporates a new black-body heat- ’
dissipating anode surface, termed Sinter- s N N or max'm um
cote.

Of large size and designed for extreme

- -
sturdiness, the cathode is entirely sup- ’a d'o 'n ter’eren ce

ported from the base of the tube. The

heater draws 7 amperes at 7 volts. The -

tube has a maximum height of 5 inches pp

and a maximum diameter of 2% inches. su 'ess'on

It fits a standard No. 234 socket.

FM Signal Generator Fully approved for RF measurements, standard Ace screen

The New London Instrument Co., rooms provide 100 db attenuation from 0.15 to 10,000
P.O. Box 189, New London, Conn. an-
nounces the Type 100B FM signal genera-

tor, covering a 20-to-110-mc frequency uation. Used for radio interference evaluation and suscep-
range.

megacycles. Special rooms are available for higher atten-

tibility tests; spurious radiation tests; radio inspection and
quality control; area background interference elimination;
type testing of electrical and electronic equipment; and
others. Widely used in government laboratories and leading
industrial plants. Ideal for meeting JAN-I-225, 16E4,
MIL-1-6181 and other exacting specifications.

Write, wire or 'phone for detoils

F f thi include:
e G e B ACE ENGINEERING and MACHINE CO., Inc.
cal distortion is 2 per cent at 1,000-cps 3644 N. Lawrence St., Philadelphia 40, Penna. ¢ Telephone: REgent 9-1019

modulation to a maximum of 4.5 per cent
(Continued on page 40A4)
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‘ﬂWW“SkBW"ANTENNA*

for VHF and UHF

television

| News—New Products

These manufacturers have invited PROCEEDINGS
readers to write for literature and further technical
information. Please mention your |.R.E. affiliation.

(Continned from page 39A)

at 15,000-cps modulation. Distortions are
proportionately lower for dev i.lti(m‘s smal
| ler than 150 kc. (2) Precise Tuning. In
addition to a fine tuning knob, the single-
band frequency range can be more pre-
cisely adjusted with an inrrcmcnt‘!l fre-
quency dial which changes .thc carrier up
to £100 kc. (3) Precision piston attenua
tor, with a 100,000-10-0.02-xv output. (4)
Low drift. No reactance tube is used. It
includes single-tube rf circuit and a
temperature compensated osc;illator. Lo'w
leakage. The rf compartment is enclosed in

The ANDREW *“Skew” Antenna
is the only antenna which provides
a circular radiation pattern from
antenna elements placed around a
supporting structure which is
larger than a half wave-length
on a side! With the “Skew"
Antenna, it is possible to mount
a multiplicity of TV antennas
on the sides of tall buildings, on
the sides of existing towers —
even towers which also support a
standard antenna on top. The
economy offered by a joint
operation of this type is obvious.
At present, the “Skew”
Antenna is custom built for
each installation and con-
sequently general performance
specifications cannot be de-
lineated. However, ANDREW
engineers will be glad to
discuss its application to
specific situations.

ANDREW four element “Skew"
Antenna on the conical end of the
mooring mast of the Empire State
building, used as auxiliary by
WJZ-TV. Lower on the mooring
mast, artist's sketch shows the 48
element ANDREW “Skew"
Antenna to be installed for WATV,

| *Patents applied for
)Zm ANTENNA SPECIALISTS

CORPORATION + 363 EAST 75TH STREET, CHICAGO 19

ANTENNAS OIRECTIONAL
TOWER LIGHTING EQUIPMENT

TRANSM N LINES FOR AM.FM.TV-MICROWAVE
ANTENNA EQUIPMENT « ANTENNA TUNING UNITS -

400
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a silver-plated, cast-bronze cavity. There
are minimal spurious outputs. No hetero-
dyning, mixing, or multiplying is used. (§
External and internal (100- to 15,000-cps)
modulation. The price is $950. F. O. B,,
New London, Conn.

Simplified Frequency
Standard

Standard frequency harmonics of 1 mc
100 kc, and 10 ke, with output frequencies
as high as 1,000 mc, are available from the
new GR Type 1213-A unit crystal oscilla-
tor, a product of the General Radio Co.,
275 Massachusetts Ave., Cambridge 39,
Mass. Short-period stability (several hours)
is about one part per million (0.0001 per
cent).

Usable 1-mc harmonics extend to 1,000
mc and the 100- and 10-kc harmonics to
at least 250 and 25 mc, respectively. \With
good receiving equipment the 10-kc har-
monics can be used to 30 mc and higher.

The 1-mc crystal is a plated, wire-
mounted, hermetically sealed unit with a
low temperature coefficient of frequency
The crystal and its series capacitor form a
series-resonant circuit connected between

| two low-impedance cathode circuits. This

| circuit gives a very stable crystal oscillator
with a minimum number of components
Following the oscillator are two 10:1
multivibrators which provide the 100-and
10-kc output frequencies.

The unit crystal oscillator s designed
to be operated from a Type 1203-A unit

| power supply, which plugs onto the side of
the case. However, any power supply

| capable of furnishing the proper voltages
| and currents can he uysed. The Type 1213-

A unit crystal oscillator is priced at

| $130.00 and the Type 1203-7 unit power
| supply at $17.50.
I

(Continued on page 54A4)
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BY GUARDIAN

Leading manufacturers of marine radio equipment specify Guardian
Controls for high efficiency handling of military ship to ship and ship to
shore communications. Perfected through twenty years of development
and use in commercial travel ships and warcraft, Guardian controls
have served so faithfully in marine radios that they've justified their
selection for a wide variety of intricate applications. For example,
Guardian Controls have been used exclusively over more than fourteen
years to transmit and receive remote readings on Telematic Liquid
Level gauge systems. At the touch of a button, instantaneous readings of
remote storage tank levels appear on the indicator panel in the control
room. Leading pipeline companies and oil refineries report not a single
service call since original installations made more than fourteen years
ago. Let Guardian Controls serve you ... just as well!

Telematic Indicator Panel -+

for

MARINE

ov
TANK

GAUGING

TELEMATIC
RECEIVING PANEL

Telematic Corporation — Chicago 13, 1II.

y

b g

AN-3320-1D.C. AN-3324-1D.C. Series 595 D.C.

PROCEEDINGS OF THE I.RE June, 1952

Series 610 A.C.—615 D.C. Series 695 D.C.
Get Guardian’s New HERMETICALLY SEALED RELAY CATALOG Now!

GUARDIAN\JELECTRIC

1628-G W. WALNUT STREET CHICAGO 12, ILLINOIS

A COMPLETE LINE OF RELAYS SERVING AMERICAN IMNDUSTRY

41A




"Boy! What a
signal we have!"

That’s how George D. Robinson, Man-
ager of WSUN, St. Petersburg, Florida,
expressed his satisfaction with the per-
formance of two new Blaw-Knox Antenna
Towers that help extend the coverage of
WSUN’s transmitting facilities. These
AM and FM* towers, grounded in salt
water are subject to high winds and un-
usually corrosive atmospheric conditions.
Consequently the extra sturdy construc-
tion of Blaw-Knox Types H40 and CH,
plus the protection of hot dip galvanizing
were prime factors in determining their
selection for this site . . . If you are plan-
ning telecasting facilities we would be
pleased to discuss your tower require-

ments at an early date.

PRI

BLAW-KNOX DIVISION

OF BLAW-KNOX COMPANY

2037 Formers Bonk Building
Pittsburgh 22, Po.

*Tower at left is designed to accommodate TV antenna
when authorized.

BLAW-KNQX «»envs TOWE

PROCEEDINGS OF THE 1.R.E
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A
Clare Type )" twin contact re-
lay before sealing in enclosure.

Another type of enclosure {cut-
away) shows compactness of as-
sembly.

€8¢
LED SELAVO"
_RPI6G50)

A

"AN" approved Clare hermeti-
cally sealed relay with "AN"
plug connector.

Connection diograms are clearly
ond permanently imprinted on
enclosures by silk screen process.

Cutaway view of Clare Type
"K' hermetically sealed relay.

Long established as leaders in the design
and manufacture of superior relays for
all types of industrial use, C. P. Clare &
Co. are pioneers in the development of a
method of hermetic sealing which insures
their long-life protection against unfavor-
able atmospheric and environmental con-
ditions.

Hermetic sealing, as practiced by Clare,
injects an ideal atmosphere of dry inert
gas and seals it in to provide permanent
immunity from the natural enemies of
relays—moisture, pressure and density
changes, salt corrosive fumes, dust and
fung

offer designers
wide range of relays

and enclosures

Fifty and more different series of Clare
hermetically sealed relays are now avail
able to relay users. Within each series
innumerable variations of coil and con-
tact specifications are possible.

For a full treatment of the subject of
hermetic sealing—the Clare way—as well
as a description of many types of Clare
hermetically sealed relays, write for Clare
Sales Engineering Bulletin No. 114.

Address C. P. Clare & Co., 4719 Wesi
Sunnyside Avenue, Chicago 30, Illinois.
In Canada: Canadian Line Materials Ltd.,
Toronto 13.

First in the Industrial Field

=
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On One Chart!

® This Brush Direct-writing Dual-channel
Oscillograph plots starting voltage and currentof
a fluorescent lamp simultaneously . . . thus aids
a leading manufacturer in design and test work.

Use the Brush Magnetic Oscillograph, in
combination with the proper Brush Amplifier,
to make an immediately available direct chart
recording of physical and electrical phenomena.
Direct-inking or electric stylus models available.
Gear shift provides chart speeds of 5, 25, and
125 mm per second. An auxiliary chart drive
is available for speeds of 50, 250, and 1250 mm
per hour. Accessory equipment provides event
markers where an accurate time base is required,
or where it is desirable to correlate events.

RECORDS SIX VARIABLES SIMULTANEQUSLY. The Brush six-channel
Magnetic Oscillograph is designed for simultaneous recording
of six clectrical phenomena, with a chart record immediately
available. In this application the results of six different computa-
tons of an clectronic differential analyzer are recorded. Instru-
ment facilicates multiple strain measurement, vibration analysis,
wind tunnel work, circuit analysis, etc. Either d-c or a-c
phenomena up to 100 cycles can be recorded.

For Bulletin 618 giving details on these in-
strumencs, write The Brush Development Co.,
Depe. F-31, 3405 Perkins Ave., Cleveland 14,
Ohio. Representatives located throughout the
U.S. In Canada: A. C. Wickman Ltd., Toronto.

441

“Brast T

DEVELOPMENT COMPANY LR

PUT IT IN WRITING WITH A BRUSH RECORDING ANALYZER...

Lt

“PLAYS BACK"” TRANSIENTS. The Brush
designed w0 record and reproduce or
4 sccond or less. This inscrument records transienes on tape,
then reproduces them for visual analyss on an oscilloscope
Signals can he shown complete, or expanded on the screen
to show detail. Elcetrical transients or other transients which
can be converted into clectrical impulses can be scudied

Transiene Recorder s
ansient phenomena of

Piezoelectric Crystals and Ceramics
Magnetic Recording

Acoustic Devices

| Ultrasonics

, Industrial & Research Instruments

’ CEEDINGS - I

.1




You can dye it
and call it MINK

but it’'s NOT

You can tighten it up
and call it "HERMETIC"

but itc’'s NOT
——- \,f = e

The dictionary says "hermetic”
means made airtight by

-

fusion or soldering.

FUSITE GLASS-TO-METAL
TERMINALS PERMIT A
TRUE HERMETIC SEAL,
QUICKLY, EASILY AND

INEXPENSIVELY.
«» TERMINALS - Dept. A
ey
¢ < THE CORPORATION
L 6028 FERNVIEW AVENUE - CINCINNATI 13, OHIO
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TYPICAL APPLICATIONS IN WHICH CP DEHYDRATORS PROVIDE
YEAR 'ROUND TROUBLE-FREE AUTOMATIC SERVICE:

Purging and pressurizing transmission lines, waveguides and associated
apparatus.

Pressurizing Harge cavities and other radio and radar equipment
enclosures.

Fog prevention in precision optical systems.

Corrosion prevention in precise servo amplifier assemblies.

For raising and maintaining the power handling capacity of high volt-
age systems and apparatus and innumerable other similar applications.

CP DEHYDRATORS OFFER THE FOLLOWING UNIQUE FEATURES:

low dewpoint -+ operating pressure up to 100 lbs. per square inch
fully automatic operation * continuous duty performance * low noise
level * minimum vibration « long service life with minimum maintenance

MANUFACTURERS OF COAXIAL TRANSMISSION LINE, TOWER HARDWARE,

464 PROCE R.F June, 1952




... Custom
Designed
for every
Government
and Military
Application

CP dchydrators arc readily adaptable to the critical requirements

of the Armed Forces. Standardized parts permit rapid assembly

of equipments suitable for practically any specialized need

at minimum cost and without prolonged delay. Over a decade of CP
experience in dehydrator design and manufacture insures

products of long lifc and dependable service with an absolute
minimum of maintenance. Inquirics are invited.

COMMUNICATION PRODUCTS

COMPANY Inc : ~ MARLBORO, NEW JERSEY
Telephone: FReehold 8-1880

DIPOLE ANTENNAS, SWITCHES, Q-MAX LACQUER AND CEMENT

PROCEEDINGS OF THE I.RE. June, 1952




Oscillograms tell the story
of the NEW nuMom Type 303-A

EXCELLENT FREQUENCY RESPONSE ... Figure |
shows faithful reproduction, lack of overshoot
of 0.8 psec, 7 volt peak pulse through attenu-
ator and amplifier (middle waveform) com-
pared with same pulse directly to deflection
plates (upper) ... internally generated 1 MC
timing signal is imposed below . . . note that
high sensitivity of Type 5YP- Cathode-Ray
Tube is responsible for large deflection of
directly connected pulsc . . . gradual drop-off
of frequency response permits viewing of sine-
wave signals greater than 20 MC.

PULSE RISE TEIME MEASUREMENTS . . . Risc time
of the 0.8 psec pulsc seen in Figure 1 is casily
measured . . . Figure 2 shows the rise time at
a sweep spced of 10”/psec (25.4 cm /jisec)
determined by the 10 MC internally generated
timing signal... Between 109, and 90%, ampli-
tude points, pulse rise time measures 0.4” or
0.04 pscc . . . Y-amplifier risc time of the new
Type 303-A is 0.033 psec . . . pulse is found to
be of 0.02 jisec rise time from the relation:

2 2
Tpulse = V T measured — T amplifier

WIDE-RANGE POSITIONING CONTROL...Fall
time of the 0.8 psec pulse seen in Figure 3 is
easily positioned on screen . . . writing rate
remains at 10”/psec, fall timie occurring 8”
after rise time on this time basc . . . sweep is
expanded to 6 times full screen diameter with-
out appreciable distortion and any portion of
sweep may be positioned on screen.

48A

clllography

Alten B, DuMont Laboratories,

HIGH SWEEP SPEEDS Sweep speeds consi- |
derably in excess of the rated 10”/psec are S
available as shown by Figure 4 where a single
cycle of 10 MC timing signal covers 2” on
screen . . . above 10”/psec, some sacrifice in
positioning range and sweep lincarity is expe 1
rienced but measurements are still made accu
rately by time-calibration substitution.

ACCURATE TIME AND AMPLITUDE MEASURE-
MENTS . . . In Figure 5 sweep speed is 27 /yisec
(5.08 cm /pisec) as shown by the 10 MC timing
signal . . . vertical sensitivity is set at 5 volts/
inch (2 volts/cm) by the 10 volt internally-
generated amplitude marker . . . The pulse is
scen to be 0.8 psec duration measured between
509, amplitude points and 7.2 volts peak
amplitude note the 1.5” of undistorted
deflection from the unidirectional signal.

The illuminated calibrated scale scen in all the
oscillograms is supplied with the instrument
as well as suitable filter for visual contrast. A
new Du Mont Type 2592-52 Shielded Coaxial
Adapter with 52 ohm termination is also sup-
plied for usc in connecting to the Type
303-A signals that are carried on coaxial lines.

Let us make this demonstration for you . . .

Write to
Instrument Division
Allen B. Du Mont Laboratories, Inc.
1500 Main Avenue, Clifton, New Jersey

SPECIFICATIONS

® Y-Sensitivity: 0.1 p-p v/in (0.04 p-p
v/cm.)

® Y.Frequency Response: Down less than
3097 at 10 cps and 10 MC.

® Pulse Response: 0.033 pscc.

® X.Frequency Response: d-c to 500 KC
(30%, down.)

® Sweep Speeds: 0.1 sec t0 2 psec; expansion
on all ranges to 6 times full screen; max.
lincar sweep speed better than 107 /jisec
(25.4 cin/psec)

® Amplitude Calibration: 0.1, 1.0, 10, 100
volts, better than + 59 accuracy.

® Time Calibration: 0.1, 1.0, 10, 100 {1sec,
better than * 39, accuracy.

® Illuminated scale with dimwner control.
® Du Mont Type 259252 shielded coaxial

adapter with 52 ohm termination
included.

PRICE $825

4. 4

[ —

“w . ’-‘,

VVUNARAAA,

Inc. Instrument Division, 1500 Main Ave., Clifton, N. J.
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YOURE GETTING

SMALLER...
SMALLER ...
AND SMALLER

You can use yoga
7o make i 1it-..
BUT it’s simpler to design the
radio around the battery!

by, ¥ e PRI Y] . . » . .

iy EVEREADY” “Nine-Lives' radio batteries offer you a complete
P T range of standard types and sizes. You can start with the batteries and
“Evere, ’ No., 950 "A” batteries . o

and the No. 467 "B battery mabe desngn around them ... regardless of the type or size of new-model
an ideal combination for small receiver.

portable receivers, Compact and long-lasting, “EVEREADY” radio batteries give

better radio performance with fewer replacements. And, when replace-
ments are necessary, they're a cinch for the user to obtain because
“EVEREADY" brand batteries are available everywhere.

Write to our Battery Engineering Department for full details and
specifications of "EVEREADY”™ radio batteries,

The terms “Eveready”, "Nine Lives” and the Cat Symbol
are trade-marks of Union Carbide and Carbon Corporation

NATIONAL CARBON COMPANY

A Division of Union Carbide and Carbon Corporation
30 East 42nd Street, New York 17, N. Y.

District Sales Offices: Atlanta, Chicago, Dallas, Kannas City,
TRADE-MARK New York, Pittsburgh, San Francisco

R A D I o B ATT E R I E S In Canada: National Carbon Limited, Montreal, {oronto, Winnipeg
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Battery-operated. . .
completely portable

FEATURES:

® Reads from 0.0002 microampore to 1000 micro-
ampores in six ranges. Will indicate curront flow
below one-billionth ampere.

® Con be used with exfernal bottery to measure
extremely high resistance values in the order of
billions of ohms.

® Meter movement olodronitally protected ogainst
burnout.

@ Coan be used as a voltmeter {(external multipliers In-
cluded) to measure voitages from 0.1 volt to 10 volts
at input resistances from 100 to 1000 megohms,

@ Voltage drop for full-scale deflection on all ranges
is anly 0.5 volt. Has $0.megohm input resistance
on lowest range.

@ Battery-oporated for oxcellent stability and com.
plete freedom from offects of power-line voltage
fluctuations. Reodily portoble.

$100.00, Suggested User Price (BoMeries not
included).

SPECIFICATIONS:
$IX DC CURRENT RANGES:

010 0.01, 0.1, and I microompere: 0 tc 10, 100,
and 1000 microomperes.

ACCURACY:
On 0.0)-Microompere Range .=+ 5% of full scale
On All Other Ranges == 4% of full scale
Voltage Drop for Full-Scale Deflection
: 0.5 volt on all ranges

INTERNAL SHUNT RESISTANCE:
0.0t-itomp Range. .
O.l-p.amp Range .
I-‘amp Range . ...........
10-tamp Range . . ..50,000 ohms
100-tkomp Range . . .5,000 ohms
1000-thamp Range. . ..oovvvunuenn... 500 ohms

POWER SUPPLY:
“A’" BaMerios

....50 megohms
..5 megohms
.0.5 megohms

cev...2, 12 volts (RCA-VS106)

“B" BaMorlos. . . ..... 2, 22 volts (RCA-VS102)
DIMENSIONS:

9%’ High, 6% " Wide, 5% Deep
WEIGHT:

9% Ibs. (incl. batteries).

4
3 Rl

Useful in laboratories,

ULTRA.SENSIT|ve
-}

\D.C. MICROAMMeTen

]
]
Y ®
)
P

industrial plants, broadcast stations . . . for the measure-
ments of minute currents, critical voltages, high resistance

The RCA-84A Ultra-Sensitive DC
Microammeter is a battery-operated
vacuum-tube microammeter designed
for the measurement of minute direct
currents. The instrument has six scales
for reading currentsfrom 0.0002 micro-
ampere to 1000 microamperes; a ratio
of 5,000,000 t0 1.

The amplifier circuit is designed so
that the maximum meter current is lim-
ited to a safe value. This feature protects
the instrument against meter burnout.
The meter has a large face with wide
scale divisions that are easy to read
accurately. The meter movement is suit-
ablydampedtobringthe pointer quickly
to its reading position with negligible

overswing and without oscillation. The
selector switch opens the battery cir-
cuits when in the “off” position, and
in addition, functions as a polarity-
reversing switch to eliminate the need
for reversing leads when the current
polarity changes.

The vacuum tubes employed have
low-drain filaments. In addition, the
circuit has been designed to keep the
plate current low. Consequently, bat-
teries have an exceptionally long life.
A§k your RCA Test Equipment Dis-
tributor for descriptive bulletin, or write
BCA. Commercial Engineering, Sec-
tton FX 47, Harrison, N. J.

TMKS. ®

RADIO CORPORATION of AMERICA

TEST EQUIPMENT

HARRISON. N. J.




VSMeIded Laboratory for R.F.
- Interference Measurements
\ to 1000 mc.

« QUALITY
« PRODUCTION
- ENGINEERING

FILTRON'S COMPLETE FACILITIES: capacitor manu-
facturing, coil winding, stamping department,
tool and die shop, and assembly department,
together with its Engineering and Research
laboratories insures quality production and ON
SCHEDULE DELIVERY.
FILTRON'S advanced engineering, due to
constant research and development by engi-
neers with years of R.F. INTERFERENCE ex-
perience has resulted in smaller, lighter,
and more efficient R.F. Interference Filters.

FILTRON'S completely equipped shielded lab-
oratory is available for the R.F. Interference
testing and filter design for your equipment
...to specification requirements.

With over 400 standard filters to choose
from, and the engineering know-how to cus-
tom design filters to meet specific size and
mounting requirements, Filtron’s engineers will
specify the right filter for your application.
FILTRONS are suppressing R.F. Interference in
modern Military Aircraft, Naval Equipment and
Ground Signal Installations.

FILTERED BY FILTRON means
RADIO INTERFERENCE FREE PERFORMANCE.

Production Testing
and Inspection

RF INTERFERENCE FILTERS FOR:

Electronic Controls Signal Systems
Electric Motors Business Machines
Electric Generators Electric Appliances
Electronic Equipment| Elecironic Signs

Fluorescent Lights Electronic Heating
Equipment

LOCKHEED XF-90
R

Send for your copy of our NEW CATALOG
on your company letterhood,

N
SR TTY ¥ | E’;m CO.,INC.

131-05 FOWLER AVE., FLUSHING, NEW YORK

1A

LARGEST EXCLUSIVE MANUFACTURERS OF RF INTERFERENCE FILTERS




GUIDED MISSILES have become

one of the major military

Y a elements in the over-all
tactical defense picture.
g Troops of the U. S. Army are
FOR being trained in the handling
and application of these ground-

o to-air missiles, designed and
e produced specifically for tactical
training purposes by Fairchild.

This program, forming the

= *555_&;:;-;—»; ~ basis for future use of missiles
requires specialized training
- on these specialized weapons.

M D
L = 'F?airchild experts and equipment
~EEs e are playing their part in this
) basic tactical missile training
TR Gty program for the use of this

effective defense weapon of
the future.

&
\&@ED e
F ENGINE AND AIRPLANE CORPORATION

AIRCHILD
Guirod Mosaitos Dvinizion,

WYANDANCH, L1, N.Y.

Fairchild Aircraft Division Hagerstown, Md
Fairchild Engine, Farmingdale, N.y
Stratos Division Bay Shore, LI, N.y

<
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Actually shorfer
than 20 fube |

On March 3, Rauland unveiled the
first “‘giant-screen’ tube that makes
attractive cabinetry possible.

This new 27" tube, with 390 square
inch picture area, minimizes cabinet
problems in two ways. First, it has
the compactness of rectangular rather
than round cone and face. Second, by
means of 90° deflection, depth has actu-
ally been held slightly shorter than pres-
ent 20" tubes!

The tube employs Rauland’s usual
“reflection-proof” filter glass face plate
with maximum reflection of only 2}2%
of incident light. It uses the Rauland

tilted offset gun with indicator ion trap.
It is offered with either magnetic or
low-focus-voltage electrostatic focus.
Weight is held at minimum by use of
a metal cone.

If you want a picture of really spec-
tacular size that can be housed in ac-
ceplable furniture, here is your answer.

A picture actually more than 70 sq.
in. larger than the center spread of a
tabloid newspaper. Rectangular for
minimum cabinet height and width.
And actually permitting a small reduc-

tion in depth from today’s 20" cabinets!

THE RAULAND CORPORATION

/’)e/z_feffjun ﬂnpuyA /?P/Jpn/zc/r

4245 N. Knox Avenue, Chicago 41, lilinois




New Materials —New Techniques — New Advantages
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Features in 4 New IRC Resistors

IRC Type BOC Boron-Carbon Y2-Watt PRECISTOR Meets
All Requirements of MIL-R-10509 Specification

No other non-wire-wound resistor combines the advantages
of this all-new Boron-Carbon unit. Type BOC reduces the
temperature coefficient of conventional deposited carbon
resistors —provides high accuracy and long-time stability
replaces high value wire wound precisions at savings in
space and cost. You'll find it adaptable to a host of critical
circuitry needs — in electronics and avionics, communica
tions, telemetering, computing and service instruments.
Send for full details in Catalog Data Bulletin B-6.



v

New IRC Type DCC (Deposited Carbon)
small-Size, High-Stability Resistors

This is the latest small-size addition to IRC's famous line of
deposited carbon PRECISTORS. Conservatively rated at
Y2 watt, it combines accuracy and economy-—assures high
. stability, low voltage coefficient, and low capacitive and
inductive reactance in high frequency applications. Recom-
mended for:—Metering and voltage divider circuits requiring
high stability and close tolerance—High frequency circuits
demanding accurocy and stability —Other critical circuits
in which characteristics of carbon compositions are unsuit-

Q il o % Chge Resistance Chy
able and wire-wound precisions are too large or expensive. - Ist 206 3t  4th  Rewst. Total from Last [ at End of ¢
Type DCC meets Signal Corps Specification MIL-R-10509. Qe c'y‘," °'9‘;," c';;" c'i" it c?".. P i >

Complete technical data in Catalog Bulletin B-7. Chge Chge Chge Chge hrs.load o i =L

1 1100010 +.04 +.04 +05 +.05 100050 +04 —01 T100040 — 02

21100000 +.03 +.04 +.03 05 100060 +06  + 01 [100000 0O
, 3100000 +.01 +02 +02 +05 100000 0  +05 [100050 — 02
' 4 ]100.000 +07 0 +02 ¢02 100000 0 —02 ]i00.040 —OI
5 [ 100010 +03 £04 +04 +05100000 O —05 1100030 —03

6 [ 100000 0 +03 +04 +04 100100 +.1 +06_ | 99980 0

7 100000 + 04 +.05 +04 404 100070 +07 +03 1100000 0

8 | 100,000 403 +05 +.05 +.05 100.050 +05 0 100000 0

9 [100.000 +.08 +03 +.05 +04 100010 +01 —.03 [100050 0

10 [100.000 +.02 +02 +.02 +04 100010 +01 _—03 [100.000 0

: 100 000 =

/

New IRC Type FS Fuse Resistor

This completely insulated unit functions as a resistor under

normal conditions and as a fuse under abnormal conditions. For full inf 5 h a
Small, compact, stable, it can be wired into a circuit as or full information on these products, or as-

easily as a molded wire-wound resistor. Bulletin B-3. sistance in adapting them to any specific appli-
cation, write IRC. Types BOC and DCC are
currently available on short delivery cycles to
manufacturers of military equipment only.

Mail Coupon Today for Full Details of These New IRC Resistors

INTERNATIONAL RESISTANCE CO.,
405 N. BROAD ST., PHILADELPHIA 8, PA.

Please send me full data on the following checked items:—
[J Type BOC Boron-Carbon PRECISTORS
[] Type WW Precision Wire Wounds
[J Type DCC Deposited Carbon PRECISTORS
7] Type FS Fuse Resistors
(O Nome and Address of Nearest IRC Distributor

NAME

TITLE

COMPANY .

ADDRESS ciry ZONE . . STATE




% wott, 1%i¢’’ dlameter var-

lable composttion resistor.

Also available with other spucial military features not
covered by JAN-R-94. Atfoched Switch can be supplied.

(JAN-R-94, Type RV3)

¥ watt, 14"’ diemeter vori-
able composition resistor.
Also availoble with other special military features not
covered by JAN-R-94. Attoched Switch can be supplied.

(JAN-R-19, Type RA20)

2 watt, 1'%,"”’ diometer
variable wirewound re-
sistor, Also avalloble with other special military features
not covered by JAN-R-19. Altached Switch can be supplled.

(JAN-R-19, Type RA30) b ]

4 watt, 11%;" dlameter
varioble wirewound re-
sistor. Also avalioble with other special military features
not covered by JAN-R-19. Attached Swiich can be supplied.




¥ watt 70°C, %’/ diameter miniaturized variable
composition resistor,

1 watt 70°C, 1¥%g’’ diometer variuble compo-
sition resistor. Anached Switch can be supplied.

(JAN-R-94,
Type RV4E)

2 watt 70°C, 14"
diometer variable
composition re-
sistor. Also availoble with other speciol militory
features not covered by JAN-R-94. Attached

Switch can be supplied.

CHICAGO TELEPHUNE SUPPLY
go/:/m’:a/mw

g —

p——

REPRESENTATIVES
Henry E. Sanders

401 North Brood Street
Philadelphia 8, Pennsylvanio
Phone: Wolnut 2-5369

W, S. Harmon Compony
1638 So. Lo Ciencgo Blvd.
Los Angeles 35, Colifornia
Phone: Bradshow 2.3321

IN CANADA

C. C. Meredith & Co.
Streetsville, Ontario

SOUTH AMERICA
Jose Luis Pontet

Buenos Aires, Argentino
Montevideo, Uruguay
Rio de Janeiro, Brazil
Sao Povulo, Brozil
OTHER EXPORT
Sylvan Ginsbury

8 West 40th Street
New York 18, N. Y.
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) Completely independent

sections

J Versatility in circuit application
v Improved circuit performance

This tube has two electrically independent sections
triode and o pentode ond is intended os a local oscillator
mixer for FM and TV receivers. Each section is odequately
shielded, and both are copable of exceptionolly good
performance at the higher frequencies

Because the two sections are completely independent, o
high degree of flexibility of circuit design is available

especially voluable in TV tuner oscillator use. Perform
once of the 6U8 triode at low voltages is superior to that
of many types previously used for this service. It hos

Department

The TUNG-SOL engineering which has produced the 6U8

stantly ol work on o multitude of spectol electron tube development:
for industry. Many exceptionally eflicient general and speciol
purpose lubes have resulted.  Information obout these and other

types is ovoilable on request to TUNG-SOL Commercial Engineering E l E c T R O N T U B E S

triode-

pentode

sufficient reserve emission to operate efficiently under
widely varying supply voltage conditions

The pentode provides excellent gomn with low locol
oscillotor voltage injection resulting in low oscillator
radiation from TV receivers. Use of the pentode section
os the mixer permits the high {40 m. ¢} I. F. so desirable
to reduce interference ond increose stability

The construction and characteristics of the 6U8 provide
designers with extremely desirable tlexibility in com.
bining circvit functions. The pentode section of the tube
moy be used as an |. F omplifier, video omplifier, sound
limiter or synchronizing separator. The triode performs
sotisfactorily os a horizontal or verticol oscillator, or sync
chpper

Wherever there is need for o triode and a pentode in o
receiver, they con be combined in the 6U8.

TUNG-SOL

TUNG-SOL ELECTRIC INC., NEWARK 4, NEW JERSEY

SALES OFFICES: ATLANTA . CHICAGO . CULVER CITY
Tung-Sol makes All-Glass Sealed Beam Lomps, Miniature Lamps, Signal Flashers, Picture Tubes, Radio,

60A

« DALLAS . DENVER . DETROIT . NEWARK

TV aond Special Purpose Electron Tubes

N IRE




THE SIMPSON

MODEL 260
VOLT-OHM-MILLIAMMETER
OUTSELLS ALL OTHERS
COMBINED BECAUSE

A covers all ranges necessary for Radio and TV set testing

g includes the Simpson 50 Microampere Meter Movement
known the world over for its ruggedness

¢ no bulky harness wiring, thus eliminating all intercircuit leak-
age at this high sensitivity

p molded recesses for resistors, batteries, etc.

easy battery replacement

¢ covered resistors to prevent shorts and protect against dust
and moisture

® all components—including case and panels—are specially de-
signed and completely tooled for maximum utility...not
merely assembled from stock parts

m

ranges

20,000 Ohms per Volt DC,
1,000 Ohms per Volt AC
Volts, AC and DC: 2.5, 10, 50,
250, 1000, 5000
Qutput: 2.5, 10, 50, 250, 1000
Milliamperes, DC: 10, 100, 500
Microamperes, DC: 100
Amperes, DC: 10
Decibels (5 ranges):

12 to 4+55 DB
Ohms: 0-2000 (12 ohms
center), 0-200,000 (1200 ohms
center), 0-20 megohms
(120,000 ohms center)

prices

Model 260 $38.95; With Roll
Top $46.90. Complete with

test leads and operator's
manual. 25,000 volt DC Probe
for usc with Model 260, $9.95.

T

SIMPSON ELECTRIC COMPANY
5200 W. Kinzie St., Chicago 44, lllinols . Phone: COlumbus 1-1221
In Canada: Bach-Simpson, Ltd., London, Ont.

DURTON DROWNE ADYERTISING
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WIRES and CABLES

When you list the qualities most desirable in a sup-
plier of wires and cables for your electronic equip-
ment, you will find that Lenz most nearly answers your

description of a dependable source.

First, this company has the engineering background
and experience, the knowledge of your requirements
in wires and cables that are needed to help draft your

specifications.

Second, it has the facilities to produce these wires

LENZ ELECTRIC MANUFACTURING CO.

THE ’Z{/{e&ﬂ’e OF ELECTRONIC EQUIPMENT

and cables in volume exactly to specifications, eco-
nomically and promptly.

Third, it is a reliable organization with over 40 years
background of dependable service to the communi-
cations industry,

Make Lenz your principal source for wires and cables.
A Lenz wire engineer will gladly consult with you re-

garding your special requirements. Correspondence is
invited.

““IN BUSINESS SINCE 1904

1751 No. Western Avenue, Chicago 47, lllinois

T i B N
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RESEARCH —DEVELOPMENT —PRODUCTION —

A OF
7(\, CENTIMETER AND MILLIMETER WAVE

MAGNETRONS — GAS DISCHARGE TUBES—WAVEGUIDE COMPONENTS
TEST EQUIPMENT — SILICON DIODES — THE NEW TRANSISTOR

MICROWAVE ASSOCIATES, Inc. combines specialized production techniques with
the latest research in vacuum tubes, microwave gas discharge phenomena and solid
state physics. Our excellently equipped and capably staifed Boston plant can fill many
of your microwave component needs. All of our production is to exacting military and

commercial specifications.

SEMICONDUCTORS

MICROWAVE is establishing new production fa-
cilities to supply a complete semiconductor line in- I

LOOK FOR THE TRADEMARK ,u“

cluding IN21B, IN21C, IN23B, IN25, 1N26, and
special millimeter wave silicon diodes. Production
will commence shortly on — n-p-n TRANSISTORS
under license to The Western Electric Company.

|

WAVEGUIDE COMPONENTS
AND TEST EQUIPMENT

Our competent MICROWAVE component
group specializes in the 3 cm and millimeter
region producing duplexers, mixers, attenua-
tors, roving stub tuners, frequency meters,
standing wave detectors, dry and water
loads and other excellent components.

MAGNETRONS AND
GAS DISCHARGE TUBES

The seasoned MICRO-
WAVE tube engineering
and production teams are
now producing several
magnetron types including
the popular 2J42 and 2J42A.
High level TR microwave
gas discharge switching
tubes are available for sev-
eral bands. Our research
personnel in this field are
always ready to assist in
special microwave tube de-
sign problems.

Mo

Aicpowave

L 22 CUMMINGTON STREET BOSTON 1S, MASSACHUSETTS

»

WRITE FOR THE LATESYT CATALOG INFORMATION A-|
ON THIS RAPIDLY EXPANDING LINE

Microwave Associates, Inc.
22 Cummington Street
Boston 15, Massachusetts

Name

Dept.

Company

C.

Street

City Zone—__.State
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INDUSTRIAL CONTROL

MAXIMUM RATINGS #

Relay and Grid-Controlled Rectifier Service .
(for anode supply frequency of-60 cps)

PEAK ANODE VOLTAGE:
Forward ..... ... ...... . .... 650 max. volts

Inverse ................. . 1300 max. volts

GRID-NO. 2 {SHIELD-GRID) VOLTAGE:
Peak, before anode conduction. .. ~—100 max. voits
Average®, during anode conduction.. —10 max. volts

! GRID-NO. 1 (CONTROL-GRID) VOLTAGE:

RADIOTRON

ELECTR

ACTUAL

NOW — precise electronic control at lower cost

o

Average* .. ... .. ...

GRID-NO. 2 CURRENT:
Average* ... ....
‘Average’ .

Heater negative with

Heater positive with

Maximum Circuit Values:

#tAbsolute values .

Foult, for duration of 0.1 sec. m;':x.. 4

GRID-NO. i CURRENT:

PEAK HEATER-CATHODE VOLTAGE:
respect to cathode. .

respect to cathode. .
AMBIENT TEMPERATURE RANGE. . ... .. —75 to --90° C

Grid-No. 1—-Circuit Resistonce. .

Peak, before anode conduction. .... —200 max. volts

Averoge*, during anode conduction.. —10 max. volts
CATHODE CURRENT:

Peak e .o My 5 max. amp

. ‘, . 0.5 max. amp -
20 max. amp

...... 0.05 max. amp '

0.05 max. amp

............. 100 max. volts

25 max. volts

.2 max. megohms

*Averaged over any interval of 30 seconds maximum.

&w

with the new RCA-6012 gas thyratron

Expressly designed for industrial control
applications, the new RCA-6012 gas tetrode
features the ruggedness necessary to with-
stand rough industrial usage. It has the addi-
tional advantages of low cost and nation-
wide renewal distribution...both of impor-
tance to the end user.

For motor-control, electronic-inverter,and
general relay service at power supply fre-
quencies,the RCA-G0O12 is rated to withstand
a maximum peak inverse anode voltage of
1300 volts,a maximum peak cathode current
of 5 amperes, and a maximum average
cathode current of 0.5 ampere.

Operating features of the RCA-6012 in-
clude a negative-control characteristic which
is essentially independent of the ambient
temperature over the range from —75° to

+90° C, low preconduction currents. low
control-grid-to-anode capacitance, and low
control-grid current.

The RCA-6012 is compactly designed. and
employs a structure that increases its resist-
ance to both shock and vibration. A button
stem is used to strengthen the mount struc-
ture and to provide wide inter-lead spacing
as a means of reducing susceptibility to elec-
trolysis and leakage.

For complete technical data on the
RCA-6012, write RCA, Commercial Engi-
neering, Section FR47, Harrison. N. J. . . . or
contact your nearest RCA field office.

THE FOUNTAINHEAD OF MODERN TUBE DEVELOPMENT IS RCA

FIELD OFFICES: (Fust) Humboldt 5-3900. 415
S. Sth St.. Harrison. N. J. (Midivest) White
hall 4-2900, 589 E. 1llinois St., Chicago. It

(West) Madison 9-3671, 420 S. San Pedro St!
Los Angeles, Calif, Tmes ®

A“munew RCA tube:

RCA-6080 is a current-regulator
tube for use in regulated d¢
power supplies. Similar to the
6AS7-G, it features a button-
stem constructian for improved
resistance to shock and vibro-
tion. The 6082 is a similar tube
for aircraft power supplies

RADIO CORPORATION of AMERICA 4

ELECTRON TUBES
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MORTON M. ASTRAHAN

ELECTRONIC COMPUTERS GROUP

Morton M. Astrahan, Chairman of the IRE Professional
Group on Electronic Computers, was born on December 5,
1924, in Chicago, 11l.

After attending Purdue University for a year and serving
in the United States Army during World War 1, Dr. Astrahan
attended Northwestern University. He received the B.S.E.E,
degree in 1945, and was awarded a Fortesque Fellowship. He
attended the California Institute of Technology, receiving the
MS.E.E. degree in 1946. He received the Ph.D. degree in
electrical engineering in 1949, at Northwestern University, the
subject for his thesis being Hollow Tube Dielectric Wave-
guides.

Dr. Astrahan joined the International Business Machines
Corporation in 1949, at the Endicott Laboratory. At present,
he is working on engincering planning of digital computers for
IBM, in Poughkeepsie, N. Y.

Dr. Astrahan joined the Institute as a Student in 1945,
transferred to Associate Member in 1950, and became a
Member in 1951,

He is a member of the American Institute of Electrical En-
gineers, Tau Beta Pi, Sigma Xi, and Eta Kappa Nu.

R

GEORGE D. O’NEIILL

ELEcTRON DEVICES GROUP

George D. O'Neill, Chairman of the IRE Professional
Group on Electron Devices, was born in Montclair, N. J.,
and received the B.S. degree from the | niversity of Michigan.
_ Mr. O'Neill began his professional career with the \West-
inghouse Lamp Company, and in 1928, he joined the Hygrade
Lamp Company, in Salem, Mass.. the predecessor of Sylvania
Electric Products Incorporated. Earl in World War 11, he
worked on special tubes for radar and the proximity fuse for
Sylvania, in Emporium, Pa., and in 1943, he was transferred
to their Central Engineering Laboratories at Long Island. He
organiz_ed the solid-state section of the physics laboratories at
Sylvania Center, Bayside, N. Y and was recentlv made man-
ager of the Company's engineering personnel dev clopment and
education program

) Mr. O'Neill is Vice Chairman of the IRE Technical Com-
mittee on Electron Devices and a member of various other
committees. le became an Associate Member of the Institute
in 1928, a Senior Member in 1946, and received the IRE
Fellow Award in 1949,

He is a member of the American Physical Society and the
American Society for Engincering Education,
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Intercommunication Among Engineers*
DONALD B. SINCLAIR

| “Their compressed 'shorthand’ character, and the occasional d
engineers must, however. be acknowledged.

instruments of analysis. and are sometimes astonishingly clear andif%ene‘
cul

“The value of the mathematical treatment of physical phenomena is obvious, Mathematical deductions and inductions are indeed powerful
ral expressions descriptive of part of the physical universe. .

ty of their comrrehension or physical interpretation by well-qualified
In the following address. the President of

the Institute significantly emphasizes that there are

various modes of communicating engineering facts. and that none of them should be neglected nor over-emphasized to the point of exclusivity.

l Only thus can communications engineers communicate most clearly among themselves.—The Editor.”

The argument is often heard that engineers cannot commu-
nicate successfully in any language but mathematics, and un-
fortunately, there is a good deal of truth in this popular belief.
Scientists and engineers have found mathematics a universal
tongue. It is concise, unambiguous, and accurate. A single
cquation, e=mc?, has changed the course of history. But
mathematics is a shorthand. Although it compresses and makes
quantitative the ideas that form the stream of expanding hu-
man knowledge, the essence of these ideas can often best bie
presented in nonmathematical terms.

In particular, when a problem or concept is put into words,
the mind can grapple with its general meaning, undeflected by
preoccupation with the mechanics of detailed analysis. Equa-
tions, properly used, can facilitate communication between
specialists in the same field, but they can often inhibit pro-
found thinking, and they can certainly prevent communication
with those not versed in the art.

This point seems to me most important. Not only are fields
of specialization becoming more numerous, but they are be-
coming more refined and more difficult to understand by those
who are not in direct contact with them. There is, therefore, a
growing problem of intercommunication within the engineer-
ing fraternity itself. And there is a still greater one in com-
munication with nontechnical people.

This latter problem is probably not much worse than it has
always been, since professional men have been consistently ac-
cused of employing an esoteric jargon for the express purpose
of shutting the gencral public out of their discussions. It is be-
coming a more serious one, however, as the engineer becomes
more of a factor in socicty. And, make no mistake, he is indeed
becoming more of a factor. The new weapons of World War II,
and the developments of materials and gadgets since, have
made a profound impression upon the public mind. People are
interested in what we are doing, and are convinced that we can
accomplish anything. The engineer’s status has never been so
high. The word “research” has taken on connotations of infal-
libitity that must be dispelled lest failure to produce the ex-
pected miracles causes a revulsion that carries opinion to the
other extreme.

It is vital that the limitations of research and the so-called
scientific method be generally understood, and engineers
should be able to do much to bring this about. To do so re-
quires, first, that we achieve an understanding of them our-
selves and, second, that we be able to communicate this under-
standing to others.

So far as our own understanding is concerned it is impor-
tant that our thinking not be confined to special ficlds. Like
other specialists, engineers tend to congregate in like-minded
groups where common problems and ideas can be readily

grasped and discussed. In familiar territory the engineer is
judicial and scientific. He analyzes problems, collects and
evaluates pertinent data, and decides objectively upon the
proper course of action. Outside this territory, unfortunately,
he all too often forgets his scientific training entirely and at-
tempts to solve problems as intuitively as if he had never
heard of the scientific method. An important underlying cause
is doubtless unfamiliarity with the field in which the problem
arises. To understand the other fellow’s field, it is frequently
essential to know the other fellow. Specialization to the extent
of shutting off contact with people in other fields narrows the
individual’s horizons and may even inhibit his appreciation
and understanding of his own specialty.

The problem of communicating with others should be our
meat. We are communications people, and we should know all
about it. But do we? So far as electrical devices are concerned
we certainly do. We know all about telegraphs, telephones, ra-
dios, and television. We know all about antennas, vacuum
tubes, and microphones. And we can analyze them in mathe-
matics of the utmost refinement and complexity. But some-
times we have a little trouble with language.

That this is lamentable we all agree. Lingineering schools
worry about this problem. Professional societies are concerned
about it. The Institute has established the Editor's Award
specifically to encourage lucidity and the use of correct English
in engineering writing. Employers are constantly alert for the
engincer who expresses himself easily and well.

It is interesting to speculate as to why this problem should
be so well recognized and yet remain basically unsolved. It may
be that a new educational approach specifically aimed at the
engineer is necded, and much thought has been and is being
given to it in educational circles. Engincers, as a whole, are
doers. Their job is to make useful things embodying scientific
principles and discoveries. Their lives and thoughts are de-
voted to phenomena. English, as a means of conveying mood,
emotion, impressions, and abstract matters, does not satisfy
their requirements. They must set down exact descriptions of
things and laws. They are in need, not so much of the color and
warmth and shading of English, as of its precision and concise-
ness and clarity. They respect good tools and their workman-
like use. In the intellectual sphere, mathematics is recognized
as such a tool. Language should be considered in the same
light.

Lucid exposition is not beyond the reach of the engineer.
Proper choice of words and grammatical exactness can make
exposition a delight to speaker and audience alike. To speak
clearly and easily to audiences of all kinds, and to be literate
and understandable, challenges us all to show that communi-
cations is indeed our business.

 Based on an addresa presented at the President’s Luncheon, 1952 IRE National Convention, New York, N. Y., March 4, 1952.
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3 5 P . . *
On the Dissemination of Research Information

Summary=This paper deals with the importance
of obtaining and disseminating the maximum amount
of technical information. The usefulness of technical
briefs and periodicals is questioned and the interrela-
tion of all fields of science is stressed. It is advocated
that the inclination of selected key scientists to spe-
cialize be kept at a minimum and that their training,
educationally and practically, cut across all fields of
science. These scientists are then utilized to extract
from a wide variety of reports and publications the
maximum amount of technical data, which is then
passed on to the working scientist.

ESEARCH INFORMATION as a tool

for military use or application during

a preparedness period, or for a general

culturalscientificadvance in peacefu! periods,

must be widely and thoroughly disseminated
to be most advantageously utilized.

It has been postulated that at least part
of man's superior mental ability stems from
his being able to carry on intelligible com-
munication with his fellow beings. Whether
or not this is fully true might be questioned;
however, the fact that man has been able to
communicate with man is of such signifi-
cance it is difficult to grasp a civilization of
any sort without means of communication.

Since ancient times, man's curiosity,
which is the forerunner of a research investi-
gation, has compelled him to seek answers to
problems posed by himself and others. If this
information obtained by him is not passed
on so that others may become acquainted
with and curious about the problems and
possible solutions, then research and its re-
sults slowly stagnates and dies out.

It is well recognized that science and re-
search received a great impetus with the ad-
vent of the printing press and its conse-
quent effect on people, i.e., creating a desire
to be able to read, thus stimulating the
thinking mechanism (sometimes, in what
might be considered a wrong direction).

However, it was several generations be-
fore the manifestations of printing were felt
in science. This is understandable as people
did not all begin to read and write at the
same time. While there is no question of the
effect that printing has had on the advance-
ment of knowledge in all fields, particularly
in the sctences, it must be recognized that
printing per se did not initiate this awaken-
ing in science; the wide dissemination of
printed material was equally responsible.
Thus as the population grew, transportation
became less hazardous and communication
relatively more rapid and widespread. These
two occurrences then are the primary causes
for the rapid advances in science within the
last three centuries. At the same time thirst
for knowledge rapidly encroached on all
strata of society so peasant as well as prince
craved knowledge; schools and universities
came into being all over the world.

It was not until the nineteenth century
however that the practical applications of

* Decimal classification: R010. Original manu-
script received by the Institute, January 4. 1952.

1 Signal Corps Engineering “Laboratories, Fort
Monmouth, N. J

J. B. McCCANDLESSY, MEMBER, IRE

this revolution in society became apparent.
Then the manufacturing industries arose
and completely altered society and its peo-
ples. As these industries grew within a spe-
cialized field, it is not too surprising that
their research and development investiga-
tions should be limited to this field. As a con-
sequence the employee within a given or-
ganization has become a complete specialist
in his field, and his contact with other fields
is only through the technical publications he
is sufficiently interested in to read; and
these, generally speaking, also embrace his
own field. Thus we have a picture of a vast
amount of technical literature being turned
out, the maximum utilization of which is cer-
tainly open to question. This is not entirely
the fault of the specialist. It is also due to the
unalterable fact that too many periodicals
are either too specialized, in their attempt to
satisfy a small professional group, or cover
too broad a field. Many are so cluttered up
with eye-catching advertisements that one
must diligently search, as it were, between
the “ads” for useful information. Technical
briefs and such have served an admirable
purpose in alleviating this condition some-
what and bringing to the attention of the
scientist information that he would not have
otherwise had. Unfortunately, however,
some of these reviews are often so brief and
lack such basic technical information that
there is more distraction than useful infor-
mation contained in them.

While the application of certain physical
phenomena might appear at the time to be
strictly applicable to one field or a group of
allied fields, it does not follow a prior: that
this limitation is completely restricted to
this field.

A pertinent point in this respect is
brought out by Slater in an M.I.T. Progress
Report:! “The study of X-ray crystal struc-
ture of alloys on the one hand, of the clec-
trical conductivity of semiconductors on the
other, may seem to the experimenters carry-
ing them out as entirely unrelated activities.
And yet the theorist, who understands that
the one depends on the diffraction of X-rays
by the periodicities or lack of periodicities in
a crystal lattice, and that the other depends
on the similar diffraction or scattering of
electrons by these same lattice features, un-
derstands their essential interrelations.”
This interrelation between apparent diverse
fields is one which has existed since the in-
ception of modern-day physics, and men of
great intellectual ability and stamina who
can grasp the gist of each of several or all
fields independently have indicated that the
division is one of intellectual limitation and
does not exist. It must also be recognized
that channeling of information into a partic-
ular field is to some extent due to immediate
necessity of utilization and application of
this information militarily or commercially

In a government laboratory, where a
great deal of the work performed is by con-

tJ. C. Slater, M.L.T. Quarterly Progress Report.
No. 1. Project NSori-07856; July 15, 1951,

tractors whose results are in the form of re-
ports which must be analyzed, one can read-
ily perceive thatdisseminationof this material
along with information from current tech-
nical books and periodicals becomes a prob-
lem of increasing importance and dimension.

The problem then is that of obtaining the
maximum pertinent information available
not only within a certain field but in all other
fields, some of which may not seem to have
any interrelation at all.

The solution is not simple; it calls for the
education and training of a different type of
research scientist. The scope of duties of
such an individual may at first glance appear
insurmountable. For fundamentally, what is
required is an all-embracing mind—one who
knows everything about everything. This of
course cannot currently (and can probably
never) be achieved. Still a great step can be
made by keeping to a minimum the inclina-
tion of an individual to specialize. Some of
the larger manufacturers and government
laboratories do put their young scientists
through a period of training where they
spend several months within one department
and then pass on to another. In some in-
stances, however, the time spent within any
one department is relatively short and all the
departments are still usually within the
over-all field of endeavor. Moreover, at the
end of this short training period, the indi-
vidual is often placed more or less perma-
nently in one or another department, and
then proceeds to forget all but the most al-
lied fields, thus becoming a specialist. Psy-
chologically speaking, the conjecture might
be made that the specialist remains a special-
ist and tends to greater specialization be-
cause a new and strange field might well
bring up doubts of his ability to cope com-
pletely with new problems; and having
achieved some success and/or respect within
his field, he hesitates to expose himself as
being inexperienced in another field for fear
of subjecting himself to unjust ridicule. Such
actions may be interpreted as lack of inter-
est in and general disdain for any field other
than his own.

A much more positive approach is to
have the individual whose basic education
has not been influenced by specialization
spend several years in intensive training and
research investigations in possibly three or
four basic fields of endeavor, preferably non-
allied. This individual is particularly ear-
marked for a combination scientific-admin-
istrative position, which immediately estab-
lishes him as an exceptional person in an era
of specialization.

His general knowledge must embrace
several basic fields of endeavor so that he
may recognize and analyze fundamental and
important information from a variety of
sources. He must be able to present this in-
formation to the working scientist and dis-
cuss its possible utilization. Furthermore, he
must determine whether or not the incorpo-
ration of such information would be advan-
tageous from the over-all management view-
point. He should, therefore, have full
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knowledge of managements’ plans and
formulations. His position in the organiza-
tion is as distinct and individual as the sci-
entific worker himself, and like this worker,
his usefulness is decreased if he is burdened
with administrative details or used as a
crutch to assist in general office procedure.

He becomes the funnel through which
pours the vast amount of printed technical

PROCEEDINGS OF THE I.R.E.

material to be analyzed and disseminated,
thus leaving the scientific worker free and
content in the knowledge that if there isany-
thing new or useful in his field or another
field the information will come to him
promptly and concisely.

The principal advantages in utilizing
such an individual may be broadly summed
up as follows: First, management is assured

645

that the most recent and novel knowledge
and techniques throughout the country are
not only available to them but, more impor-
tant, are also being used by them; and sec-
ondly, that a minimum amount of duyplica-
tion of effort exists both within their own
organization and throughout the country as
a whole, thus incidentally alleviating the
current shortage of technical personnel.

The Plasmatron, A Continuously Controllable
Gas-Discharge Developmental Tube’

E. O. JOHNSONY, ASSOCIATE, IRE AND W. M. WEBSTERT, ASSOCIATE, IRE

Summary—The ‘‘plasmatron,” a new type of continuously con-
trollable gas tube, is described and its operation analyzed. This tube
utilizes an independently generated gas-discharge plasma as a
conductor between a hot cathode and an anode. Continuous modula-
tion of the anode current can be effected either by variation of the
conductivity or the effective cross section of the plasma. The first
of these is accomplished by the modulation of the electron ionizing
beam which controls the plasma density and hence its conductivity.
The second method makes use of the gating action of positive-ion
sheaths which surround the wires of a grid located between the
anode and cathode. The plasmatron appears to have considerable
promise for such applications as motor drive, direct loudspeaker
drive, high-efficiency rectification and inversion, and the many other
uses which require the high-current and low-voltage operation that
the high-impedance vacuum tube cannot supply.

I. INTRODUCTION
gS A CONSEQUENCE of its space-charge-limited

current the vacuum tube is a relatively high-

impedance device. It is a most useful device
because the current through it can be continuously con-
trolled. On the other hand, a gas tube such as the thyra-
tron, which normally operates with a neutralized space
charge, is a low-impedance device. Unfortunately, 1t
seems that it has been necessary to pay a large price for
this low-impedance operation. The enormous advantage
of continuous current control has been lost.

However, the situation is far from hopeless. In fact,
if one approaches the operation of hot-cathode gas tubes
in terms of the fundamental processes, it is entirely
possible and practicable to have both low-impedance
operation and continuous control in one tube. The plas-
matron is such a tube. It can deliver, and continuously
control, large currents at anode potentials of a few
volts. This tube, now in the developmental stage, shows
excellent promise of fulfilling the long-standing need for
a tube that will continuously control large currents at
low voltages. In this category are found such applica-
tions as motor control, direct loudspeaker drive, inver-
ters, and the like.

* Decimal classification: R337.1. Original manuscript received by
the Institute, November 13, 1952,
t RCA Laboratories Division, Princeton, N. J.

The name “plasmatron” stems from the word plasmal
which denotes an important part of a gas discharge. The
plasma is a region of very high, but essentially equal,
concentrations of free electrons and ions. Due to the
high mobility of the plasma electrons and the absence
of net space charge, the plasma is a rather good electrical
conductor. It has a resistivity of the order of one ohm
centimeter which places it in a class with'semiconductors
such as germanium. As a consequence of this high con-
ductivity, electric fields within the plasma are small.

The principle of operation of the plasmatron lies in
the use of a plasma as a conductor between a hot cathode
and an anode. This plasma, however, is generated by an
auxiliary discharge (which operates independently of
the work circuit) and not by the anode current as is the
case with a thyratron. It will be seen that this seemingly
small difference is of fundamental importance.

There are two broadly different methods of effecting
continuouscontrol over theanode current. The first makes
use of the fact that the conductivity of the plasma,
and hence the anode current, depends upon the plasma
density and this, in turn, upon the intensity of the
auxiliary discharge which generates the plasma. The
second method involves the use of a grid structure that
is interposed between the cathode and the anode. This
grid, by virtue of the positive-ion sheaths that surround
it, gives a gating action that acts to control the effective
cross-section area of the plasma conductor and hence
the current-carrying capacity of the tube.

Briefly, the reason that the plasmatron grid can effect
continuous control over the anode current, whereas the
thyratron grid commonly cannot, lies in the fact that
the ion generation in the plasmatron is achieved by an
independent discharge and not by the anode current
itself. It is also pertinent to point out that in a thyratron

1 L. B. Loeb, “Fundamental Processes of Electrical Discharges in
Gases,” John Wiley and Sons, New York, N. Y.; 1939.

J. D. Cobine, “Gaseous Conductors,” McGraw-Hill Book Co.,
Inc., New York, N. Y.; 1941.

Rompe and Steenbeck, “The plasma state of gases,” Ergeb. exakt.
Naturw, vol. 18, pp. 257-376; 1939. Translated from the German by
G. C. Akerlof, Mellen Inst. of Industrial Research.
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the applied anode potential really serves a double func-
tion: (1) to provide electrons with cnough energy to
gencrate ions, and (2) to provide the electric tield
needed for pulling the required anode current through
the tube. When these functions are separated, as they
are in the plasmatron, it is found that the potential
needed for drawing a given anode current is greatly
reduced and, in addition, continuous grid control be-
comes possible, provided that the anode potential is in-
sufficient to cause ionization.

It seems expedient that the first part of the paper be
concerned with the building-up of a general picture of
the over-all operation and characteristics of the tube.
This picture will provide a convenient point of depar-
ture for treating the operation in more detail. With this
approach in mind, the first mode of modulation or con
trol will now be considered

I1. D1opE OPLERATION?

Fig. 1 shows a diagram of an experimental form of
plasmatron and accompanying circuit operating in the
diode mode. The plasmatron is scen to consist of a main
anode in the shape of an inverted U; two cathodes. one
referred to as the main and the other the auxiliary cath
ode; and a cylinder with a narrow aperture, 1his cylinder
being designated as the garrote. Fig. 2 is a photograph
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Fig. 1-—Circuit arrangement for diode operation.

of a tube of the form sketched in Fig. 1. While it has
been found convenient to work with experimental tubes
of the form shown in Fig. 2, the principle of operation
puts no definite restrictions upon the size or geometry
of a tube provided the basic features are retained. The
circuit is seen to consist of two loops referred to as the
main loop and auxiliary loop, respectively. Most experi-
mental tubes were filled with helium to a pressure of one
millimeter of mercury.

*E. O. Johnson, “Controllable gas diode,” Electronics, vol. 24,
pp. 107-109; May, 1951.

In operation 19 is made sufliciently large so that a
discharge occurs in the auxihary loop, current flowing
between the auxiliary cathode and the upper portion of
the structure. “This discharge generates a plasma be-
tween the main cathode and anode, enabling large cur-
rents to flow between them for small values of V,. In
fact, as will be seen, in order to insure plasmatron opera-
tion 1V, must he held below a value which would initiate
a discharge in the main loop. The garrote (generally tied
to the auxiliary cathode) serves to achieve the genera
tion of a dense plasma for small discharge currents. It
increases the ionization efficiency to such an extent that
several ma in the auxiliary circuit enables hundreds of
ma to flow in the main or work circuit

P —

lzt}[“[l[ll[l

Fig. 2 Photograph of typical plasmatron diode.

In the circuit, as shown, the auxiliary discharge cur
rent can be varied by means of ¢ hanges in the grid po
tential of the modulator tube, which in this case is
small vacuum tube such as the 6]5

\ typical  volt-ampere characteristic, with the
auxiliary discharge current as parameter, 1s shown in
Fig. 3. It is seen that the anode current starts to tlow
when the anode is alout minus one v, rises rapidly, and
finally saturates at a current of over hall an ampere
(for 1;=8 ma) when the anode potential is only about
3 v. The current remains saturated along this curve
until the anode potential exceeds about 25 v, the ioniza
tion potential of helium, and then rises steeply without

regard to the value of the auxiliar current. In practice,

the tube is always operated bhelow this hreaking point
In fact, for normal operation a load line should be fitted
in between the saturation voltage and the ionization volt

age. The back current for negative anode potentials is of
the order of a few ma and consists of positive ion current

from the plasma. For negative anode potentials greater

than about 200 v, in the tube shown, a cold discharge

will take place between the anode surface and cathode.
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Fig. 3—Diode volt-ampere characteristic.

Fig. 4 shows the relationship between the auxiliary
current and the saturated main current. The relation is
seen to be a linear one until the main current exceeds
about one ampere. The departure from linearity beyond
here arises from the onset of emission saturation of the
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Fig. 4—Diode control characteristic.

main cathode. When the cathode is completely satu-
rated, the anode current becomes equal to the value of
this current since the plasmatron, like any other electron
tube, is limited in peak anode current to the saturated
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cathode emission. Whereas the current gain is only
about 100:1, as exemplified by the slope at:low currents,
improved tubes give gains of 300 or better. The power
gain for this tube is about 17 db.
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Fig. 5—Diode frequency characteristic.

The frequency response is shown in Fig. 5. The cur-
rent gain is seen to be flat from dc out to about 10 kc
and then fall off. This falling off with frequency arises
from the length of time required for surplus ionization
to diffuse away to the end micas where surface recom-
bination of thé free electrons and positive ions takes
place. For helium at these gas pressures and for these
tube sizes the volume recombination of the particles in
the plasma is relatively small. As shown later, the
unique potential distribution between cathodeand anode
discourages positive ions from reaching these surfaces.
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Fig. 6—Circuit arrangement for triode operation.

I11. TrRiODE OPERATION

The arrangement for the second mode of control
employing a grid located between the cathode and anode
is shown in Fig. 6. The circuit is seen to be almost identi-
cal with the diode circuit except that the modulator
tube has been replaced with a limiting resistor and, in
addition, a grid circuit has been added. A photograph of




e —————

648 PROCEEDINGS OF THE I.RE June

ﬂpuﬂﬂ}uunru“uluﬂﬁi
2 '3 4

a typical experimental triode plasmatron, with its anode
folded back to allow a view of the grid structure, is
shown in Fig. 7.

The mechanism of grid control is depicted in Fig. 8
where a section of the anode and two of the grid wires
are shown. The cathode is out in the plasma towards the

ANODE

GRID GRID
SHEATH WIRE

1\

Fig. 8—Diagram illustrating grid action.

EFFECTIVE
GRID BIAS

bottom of the figure and need not concern us. As was
pointed out previously, the plasma has a high con
ductivity so that the clectric fields within it are always
small. External fields are absorbed at the plasma
boundaries in a thin layer called a sheath.! This is il
lustrated in the potential diagram which is a projection
of the cross section above. The sheath, which is the
transition between the plasma and the grid wire, is
nothing more than a region containing positive ions
en route to the grid wire. 1t is the plasma’s way of meet
ing its boundary conditions. One can picture the edge
of the plasma as being a positive-ion emitter and the
grid wire as being the collector. The thickness of the
sheath is determined by the positive-ion current and the
grid voltage according to the famihar 3/2 power law
Since the ion current is a constant, being set by the rate
at which ions diffuse out of the plasma, the sheath thick-
ness will increase with the negative grid voltage until
adjacent sheaths overlap. The negative field in the
sheaths will repel the electrons which would otherwise
go to the anode, and the anode current is then cut off
Intermediate anode currents result from sheaths of in
termediate radii
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Fig. 9—Triode volt ampere characteristic.

‘The volt-ampere characteristic with the grid bias as

parameter is shown in Fig. 9. The auxiliary current is
held constant. It is seen that this family of curves is
similar to those in Fig. 3. As in the diode the load line




1952

chould be placed between the saturation and the ioniza-
tion voltages. However, if the grid cuts off the anode
current before the anode potential exceeds the ioniza-
tion potential, then the anode potential can be permitted
to exceed the ionization potential without re-establishing
the flow of anode current. But, just as with a thyratron,
if anode current flow startsat elevated anode potentials,
the grid loses control.

Fig. 10, which is a replot of the data shown in Fig. 9
for a constant anode voltage, shows that the grid
characteristic is a nonlinear one. Whereas the trans-
conductance exceeds 100,000 micromhos at low grid
voltages, it drops below 10,000 for biases greater than
about 6 v.
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Fig. 10—Triode control characteristic.

The current-voltage characteristic of the grid is shown
in Iig. 11. For negative grid potentials greater than
about 1.5 v the grid current is predominately ionic,
while for more positive potentials the electrons pre-
dominate. The very rapid rise in the electron current
which occurs at low grid voltages is a consequence of the
grid's beginning to act like an anode. In fact, if the
curves were carried further, a characteristic like that
of the anode would be obtained. The slope of the charac-
teristic is seen to vary between about 300 ohms at 1-v
hias to about 10,000 chms at 10-v bias. The power gain
that can be obtained with triode operation is about the
same as that with diode operation.
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Fig. 11—Grid volt-ampere characteristic.

A typical frequency response of a grid-controlled tube
is displayed in Fig. 12. Since grid modulation afiects the
plasma only in a small region adjacent to the grid,
whereas the diode modulation requires bulk changes in
the plasma, it is not surprising that the triode frequency
response is a markedly better one. The wiggles in the
triode response result from a complex combination of
ion and electron movements which accompany the
propagation and retraction of the grid sheath. The re-
sponse was not studied beyond 10 mc other than ob-
serving that a tube could operate as a class C oscillator
at frequencies as high as 17 mc.
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Fig. 12—Triode frequency characteristic.

IV. PLAsMA CHARACTERISTICS!

The plasma in a gas discharge can often be identified
with the region that shows a visible glow. Whereas the
glow itself arises from excitation of the gas atoms, the
excitation in many gas-discharge devices is accompanied
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by the dense ionization that characterizes a plasma.
This is the case in the main section of the plasmatron.
The density of the free electrons and positive ions which
constitute the plasma in experimental or commercial
gas-discharge tubes ranges from 10? to about 10" par-
ticles per cm.? Since there are essentially equal densities
of the oppositely charged particles, the plasma is elec-
trically neutral. In a typical plasma the charged par-
ticles usually execute random motions conforming to a
Maxwellian distribution of velocities. [t is convenient
to describe these motions in terms of a temperature. In
the cases to be described it will be assumed that the
positive-ion temperatures are about the same as the
ambient-gas temperature. This scems reasonable be-
cause of the high collision frequency between the ions
and neutral atoms at the pressures in the tubes to be
described. The electrons, in most cases, have a much
higher temperature.

The high density of the electrons along with their high
mobility in a region largely devoid of space charge
makes possible the conduction of large electron currents
for very low applied potentials. The conductivity of a
uniformly dense plasma which is electrically neutral is
given by

o = Neu mhos per centimeter, (1)

where N is the electron density per cubic centimeter, e
is the electron charge in coulombs, and u is the electron
mobility in centimeters per second per volt per centi-
meter. For a typical plasma N =5X10'° and

cm  /volt

u=15X10°¢

sec/ cm
Thus ¢ is 4.0X 1072 mhos per cm which is comparable
with the conductivity of a semiconductor like ger-
manium.

From kinetic theory, it is found that the electron

space-current density is given by

1, = }Nec, (2)

where ¢, which is the average thermal velocity of the
electrons, is given by

jis,

m

¢ = 1.87 X108 ‘ (2)
T, is the electron temperature and m the electron mass.
Choosing as typical values N=35X10'""/cm?, ¢=2X107
cm/sec, and T,=1,000° k., it turns out that j,=40
ma/cm?®. A similar computation for the positive-ion
space-current density yields (for helium) j,=0.27
ma/cm?.

The transition between a plasma and a bounding
electrode or wall occurs in a thin region of space charge
which is termed a sheath. It is in the sheath that the
fields from electrodes are dissipated, leaving the plasma
essentially unaffected by electrode or wall potentials. If
the electrode is negative with respect to the plasma,
electrons are repelled from the sheath leaving only a

current of positive ions flowing to the electrode. The
thickness of this layer of moving positive ions adjusts
itself so that the electric flux from the electrode ends
on the moving charges. Accordingly, the sheath thick-
ness d in centimeters can be related to the potential Vin
volts, and to the positive-ion current density j, in am-
peres per squarc centimeter by the familiar Child
langmuir space-charge law (for plane structures):

O 2.33X 1070y
i» = . 3)
M o?

Vo

where M is the ion mass and m the electron mass. If the
clectrode is positive with respect to the plasma, the
sheath will contain a space charge of electrons. The cur-
rent density j is hxed by conditions within the plasma,
and is given by (2) written for the appropriate particle.
The density value used in this expression must apply
close to the edge of the plasma. ‘I'he current value ob
tained by (2) is only approaimately correct since no
account is taken of the drift due to the weak electric
fields within the plasma and at its edge. However, for
purposes of simplicity this expression will be assumed
to be correct.

It is now possible to consider that the behavior of a
cold electrode immersed in a plasma as its potential
with respect to the plasma is varied. A typical current
voltage characteristic is shown in I'ig. 13. Along portion
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Fig. 13—Plasma cold-electrode characteristic.

ab of the characteristic all the electrons are repelled and
only positive ions flow from the plasma to the electrode.
The sheath thickness is given by (3) in which j, is
derived .from (2). \s the potential of the electrode De-
comes increasingly negative, the current increases
slightly due to sheath expansion. Bevond point b on the
way to d the clectron current to the electrode increises
rapidly according to the Boltzmann relation

le = A"j’e¢v
(4

b =
k1, (4)
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where j.= Neé/4 is the randem electron space current
near the edge of the plasma, 4, is the probe area, and k
is the Boltzmann constant. The electron temperature
T can be determined from the semilog plot of 7. against
V for the region bd. When pointd is reached, the voltage
V is zero and the electrode is at plasma potential where
it collects the full electron space current. For conven-
ience the magnitude of the positive-ion current with
respect to the electron current has been greatly exag-
gerated. Actually, the saturated ion current, as pointed
out in conjunction with (2), is smaller than the electron
space current by a factor of more than a hundred. Be-
yond point d, as we proceed to point e, the electron cur-
rent increases slowly as the electron sheath builds up,
according to (3).

At point ¢ the electron and ion currents to the elec-
trode are equal and, since this is the point at which the
electrode would “float,” the corresponding plasma to
clectrode potential 17 is called the floating potential.

V. CATHODE-PLASMA ANODE SYSTEM

In the preceding discussion the complete circuit was
neglected for purposes of simplicity. [t is apparent that
in a practical system a return circuit must be provided.
The simplest possible system with two cold electrodes
and an independently produced plasma has been treated
elsewhere.? et us now suppose that one of the electrodes
is a hot cathode with a total emission density j.; the
other electrode is the anode. s will be seen there are
two cases to consider: (1) The cathode is a relatively
weak emitter such that ji<jor, and (2) the cathode is
a strong emitter such that ji>> jo.. lere, jox is the ran-
dom electron current density in the vicinity of the
cathode; jo is the random current density in the vicinity
of the anode; V, is the plasma-cathode potential differ-
ence; V. is the plasma-anode potential difference; V.
accounts for the potential drop through the plasma and
for the contact potential difference between the cathode
and anode; Vs is the cathode-anode potential difference.
These quantities are indicated in the circuit diagram of
Fig. 14 and in the potential diagrams of Fig. 15.

CATHODE

eV —
ol
SUPPLY
Fig. 14 —Cathode-plasma-anode system.
1 . 0. Johnson and L. Malter, “A floating double probe method

for measurements in gas discharges,” Phys. Rev., vol. 80, pp. 58-68;
October, 1950.
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In the first case the potential diagram is as shown in
Fig. 15(a). Neglecting the relatively small ion currents,
there will be an electron current ji.A: leaving the
cathode, a current jod: exp (—@¢Vi) entering the
cathode from the plasma, and a current joaAaexp (—¢ Vo),

o

SHEATH SHEATH

PLASMA ———ofelef
\ doa Y/,
(t \| Jox Vs Va A (‘
I\ h
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- w
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Fig. 15—Potential diagram. (a) Weak emitter case.
(b) Strong emitter case.

which is equal to the electron current I, in the circuit,
entering the anode from the plasma. ¢ is defined in (4).
For equilibrium

Grdi = jorAre ®VE + Joad 0™ ?Ve.
From the potential diagram we see
Vit Vo=Vt Ve
Manipulation of the preceding equations yields

A
= — (5)

4 [ e
A ajOa

While experimental studies show the essential cor-
rectness of (5), the fact that it represents a mode of
operation that is not used in the plasmatron impels us
to proceed at once to the second case.

With the cathode acting as a very strong emitter, a
retarding field must be present at its surface to limit
the net current leaving. In this case the potential dis-
tribution is as shown in Fig. 15(b). One can, as Lefore,
equate the electron current leaving the electrodes to
that arriving. Thus,

Axjee™®" = Ayjor + Agfose 0",
I, = Aajoa€ "V", and Vi -+ V2 + Va - Va-

The solution of these equations is

B Axjos [ 1/1 n 4((10 _?k ].an w.) (Vs 1]. ()
2 A Jor Jox

"The electron sheath at the cathode is so thin compared
to the usual cathode radius that the area of this sheath
has heen replaced with that of the cathode. Also, in this
simple derivation, we have neglected any changes in the
potential across the plasma as well as changes in the
plasma density.*

¢ See Appendix.
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In Fig. 16 the anode current as dctermined by (6) is
compared with experiment. The plasmatrons used in
these experiments were of about the same over-all di-
mensions and geometry as in Figs. 1 and 2, except that
a more symmetrical (cylinder of 2-cm diameter) anode
structure was employed. In addition, two 10-mil wire
probes were mounted parallel with the cathode, one
close to the anotle and the other close to the cathode.
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Fig. 16—Comparison of computed anode current with experiment.

The values of the space-current densities used in (6)
were determined by conventional probe techniques. The
electron temperature was measured by the double-
probe method,*and was found to be close to the thermal
temperature of the cathode. The potential drops across
the plasma were measured by noting the change in
floating potential between the two probes. This poten-
tial difference was found to be about 0.04 v, indicating
a plasma resistance of about 2-ohm centimeters. This is
lower than the value predicted by (1), probably because
of the density gradients in the plasma.

The emission density of the 50-mil diameter oxide-
coated cathode was determined by running this cathode,
in conjunction with its anode, as a’conventional gas
diode and noting the value of anode current at which
the discharge broke out of the “ball-of-fire” mode.® This
value of anode current is approximately one-half the
total field-free emission of the cathode.

If the potential V, is given a value of 0.95 v, (6) in-
cludes the point 0.0 v, 10 ma. This value of potential
seems reasonable and about what might be expected
from contact potentials and a small drop in the plasma.

The curve representing (6) was terminated by the
horizontal portion at the point where

[2 — Aaj(lu (7)

® L. Malter, E. O. Johnson, and \WW. M. Webster, “Studies of ex-
ternally heated hot cathode arcs, part I—modes of the discharge,”
RCA Rev., vol. XII, pp. 415-435; Scptember, 1951. The “ball-of-
fire” form of discharge is also described by M. J. Druyvesteyn and
F. M. Penning, “Electrical discharges in gases,” Rev. Mod. Phys.,
vol. 12, p. 148; April, 1940,
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since (6) does not hold beyond here. "I he agreement be-
tween the two curves is fair and about as good as one
might expect from this simple analysis. At least part of
the deviation between the curves stems from a small
cathode-coating resistance.

Whereas the positive-ion current has been neglected,
it will actually amount to several ma when the anode is
negative. This back current must be considered in cer-
tain applications such as in rectification where this cur-
rent could result in accelerated gas clean-up as well as
in premature inverse breakdown.

A comparison between the actual saturated anode
current and that computed from (7), by probe measure-
ments of plasma density, is displayed in Fig. 17. The
deviation at low currents probably arises from the
tendency of the positive-ion sheath surrounding the
probe to overlap the clectron sheath adjacent to the
anode for low plasma densities. The deviation at high
currents stems from the fact that the measuring probe
was about 2 millimeters from the anode surface, and
consequently measured a somewhat higher plasma
density than that actuallv adjacent to the anode.®
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Fig. 17 ~Com.par.ison of saturated anode current
with its computed value.

The relation between the saturated anode current
and the auxiliary current, with the cathode emission
as parameter, is shown in Fig. 18. This family of curves
shows how the saturated anode current is first limited
at the anode, as exemplified by the linear dependence of
this current on the auxiliary current and hence on the
plasma density, and then saturates at a value corre-
sponding to the emission capability of the cathode. The
values of cathode emission were measured in the same
manner as before. The agreement between these values

¢ The increase in plasma densit with decreas;j i i
from the cathode is discussed in th():,Appcndi'( ~ ApradslinigEnte

y [
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and the anode current along the horizontal portion of
the curves is surprisingly good considering the usual
vagaries of the emission from oxide-coated cathodes.
Measurements were made rapidly as possible to prevent
changes in cathode surface due to ion bombardment.

‘T'heoretically, the departure from linearity should
occur when the cathode-to-plasma potential Vi be-
comes zero. \We can then write from (6)

Akjk = Akjﬂk + AajOa,
whence )
A kJok

Aije

+ 1. (7a)

[2 A ajﬂa

Since saturation occurs at the anode (along the linearly
dependent portion of Fig. 18), it follows that the total
random current flow through a cylindrical shell coaxial
with the cathode must be greater than through the an-
ode sheath.t Then Ajox> Aajos- Substitution of this in-
equality into (7a) yields Aijx>2 1, Thatis, for normal
plasmatron operation cathode emission should be at least
twice maximum saturated anode current demanded.
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Fig. 18—Relation between anode and auxiliary discharge currents
with cathode emission as parameter.

Equation (7) also indicates that the anode current
should be independent of cathode area when the tube
is operating with anode saturation. This was tested by
employing a tube with three separate main cathodes of
equal area as shown in Fig. 19. This arrangement al-
lowed the cathodes to be used separately or in various
parallel combinations. The results are tabulated in
Table I (a). It is seen that the anode current is essenti-
ally unaffected by cathode area. Part (b) of the same
table shows the effects which occur when the heater
power is reduced to make the cathode-emission tempera-
ture limited. Ilere, as was expected, the anode current
is seen to be equal to the sum of the cathode emisgsions.

Johnson and Webster: The Plasmatron Gas-Discharge Tube

653

TABLE |

(a) Anode Saturation

Cathode No. Anode Current (ma)
300
240
200

2 280

3 260

3 240

3 260

Cathode No. Anode Current (ma)
1 Negligible
2 14
3 56
2and 3 68

To verify qualitatively the reality of the behavior of
the plasma potential (as it has been portrayed) the
arrangement of Fig. 19 was employed. This arrangement
enabled the floating potential V; of cathode No. 3, act-
ing as a probe, to be observedas the volt-ampere charac-
teristic of the main cathode-anode circuit was sweptata
60-cycle rate. For these tests cathode No. 3 was made a
strong emitter so that its floating potential was very
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Fig. 19—Circuit for investigating the behavior of plasma potential.

close to the plasma potential. The curves in Fig. 20 (a)
and (b) show the correspondence between the volt-
ampere characteristics and the potential V; which is
essentially plasma potential. In the first case, where the
cathode is a strong emitter, the plasma potential starts
to rise with the anode current and stops rising when the
anode current saturates. This behavior is in accord with
that predicted by the analysis. Furthermore, the mag-
nitude of the change in plasma potential is such as to
account for the change in the current leaving the
cathode. Little can be said with respect to the absolute
value of the plasma potential since the contact poten-
tials are not known. However, in other experiments
made under more ideal conditions where the contact
differences of potential could be measured, it was found
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that the plasma potential was actually about 0.5 v be-
low that of the cathode surface. Also, the fact that the
plasma electron temperature, measured in plasmas
which are closely associated with copiously emitting
cathodes, is generally very close to the temperature of
the cathode is in itself a strong indication that such
plasmas are below cathode potential. This temperature
correspondence holds for oxide as well as pure metal
cathodes.

In Fig. 20(b), where the cathode is a weak emitter,
we sec that the plasina potential moves up linearly with
the anode potential once the anode current has sat-
urated. This is in accord with the analysis which pre-
dicts that most of the tube drop occurs near the cathode
when the cathode is a poor emitter.

There are conditions under which the cathode-
plasma-anode system lecomes unstable. Usually the
only tendency towards instability that shows up in a
helium-filled tube seems to occur when the system 1is
operated with the cathode as an emitter of intermediate
capabilities. Under these conditions probe measure-
ments show that the plasma potential alternates be-
tween the distributions of Fig. 15 (a) and (b). \When the
instabilities give coherent oscillations, these have a
period corresponding roughly to that of the Tonks-
L.angruir ion oscillations.”
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Fig. 20—Relation between plasma potential and anode current.
(a) Cathode a strong emitter. (b) Cathode a weak emitter.

When the gas filling is one of the heavier gases, such
as xenon, then the tube is quite likely to hecome un-
stable. The reason for this is not vet clearly understood.
There are indications, however, that this difficulty arises
from nonsymmetrical plasma density distributions that
are not appropriate to the current densities that have
to be carried at the various cross sections in a cylindri-
cal-type geometry. Nonsymmetries in the plasma
density are fostered by the fact that the ion generation

7 L. Tonks and I. Langmuir, “Oscillations in ionized gases,” Phys.
Rev., vol. 33, pp. 195-210; February, 1929.
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is usually most intense in the region between the garrote
and the main cathode in a tube type such as those al-
ready illustrated.

In summary it can be said that our simple picture af
plasmatron behavior is in good agreement with a diver-
sity of experimental results.

VI, Prasma GENERATION AND Loss®

The auxtliary discharge is the sole agent for generat
ing the necessary plasma since the main anode current
is not allowed to ionize in normal operation. In plas
matrons of the types alrcady described the major part
of the ionization can be ascribed to the ionizing collisions
that the stream of electrons emerging from the aperture
in the garrote makes upon neutral atoms.
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Fig. 21—Relation between ion generation and electron energy.

The dependence of this ty pe of ronization in helium
upon electron energy is shown in Fig. 21.2 The «dashed
curve refers to the efficiency of jon generation as defined
by the ion pairs generated per volt energy of the im-
pinging electrons. The most copious generation occurs
at 1"’=100 v and the most efficient at I — 55 v. At a
gas pressure of p millimeters of mercury the differential
ion current di, arising from the ion generation, in a
distance dx, bv an electron current /. is given approxi-
matelv by

di,

J(V)ie=iVedy,

Here the ionization function J(V), is to a first approxi-
mation, as displayed in Fig. 21, the factor e/ ig the

. *The plasma density is largely determined by the ion supply
since the copious thermionic supply and high mobility of the elec-
trons a(lll%ws thhepl to %‘cl::omx]nodate readily to the density conditions
imposed by the ions. Thus the term “ion” will often b i
of the term “plasma” in this section. R SR aRa

? M. Knoll, “Gasentladungstabellen,

A0 J. Springer, Berlin, p. 66;

J_;J
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fraction of the original electron current 1, still able to
jonize after traveling the distance x, and N\, is a distance
comparable to the mean free path of the electrons at the
pressure p with regard to inelastic collisions.

Integration of the above equation over a distance d,
large in comparison to N,’, vields

ip = f()N. (8)

Since the ionization function varies directly, and A, in-
versely with pressure, (8) is independent of pressure.
I'his equation represents the total ion current i, gen-
erated in the region that the ionizing current 1, acts
upon. l'he process by which the current i, is lost from
this region will now be investigated.

I'he volume recombination that takes place in the
plasma is relatively negligible in the plasmatron so that
the loss occurs principally by wall recombination. That
is, the free electrons and ions in the plasma diffuse to
the av ailable bounding surfaces where they recombine.
The travel of the free electrons and positive ions to the
available surfaces occurs by an ambipolar diffusion
process wherein ions and electrons leave the plasma at
cqual rates. This process will result in a total rate of
loss of ions from the plasma as accounted for by

dA\' N

F ©)

where N is the total number of ions in the plasma and
7 is the plasma decay constant, in scconds, and is de-
scribed by!?

A?

D.

7= (10)
lHere A is the characteristic diffusion path in centimeters
and D, is the ambipolar diffusion cocflicient in square
centimeters per second. The quantities V, 7, and A all
refer to the lowest density mode of the plasma. The
higher density modes have been neglected for the sake
of simplicity since such an omission will not have any
serious effect upon the approximate results desired in
this investigation.

The application of these quantities to the plasmatron
requires comment. In the direction parallel to the main
cathode the usual ambipolar diffusion coefhicient can be
used because the total ion and electron currents arriving
to the end micas are equal. However, in the cathode-
anode direction the usual value of the ambipolar co-
efficient is no longer valid.* \When the anode current is
saturated, the electron sheath at the anode prevents
any ions from leaving at this boundary. Also, the po-
tential barrier at the cathode discourages ion loss at
this point. Actually, there is some ion loss to most
cathodes arising from variations of potential over the
emitting surface. Except for this, loss to the end micas,
the garrote and a very small amount of volume recom-
bination, the positive ions are effectively trapped. Con-
sequently, the values of A and D, to be used in describing
the plasmatron losses are generally not related to the
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vessel geometry or the mobility and diffusion coeflicients
in the manner described by Biondi and Brown.'® This
added complication presents no special problem since
the effective value of 7 can easily be evaluated by puls-
ing the auxiliary discharge and noting the rate at which
the saturated main anode current decays. It is felt that
the value of r so obtained is not materially different
from that which holds sway in the tube during normal
operating conditions.

By introducing the electron charge e into (9), the ion
current i, lost from plasma region is found to be

Ne

T

tp =

\When (8) is introduced into this, there results
N Ne
JONSi, = — (11)
T

P’robe studies of plasma density and the requirements
upon the plasma density* indicate that N can be ex-
pressed in terms of the average plasma density ng, ad-
jacent to the anode, and the active tube volume v, by

N = ¥nget.

The factor ¢, which has a value of about 2.0, is in-
dependent of the anode current and arises from the
greater plasina density in the cathode region. Combined
with (2), (2°), and (7), (11) becomes

Jo¢°

SOOI = 0.4 X 107 (12)

T
llere jos is expressed in ma per square centimeter, v in
cubic centimeters, the electron temperature is taken as
1.000°IX, and the ionizing current i, has been replaced
by its equivalent I,, the auxiliary discharge current ex-
pressed in ma.

This equation, first of all, predicts that the anode
current should be proportional to the ionization func-
tion f(1). This prediction is borne out by the results
shown in Fig. 22, where the crosses represent normalized
values taken from Fig. 21 (as shown on page 654). The
auxiliary voltage was controlled by varying the garrote
bias. The larger the bias, the greater the constricting
effect at the aperture,'* and hence the larger the auxili-
ary discharge arc drop."

Secondly, (12) indicates that the anode current should
be proportional to the auxiliary current ). The results
in Figs. 4 and 17 bear adequate testimony to the validity
of this conclusion.

Thirdly, (12) suggests that the current gain, as de-
fined by the ratio of the saturated anode current to the
auxiliary current, should be directly proportional to the
decay constant 7. Both the qualitative and quantitative
behavior shown in Fig. 23 confirm this very nicely.

19 M. A. Biondi and S. C. Brown, “Measurements of ambipolar
diffusion in helium,” Phys. Rev., vol. 75, pp. 1700-1705; June, 1949.

1 H. Fetz, “On the control of a mercury arc by means of a grid
in the plasma,” Ann. der Phys., vol. 37, pp. 1-40; January, 1940.

11 Probe studies show that virtually all of the arc drop appears in
the aperture.
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However, the unusually good quantitative results prob-
ably contain an element of fortuity which derives from
the approximations introduced into the derivation of
(12).

In evaluating (12) the following values were used:
A,=8.5cm? v=3.25 cm?, V=00 volts, and A,/ =0.235'3
centimeters at p=1 millimeter pressure. The tubes
represented in Fig. 23 were identical with the one shown
in Fig. 2, except for small geometrical differences in the
main cathode-anode region which altered 7. For ex-
ample, tube No. 3 had positive baflles over the end
micas; these prevented ion losses to the micas, and so
altered 7.
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Fig. 22—Relation between saturated anode current and
auxiliary discharge potential.

It is instructive to consider the effective ionization
efficiency curve shown in Fig. 22. Here the peak effi-
ciency corresponds to 1.5 amperes of anode current for
each watt in the auxiliary discharge. Operation under
these conditions is several times as efficient as the opera-
tion of an ordinary hot cathode diode. To illustrate this
point compare the total energy consumed in tube drops
for a given anode current (1) using plasmatron operation
and (2) using the same tube without the auxiliary dis-
charge. Now if the necessary auxiliary heater power of

(1) Plasmatron (2) Diode

Anode current 0.26 a 0.26 a

Anode voltage 20 v 27.0 v
Auxiliary voltage 55.0 v ~—
Auxiliary current 0.003a =—

Total power in tube drops 0.69 w 7.0 w

1.0 watt (at the conservative rate of 20-ma emission per
watt heating power) is added, the plasmatron shows a
power loss which is only one quarter that of the diode.
Had the gas been xenon, which has an ionizing potential
of about 11 v, the saving would still be 50 per cent or
more. Thus, the use of the plasmatron principle in rec-

12 Landolt-Bornstein, “Zahlenwerte und Funktionen aus Physik
und Chemie,” J. Springer, Berlin; 1950.
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tifier circuits, where efficiency is a consideration, ap
pears attractive.

These results emphasize that the ordinary hot cathode
gas diode operates at a disadvantage in that its anode
potential is beset with the dual problem of pulling elec
trons through the tube as well as having to take care of
the ionization requirements.

\ny particular ion density can be put to the best use
by taking advantage of the fact that for a given ion
density the anode current is proportional to the anode
area as shown in (7). By using various stratagems, such
as finned anodes, the anode areca can be increased sev-
eral-fold without increasing the outside dimensions of
the tube. When this is done, current gains of 300:1 are
casily achieved in tubes such as those illustrated. If the
previously mentioned trapping action is pushed to ex
tremes, by extending the anode over the end micas and
garrote, even greater current gain can be obtained.'

In dealing with the frequency response of the device
in the first or diode method of operation one is concerned
with the time constants of plasma build-up and deca
The plasma build-up time is a function of how fast ions
can be generated by the auxiliary discharge. This
process occurs so much faster than the decay time that
it can be ignored. The decay of the plasma density will
proceed largely by ambipolar diffusion according to the
relation!®

n o= noetr

(13)

from which (9) was derived. Here » is the ion density at
a particular point in the tube at a time ¢, ng is the initial

W The volume recombination loss should become important when
the plasma density 1y, at the anode has a value given approximately
by 1 =1/2ar which is derived by equating the diffusion to the
recombination loss. Using the value 1.7 X 10- %, given by Biondi and
Brown!® for the volume recombination coefficient « of helium, and
100 microseconds for r the value of Moa turns out to be 3X 10!, This
corresponds to an anode current of about an ampere in these tubes,

Whi(:h is appr Oxi"lately tlle Current at W]lich indi 1
reco! 1 I g cations of v
eC mbmatlon beCOlne eVldellt. f volume
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ion density at this point, and 7 is the decay constant
previously described. As might be expected the sine-
wave frequency response is inversely related to the de-
cay constant and drops off at the expected frequency.

Vil. GRrRID ACTION

In the second mode of operation the saturated anode
current is controlled by varying the cross-section of the
plasma in the vicinity of the anode. This is accomplished
by interposing a grid between the main cathode and
anode (see Fig. 7). The anode characteristic with grid
bias as a parameter is plotted in Fig. 9. When the grid
is at a negative potential with respect to the plasma, its
wires are surrounded by positive-ion sheaths which
serve as barriers through which electrons cannot flow.
Thus, the anode current is made to depend upon the
thickness of the grid sheaths. This control of the anode
current appears as a variation of the effective anode
area A, in (7). Actually, an increasingly negative grid
bias is effective in reducing the anode current in still
another fashion. The sheaths act as ion sinks whose
effect is to reduce the plasma density in their neighbor-
hood. As the sheaths expand, the plasma density de-
creases correspondingly, resulting in a further decrease
of the saturated anode current. This second control
mechanism may be considered analytically as a varia-
tion of the effective random current density jo in (7).
Thus, the grid exerts control over the anode current
through two co-operating mechanisms: (1) the variation
of the effective collection area of the anode, and (2) the
variation of the current density able to flow through
this area.

The relative contributions of the A, and j,, varia-
tions have been estimated in the following fashion.
From a measurement of the positive-ion current to the
grid when it was highly negative, a value for plasma
density was obtained. Assuming that the plasma density
is the same for all other values of grid bias, the sheath
thickness as a function of grid bias was computed by
the methods described by Malter and Webster.'® It was
further assumed that A, and consequently the anode
current, was proportional to the region between the
grid wires not closed off by adjacent sheaths. The re-
sultant anode-current grid-voltage characteristic is
plotted in Fig. 24. Here the ordinate is plotted in terms
of the current at zero bias. For comparison the experi-
mental results are plotted on the same figure. The
anode current was always maintained in a saturated
condition. It is seen that the experimental character-
istic is very nearly the square of the theoretical charac-
teristic (indicated by crosses). This suggests that the
variation in anode current is controlled about equally
by the two mechanisms, at least for tubes of the struc-
ture shown in Fig. 7, and that the effective anode area
and the random electron current density are nearly
linear functions of the grid-sheath radius.

L ]
_ ¥ L. Malter and W. M. Webster, “Rapid determination of gpas
n;lschaigglconstants from probe data,” RCA Rev., vol. 12, p. 191;
une, .
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The similarity between the va output character-
istics of the diode and triode operation stems from the
fact that the grid action affects the total quantity
A.je of (7) just as the auxiliary discharge does. Com-
parison of Fig. 3 with Fig. 9 shows that a higher value
of auxiliary current is required to give the same anode
current in the triode as in the diode. This comes about
because even at zero bias the grid wires act as ion sinks
which reduce the plasma density adjacent to the anode.
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Fig. 24— Comparison between theoretical and experimental grid
control characteristic.

The tiiode frequency response, plotted in Fig. 10, is
compounded of a complex combination of ion and elec-
tron movements in the grid-anode region. The falling
off of response is a result of the finite time required to
alter the plasma density in the grid-anode region. For
example, if the region is closed off from the main body
of the plasma, the residual plasma therein soon disap-
pears by diffusing to the grid wires. \When the sheaths
are then retracted, a definite length of time, primarily
determined by the slow-moving ions, is required for the
plasma to be restored in the grid-anode region. This
build-up time requires about 5 microseconds in these
tubes, whercas the cut-off of the anode current by the
grid sheaths occurs in a fraction of a microsecond.

It is interesting in the light of the above to point out
why the thyratron grid, in contradistinction to the
plasmatron grid, loses control after the onset of a dis-
charge with its concomitant plasma formation. The loss
of grid control, in the case of the thyratron, stems from
the increase in ionization that necessarily accompanies
the increase in the thickness of the grid sheath.! As the
grid sheaths reduce the span of the grid openings the
anode current at first tends to decrease. This decrease,
in the usual resistance-limited circuit, raises the anode
potential, making possible a higher rate of ion generation
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and hence a more dense grid-anode plasma. As a result
of this greater plasma density the effect of the original
grid sheath expansion is virtually cancelled and little
net cffect upon the anode current ensues. At very low
gas pressures the rate of ion generation is less able to
keep pace with the grid-sheath expansion so that a cer-
tain amount of grid contro! can be achieved with grids
that have small openings. At higher gas pressures, such
as are normally used in commercial thyratrons, this is
not usually the case. This entire matter has been studied
very thoroughly by Fetz' and need not be elaborated
upon at this point.. The plasmatron escapes the diffi-
culties of the thyratron by utilizing a plasma that is
produced independently of the anode current.

VIll. GENERAL BEHAVIOR AND APPLICATIONS

While exhaustive life studies have not been carried
out, it would seem that the plasmatron would be at
least as good in this respect as a comparable gas tube
such as a thyratron. The presence of the retarding field,
for positive ions, at the cathode precludes the possibility
of trouble from disintegration of the cathode due to ion
bombardment. This should also applyv to the auxiliary
cathode since the arc drop of the auxiliary discharge oc-
curs across the aperture in the garrote and, in addition,
there is also a small retarding field at the auxiliary
cathode. It would seem that the low operating poten-
tials normally required would not cause prohibitive gas
clean-up.

There is no reason to helieve that the tube should
behave any differently with respect to ambient tem-
peratures than a thyratron filled with the same type of
gas. Thus, a tube filled with a noble gas should be rela-
tively temperature insensitive.

Since the tube is a low-voltage, high-current device,
special attention must be given to the cathode. As re-
gards over-all efficiency, the cathode-emission efficiency
must be kept as high as possible and voltage drops in
the cathode coating and interface must be kept to a
minimum. It has been observed that such drops can add
several volts to the potential at which anode current
saturation occurs.

Contact differences of potential between the cathode
and anode are often noticable in the plasmatron. Dur-
ing cathode activation the entire va characteristic can
be seen to drift toward lower anode potentials. This
shift of the characteristic is presumed to be due to the
decrease in the anode work function which follows from
the deposit of evaporated cathode material.

In its present developmental stage the tube has been
used in the laboratory for direct loudspeaker drive,
motor control, switching, regulation, inversion, and low
drop rectification.

CONCLUSION

This new electronic device, a continuously control-
lable hot cathode gas tube, shows excellent promise for
fulfilling the long-standing need for a device that will
continuously control large currents at low voltages.

June

APPENDIX

It isinstructive to make a simplified analysis of plasma
conditions in a cylindrical geometry such as in Iig. 25.
1t is assumed that the charged particle densities are
equal so that »t=n"=mn. T'his assumption secems justi-
fied on the hasis of an analysis made on plane parallel
structures where n* and #~ were not assumed equal. It
cannot be expected to hold near plasma boundaries.
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Fig. 25— Section of plasmatron diode.

The electrons enter the plasma at the cathode with a
density ¢, and leave at the anode with a flow density
aga=/b. Positive ions are allowed to enter either at anode
or cathode with a flow density got, or to be present and
have no net drift velocity in a radial direction.

In addition to the current continuity relations and
the above houndary conditions, the flow equations

an
q nEut — D+ (1
ar
and
dan )
g = —nEy~ — D—- (2)
ar

must be satisfied; ¢+ and ¢~ are the respective positive
ion and electron particle flows, respectively, u* and u—
are mobilities, D+ and D~ the diffusion coefficients, # is
the particle (plasma) density at the radius , and E is
the field.

From (1) and (2) we get

P — [1)*;4‘ + Dut] 9n ,0n

w4+ Put ]ar B v ar I )
where D,’ is the modified ambipolar diffusion coefficient
and P=+q¢ /q*. The positive sign refers to the case
where the particle flows are in the same direction and
the negative sign where the flow directions are opposed.
By definition D, is the ambipolar diffusion coefficient
D, when P=1. Since u 2t D, will not start to differ
appreciably from D, until the absolute value of P be-
comes greater than 20 or so. This is an interesting re-
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sult since it indicates that diffusion conditions are still
“ambipolar” even when there is a relatively large dis-
parity between the electron and positive-ion flows to
boundaries. But, when the flows differ by a factor of 100
or more, as in the radial direction in the plasmatron,
then conditions are far removed from ambipolar.

From (1) and (2), the continuity relations, and the
boundary conditions one obtains:

aqs [ut +7d
dn=--q~[l—‘—_-4_-r°q°]-f.
D, r

(4)

M aqq"

The positive sign refers to the case where the positive
ions enter at the cathode and the negative sign to the
case where they enter at the anode. In the first case
ro=a, and in the second ro=b.

If ns is the positive-ion density adjacent to the anode,

(4) becomes
o [w* + b
- [ﬁ— + T ] In — -
D, r

(3)

n=ny+

M aqa

This shows that if the positive ions enter at the cathode,
remain essentially stationary (as they would for low
rates of generation and loss), move in an axial direction,
or enter at the anode at such a rate that the quantity in
the bracket does not become negative, the plasma den-
sitv will be greatest close to the cathode. If in (5), ¢~ is
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Fig. 26—Effect of anode current and potential on plasma density.

proportional to n, and got/gs~ remains approximately
constant, then the density distribution function will be
essentially independent of the anode current. Ioxperi-
ment indicates that such is the case. If ¢~ is not pro-
portional to n, as would be the case if the anode cur-
rent is not saturated, then (5) shows that the plasma
density in the cathode region should incrcase with g,~.
Also because fewer ions can run out at the anode the
density in this region might be expected to increase
somewhat. These conclusions are well borne out by the
results of probe measurements in the anode and cathode
regions of a plasmatron. Typical behavior (shown in
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Fig. 26), where the probe current was measured as the
anode current was changed. Plasma decay studies also
show that the disappearance of positive ions is markedly
lessened as the anode current approaches its saturation
value.

In developing the expressions to describe the plasma-
tron operation, it has been assumed that the current
carrying capacity of the plasma is a minimum at the
anode, that is, that Asjs < A,jr<Adja. Here the A’s refer
to the plasma cross-section area normal to a radius and
the 7’s to the electron space current densities at these
cross sections. The conditions necessary for this situa-
tion to exist can be found from (5). Thus all will be well
if

nyb < nr

or

ned < nyr +

[t + b
2 [“— + '—°q°—]r In — ©6)
D

Mmoo aqq 4

r ags ut b
1<—++ g “—Frln——
b bana I‘_ r

{ ro qot M
F = {1 T d -—} .
a g wt
It is convenient to introduce the dimensionless factor
F to account for the effect of the current ratio. The

equation can be simplified further by the introduction
of the relations

a ‘I
Sgr=qn, = 8=
b‘I qs

T+

c T~
np 4
Here ¢~ is the average electron thermal velocity and the
T's refer to the particle temperature. If the classical
expressions for the average thermal velocities, the elec-
tron mean free path L—, and mobilities are used, one
obtains
4 0 r

r b
1<—+————FIn—
b r 140 L™ r

or, approximatety

L <l T rml. 7
b - r

From (7) it is seen that the necessary conditions for nor-
mal plasmatron operation, wherein plasma saturation
occurs at the anode and not elsewhere, can be met
when (1) the ratio a/b is not too small, (2) the pressure
is such that L~ is not too large, and (3) the ions are in-
jected close to the cathode so that F tends to be large.
Qualitative observations bear out these conclusions. In
fact, when instabilities in operation do occur, the be-
havior of the plasma potential strongly suggests that
the point of plasma saturation alternates between the
cathode and anode regions, indicating that (7) is not
being continuously satisfied.

N
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On the Possibility of Obtaining Radar Echoes from
the Sun and Planets”

F. J. KERRY, SENIOR MEMBER, IRE

Summary—The sun is, after the moon, the simplest major as-
tronomical body to reach by radar, and it is a more interesting
object for study than the moon or the planets. In this paper, the
process of reflection from the sun is investigated theoretically, to-
gether with the manner in which the echo intensity would be ex-
pected to depend on the various parameters of a radar system. It ig
shown that the detection of sun echoes appears technically possible,
but a radio-engineering project of considerable magnitude is in-
volved. Orders of magnitude of planetary echoes are also briefly
discussed, and a reference is made to several astronomical studies
which could be carried out with a very high-power radar.

I. INTRODUCTION
FOLLOWING the successful reception of radar

echoes from the moon,!'* speculations have ap-

peared in various places regarding the possibility
of obtaining echoes from more distant objects. These
speculations do not yet appear to have been put on a
quantitative basis. Although Mercury, Venus, and
Mars approach more closely to the earth, the sun pre-
sents the best possibility (after the moon) of returning
detectable echoes because of its much greater size. Fur-
thermore, the sun is the most interesting astronomical
object for a radar investigation. Reflection would take
place high in the solar atmosphere in the fully ionized
gases of the corona. This region is very difficult to in-
vestigate optically. The corona is known to exhibit large
spatial and temporal variations which could be studied
by radar. It isalso believed that streams of ionized parti-
cles of the type which cause terrestrial auroras are some-
times emitted from the sun, and these might be detected
while in its vicinity.

An order of magnitude for the power required for a
detectable echo from the sun can be obtained by the
following simplified argument:

The angular diameter subtended by the sun at the
earth is nearly the same as that of the moon (1°), so
that both will receive about the same power flux from
a terrestrial transmitting antenna. Neglecting for the
moment the differing reflection coefficients of the two
bodies, the decrease in the sun’s echo relative to that
from the moon will be due solely to the greater distance

* Decimal classification: R115.23 X R116. Original manuscript re-
ceived by the Institute, October 1, 1951, .

t Division of Radiophysics, CSIRO, Sydney, Australia.

' J. Mofensen, “Radar echoes from the moon,” Electronics, vol.
19, pp. 92-98; April, 1946. _

3 Z. Bay, “Reflection of microwaves from the moon,” Hungarica
Acta Physica, vol. 1, pp. 1-22; 1946. : .

‘]. H. De Witt, Jr., and E. K. Stodola, “Detection of radio
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traveled by the diverging reflected radiation. Since the
sun is about 400 times as distant as the moon, the sun’s
echo will be smaller by a factor of (400)2, or 52 dh. The
more detailed discussion, presented helow, must take
several additional factors into account, such as, the par-
tial absorption of the incident energy in the solar atmos-
phere, the greater size of the sun’s radio disk, the neces-
sity of overriding the sun’s own radiation (“solar
noise”), and the variation of these and other factors
with frequency.

The evaluation of these factors is based on current
knowledge of the nature of the solar atmosphere, but it
should be noted that the relevant quantities are not
known exactly. Because great difficulties exist in obtain-
ing information concerning the outer corona and sur-
rounding clouds or streams of charged particles by opti
cal means, interest centers on the possibility of obtain
ing echoes from these regions. Hence, the use of a low
frequency is indicated. For this reason a frequency of
30 mc will be used to illustrate points in the discussion
the behavior at other frequencies being later expressed
in terms of that at 30 mc.

Following a derivation of the power requirements for
echoes from the sun and those for the nearer planets,
some comments are made on the practicability of build-
ing equipment of the necessary magnitude, and on uses
to which a suitably powered astronomical radar system
might be put.

II. REFLECTION FROM THE Sun
A. The Solar Corona

The solar corona is a mass of ionized gas at high
temperature, extending from the sun out to a distance
of several solar radii. In the generally accepted model
the electron density decreases outwards according to
the formula derived by Baumbach,s and later modified
by Allen” and van de Hulst.® The existence of a high-
electron temperature (about 10° °K) has been inferred
from the width of the coronal emission lines, the high
state of ionization required to produce these lines, and
the intensity levels of the “quiet” solar noise. Spherical
symmetry is often assumed for simplicity, but eclipse
observations of the corona indicate that this is far from
correct, the typical pattern showing a numbher of radial
streamers. There is some evidence that these streamers
are associated with prominences in the chromosphere,

8 S. Baumbach, “Strahlung Ergiebigkeit i
(11357Sonnenkorona," Astron, Nach.,gvoll.g 2613, upn: FleeStll:So-}n;eillg;;ht;

T C. W. Allen, “Interpretation of electron densit;
brightness,” Mon. Not. R. Astr. Soc., vol. 107, ;;:525%3—-‘{33[:112)3?“
#H. C. van de Iulst, “Zodiacal light in the solar corona
Astrophys Jour., vol. 105, Pp. 471-488; May, 1947,
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so that the pattern presumably changes in periods of the
order of days or less, while the occurrence of variations
of some kind of the order of seconds and minutes is indi-
cated by the intensity variations of solar noise from the
corona.

Some, at least, of the variations are doubtless due to
the ejection of prominence material from the chromo-
sphere into or through the corona. The visible portion
of a large prominence extends typically to 100,000 km
from the photospheric surface. The current interpreta-
tion of several terrestrial phenomena, for example,
auroras and magnetic storms, involves the interception
by the earth of streams of particles (most probably neu-
tral streams, with equal numbers of positively and
negatively charged particles). It is inferred that these
streams are ejected from active regions on the sun, but
no direct evidence is yet available.

The coronal filaments, and, thus, presumably the
main body of the corona, are known to have the same
angular velocity of rotation as the photosphere, with
an approximate period of rotation of 27 days.® This cor-
responds to a linear velocity of [1.9%Xa/R,] km per
second for a region at a distance of a/R, solar radii from
the axis of the sun. Any internal mass motions existing
in the corona must also be taken into account in the
radar considerations, as they would involve a Doppler
dispersion of the reflected energy. The high thermal
velocities of the electrons (order of 25 km per second)
will have a negligible effect in this connection, as they
average to zero on a macroscopic scale. Of great impor-
tance is the possibility of high turbulent velocities in the
rest of the coronal material, though current optical
evidence suggests that this motion is small.

B. The Reflection Process

For simplicity, we will neglect the large irregularities
known to be present in the corona. These will modify the
spatial distribution of the reflected energy, but should
not greatly affect the mean echo strength received at the
earth.

We will, however, take into account the smaller irreg-
ularities, small compared with solar dimensions, but large
compared with the wavelength of the incident radiation.
In other words, the contours of equal density in the cor-
ona will be “rough” surfaces. The parameters derived
by Smerd!® for the Baumbach-Allen spherically sym-
metrical model will be used for the mean characteristics
at any level.

Each ray entering the corona from outside will, in gen-
eral, suffer deviation from its original direction, together
with a certain amount of absorption attenuation. After
a time, the ray will encounter an electron density suffi-
cient to turn it away from the sun. For a ray normal
to the ionization gradicnt, this critical density is that

* M. Waldmeier, “Polarkarten der Sonnenkorona,” Zeit. fur
Astrophysik, vol. 27, pp. 24—41; April, 1950.

105" F. Smerd, “A radio-frequency reﬁreaentation of the solar

atmosphere,” Proc. IEE (London), part TII, vol. 97, pp. 447-452;
November, 1950.
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which makes the refractive index (u) zero for the fre-
quency concerned; for an oblique ray, a smaller electron
density will suffice.

The relevant properties of 30-mc rays are shown in
Fig. 1, for the case of a spherically symmetrical (smooth)
corona. On this idealized model, the mean level of the
p=0 surface for the 30-mc ordinary ray is at 1.56 solar
radii. All rays except the central one are reflected away
from the sun at levels outside this.

Locus of points
of reflection

Fig. 1—Reflection from spherically symmetrical corona, 30 mc.
(d =distance, measured in terms of the sun's optical radius Ry,
between a ray and the ray towards the center of the sun, before
they enter the sun’s atmosphere).

If the reflecting surface were smooth, only the first
Fresnel zone would contribute effectively; but when the
reflecting surface is rough, each region will contribute
something to the echo received at the earth since in
each region there will be rays which will meet some
p=0 surface normally. (We are neglecting the possibil-
ity of reflection from a sharp discontinuity in electron
density, about which little can be said from present
knowledge.) The energy scattered back in the echoing
direction is greater for a rough sphere than fora smooth
sphere of the same size, which scatters uniformly in all
directions, because (1) the fraction of the “illuminated”
area seen from any direction decreases on going away
from the incident direction, and (2), in regions towards
the limb, each irregularity shadows an area behind it,
reducing the effective illuminated area capable of re-
flection to directions away from the incident direction.

To form an estimate of the directivity of the radia-
tion reflected from the corona, we can use figures for
the optical directivity of the planets derived from the
variation of their brightness with astronomical phase.
The result obtained for Venus, a planet with an opaque
atmosphere, is 3.3. Corresponding figures for radio re-
flection would be less if the irregularities were small, ow-
ing to the smaller apparent roughness of a surface for
the longer wavelength. In the case of the sun (also a
gaseous type of reflector) the irregularities are presum-
ably larger than those of Venus. Furthermore, the cen-
tral strip of the sun is rendered more important in the
reflection process by the Doppler spread because of rota-
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tional velocities. Thus, a not unreasonable estimate of
radio-frequency directivity for the sun is 4.

We must now consider the effects of the sun’s refract-
ing and absorbing atmosphere. Refraction would reduce
the effective reflecting area, by deviating rays away
from the reflecting surface, while absorption would lower
the echo intensity by reducing the total amount of
energy scattered. I'or theaccuracy required, we can sepa-
rate the effects of refraction, absorption, and directiv ity,
and consider each singularly for the whole sun.

In addition to the decrease of curvature of the actual
reflecting surface (by a factor of 1.56, see Fig. 1), there
is a further effect associated with the gradual bending of
the rays. A ray which enters the solar atmosphere at a
distance of, for example, 0.5 solar radii from the central
ray, has its turning point at about 0.65 solar radii dis-
tant. This is equivalent to a decrease of effective radius
by a factor of about 1.3. The net effect is an increase of
the sun’s effective radius over that of the photosphere
by 1.56/1.3 to the value 1.2 R,

The absorption loss for central and oblique rays can
be obtained from Smerd’s results for the optical depth
to the reflecting region," giving a loss for the double
passage varying from 4.3 db, for d=0 to 1.5 db, for
d=1.5. Making rough allowance for the directional
characteristics of the reflected energy, we will adopt 3.5
db the mean loss of all rays contributing to the echo.

After deducing the fraction of the incident energy
which is reflected back to the earth, we must consider
how the echo energy is dispersed in frequency by the
Doppler effect. The solar rotation will produce a shift
of [375Xa/R,] cps at 30 mc for a pcint on the sun’s
disk at a projected distance of a/R, solar radii from
the axis of rotation. The energy spectrum arising from
this effect will be symmetrical about a frequency cor-
responding to the central strip of the sun’s disk, this
frequency being displaced from the transmitted fre-
quency by a slowly varying shift which depends on the
earth’s orbital and diurnal motions. The spectrum can
be computed approximately, by using the ray trajec-
tories of Fig. 1 to deduce the levels at which various
portions of the incident beam will be reflected, and,
hence the corresponding frequency shift. Making allow-
ance for the variation of directivity over the various
portions of the disk, it appears that at 30 mc about 55
per cent of the echo energy will be contained in a band
of 500 cps, and 90 per cent in 1,000 cps.

Optical evidence suggests that the turbulent veloci-
ties within the corona are smaller than the rotational
velocity, so that they should not produce appreciable
additional dispersion of energy. Some of the energy
will be reflected from material traveling with promi-
nence velocities, and consequently will suffer quite large
frequency shifts (for example, nearly 200 kc for a veloc-
ity of 1,000 km per second), but it is to be expected

'S. F. Smerd, “Radio-frequency radiation from the quiet sun,”
Aust. Jour. Sci. Res., Ser. A, vol. 3, pp. 34-59; March, 1950.
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that only a negligible fraction will be dispersed in this

way.

C. Echo Cross Section of Sun

We have seen that the incident energy contributing

to the echo is that which would pass normally through
an area of w(1.2XR;)?* at the sun’s distance. To a first
approximation, and making the additional assumption
that the pulse length exceeds the spread in delay time
of the sun echo (7 seconds), the echo cross section, o,
will be the product of

A, the equivalent area, 7(1.2 X R,)?,

B(=<1), the receiver acceptance factor, the proportion
of the dispersed reflected energy which is contained
within the receiver bandwidth,

D, the directivity in the back-scattering direction of
that portion of the scattered radiation which is ac-
cepted by the receiver,

«, the mean ratio of emergent to incident power over
all rays, considering only the effect of absorption,

o = ABDa.
Thus for a 500 cps bandwidth, for which §=0.55

cg=m(1.2 X R)2X 0.55 X 4 X 0.45
== 1.57I'R02.

II1. NoisE BACKGROUND

Sun echoes will be received against a background of
solar and galactic noise, which will be so large at the
frequencies considered that receiver noise will be of
little importance provided the noise factor is reasonably
good. Solar noise can be expected to rise at some times
during disturbed periods to values of many times the
sun-ccho level. \WVith the indicating and integrating sys-
tem discussed later, it may be possible to see small
changes in even a highly variable noise level, but no
quantitative data are available about this. We will
consider in detail the case of the “quiet” sun.

Smerd’s results' for the 30-mc optical depth, which
were used above to obtain a figure for the absorption,
led to an apparent temperature, T, for the quiet sun
of 900,000°K.12 The noise power available from a 30-mc¢

plane-polarized antenna of gain 3,000 directed towards
the sun would then be

b _ M. GN
= 72—* &2, ;watt (cps)1,

where

k= Boltzmann’'s constant (joule/deg.)

{,=solid angle subtended by Sun’s optical disk
(steradian);

therefore,

P, =2.0X 101 waty (cps)—L.

2 Temperature referred to sun's optical disk.
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The antenna temperatures to be expected from galac-
tic noise have been inferred from published results of
observations made in and near the frequency range
concerned.!® The estimated variation throughout the
vear of 30-mc galactic noise in the direction of the sun
is shown in Fig. 2 for an antenna of gain 3,000. The
range of temperatures is about 12,000 to 100,000°K.,
the highest value occurring in December. The median

15O,

OF DE%REES)

EQUIVALENT AERIAL TEMPERATURE
(THOUSANDS
W
(o]

o+ v+
Jon Jun Dec.

Fig. 2—Estimated 30-mc antenna temperatures due to galactic noise
for an antenna directed towards the sun on the days shown.

value, which will be little affected by change of antenna
gain, is 17,500°K., equivalent to an available power at
the receiver of

Pg = kT = 2.4 X 1071 watt (cps)~.

The total power from the quiet sun and galactic noise
(median value) will then be

Py = 4.4 X 107" watt (cps)™".

The constancy of this level at 30 mc is not known,
but some special observations have been made by
Bolton® at 100 mc, under conditions in which about
one-tenth of the antenna noise power was galactic, and
the rest solar. He finds that on the average day, de-
scribed as “quiet,” the noise level shows variations of up
to 5 to 10 per cent with significant times of the order of
2 to 5 seconds. On exceptional days, the variations are
less than 1 to 2 per cent for considerable periods.

In addition to solar and cosmic noise, trouble is likely
to be experienced under some conditions from atmos-
pherics and station interference, although use of a fre-
quency above 25 mc would minimize these effects.

1V. DETECTION OF SUN ECHOES
A. Propagation between Sun and Earth's Surface

Electron densities in interplanetary space are normally
so small that negligible absorption should take place

13 (. A. Shain, “Galactic radiation at 18.3 me,” Aust. Jour. Sci.
Res., Ser. A., vol. 4, pp. 258 267; September, 1951.

1 |, G. Bolton, Dwision of Radiophysics, CSIRO (private com-
munication).
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there. Similarly absorption in the terrestrial ionosphere
at high angles and at the high frequencies considered
should be negligible.

B. Echo-to-Noise Ratio

In more definite terms, let us consider the following
system characteristics, taking up later the effects of
varying some of the parameters.

Wavelength A =10 meters
Radiated power Pr=250 kw
Pulse length > 7 seconds

Antenna power gain (isotropic) G = 3,000

Receiver bandwidth B =500 cps
Post-detector integration time t=10 seconds
Echo cross section of sun g=1.57R¢

Ry, =6.95X10® meters
S =1.49 X 10" meters.

Solar radius (optical)
Solar distance (mean)

Then the echo power intercepted by the receiving
antenna (available power) would be

P,Gr 1 Gg)\?
g

47S?  47S? 4r

- 5.2 X 107 w.

Pr =

Therefore, the echo-to-noise ratio before the detector
becomes

Ppr
Py

=2.4

+ 3.7 db.

The possibility of observing echoes whose strength is
near the noise level is limited by the statistical fluctua-
tions of the noise. These fluctuations can be reduced by
integrating after the detector over a period of time con-
taining many noise impulses. By integration over n noise
pulses, the minimum detectable signal Puia can be re-
duced by a factor v/n. Thus for an IF bandwidth of
500 cps and an integration time of 10 seconds, half of
which is used to receive echo energy, the detectability
of weak echoes will be increased by a factor

BE\!
(%)

= 50
= 17 db.

Thus under the conditions considered, the echo power
would exceed minimum detectable echo by about 21 db.

C. Choice of Optimum Frequency

A large number of factors enter into the choice of the
optimum frequency, but some of these can be combined
into a single curve of sensitivity against frequency.

As the frequency increases, the ccho cross section of
the sun decreases, for two reasons. The radius of the
coronal level from which u =0 reflection can be expected,
decreases: also, the absorption of energy in traveling
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to the reflecting level and out again increases rapidly.
Both these effects can be calculated from Smerd’sdata. !

The two components of the noise background, solar
and galactic, vary with frequency. The apparent tem-
perature of the quiet sun is found to increase slowly
over the frequency range concerned, and, in addition,
for an antenna of constant area the radiation flux for a
given apparent temperature increases with the square
of the frequency. The galactic noise level varies in the
opposite direction, the power accepted by the antenna
being approximately proportional to f~2% in the “cold”
parts of the sky. For an antenna of the size which has
a gain of 3,000 at 30 mc, which was considered above,
solar noise would be predominant above 30 mc, and gal-
actic noise below 30 mc.

Again, as the frequency increases, the Doppler spread
due to solar rotation increases, though this is partially
compensated by the decrease in apparent size of the
sun. An increased Doppler spread requires a greater
bandwidth in order to accept the same proportion of
the echoed energy. This leads to a reduction in sensi-
tivity by increasing the noise.

Coming to equipment factors, it is reasonable to con-
sider the effect of frequency variation in terms of an
antenna of constant area. The power sensitivity of a
radar system in such a case is proportional to f2. The
difficulty and cost of producing a given transmitter
power varies little up to 30 mc, but then increases
steeply with frequency. A rough estimate can be made
of the relative amounts of power that can be produced
at various frequencies for a given cost.

TABLE 1

ErFECT OF FREQUENCY ON VARIOUS FACTORS WHICH INFLUENCE THE
SySTEM SENSITIVITY ON SUN ECHOES, RELATIVE TO
THE SENSITIVITY AT 30 MC

Trans- | | Relative

Trans- s I s Sun
Fre- | mitter | Mitter | Bun | ; Doppler I system
power | effective | absorp- Noise f
uency| antenna 4 H spread sensi-
¢ gain Ifozog;:ren area tion tivity
(mc) [ (ab) (db) | (db) (db) (db) | (db) (db)
10 -9.5 0 +3.4 | +3.6 -9.3 ' +1.5 -10
20 -=3.5 0 +1.2 | 424 =2.2 +0.6 -2
30 0 0 | 0 0 | 0 0 0
40 +2.5 -5 | -0.8 -2.6 -0.6 -0.4 -7
60 +6.0 -8 | -t1.7 -9.0 -~4.0 =11 —18
80 I +8.5 ' -12 | =-2.3 —11.5 -6.7 -1.5 —26

The etfect of frequency variation on all the above
factors is given in Table I. The figures in some of the
columns can be accepted as reliable, but others are
somewhat speculative. The over-all effect is plotted in
Fig. 3, in terms of the performance at 30 mic., which has
been considered in detail. Two curves are given, the
dotted line for constant transmitter power and the
full line a rough estimate for a transmitter of constant
cost. The curves indicate that, under the assumed
conditions, there is an optimum sensitivity for sun
eclioes at 25 to 30 mc.

Three additional factors must be considered, namely,
ionospheric transmission, atmospherics, and station
interference. The frequency used must be sufficiently
high to penetrate the ionosphere without difficulty.
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These factors set a minimum frequency of about 25 mc.
At the same time, the interest in searching for echoes
from clouds or streams of electrons near the sun and in
interplanetary space suggests the use of the lowest
suitable frequency. The over-all conclusion then is that
25 to 30 mic appears to be the optiimum frequency range
for sun echo work.
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Fig. 3—Variation with frequency of sensitivity for sun echoes
relative to 30 mc, for constant antenna gain.

D. Effect of Changing Other System Constants

The increase of eclio-to-noise ratio corresponding to

an increase of antenna gain G will be less than the
normal G? because the noise from the sun will rise at
the same time. Since the solar noise comprises only a
portion of the antenna noise, while the increase of trans-
mitting gain will be fully effective, the curve of system
sensitivity against gain will be between the G and G*
curves, as shown in Fig. 4.

N
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@)

| 7/

RELATIVE SYSTEM SENSITIVITY

20 = Bov. 40 50
AERIAL GAIN (db)

Fig. 4—Variation with antenna gain of 30-mc_sensitivity with
sun echoes, relative to gain = 3,000.

Variation of bandwidth (B) affects the proportion of

the reflected energy which is accepted by the receiver
(B), the noise background, and the integration gain. The
number of noise pulses contained in the integration
period varies as B2
that the sensitivity
quantity is found to increase with B up to about 400
cps as the effective arca of the sun increases. It is

_for a given integration time, so
1s proportional to 8/B‘. This

|
!
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then approximately constant up to 1,000 cps, even-
tually decreasing when the bandwidth exceeds the
Doppler spread of the reflected energy.

The sensitivity increases as the square root of the
integration time, ¢, provided the pulse length exceeds
(t+7) seconds. (7 seconds is the echo delay time cor-
responding to the sun’s 30-mc radius.)

V. EcHOES FROM I’LANETS

Echo intensities to be expected from planets can be
calculated quite simply from the standard radar equa-
tion if it is assumed that absorption does not take place
in possible planetary ionospheres. Although Venus,
Mars, and Mercury come closer to the earth than the
sun at times, they are much smaller, and, therefore,
should produce weaker echoes. To give an idea of the
order of magnitudes, a number of figures are given in
Table 11 for the estimated echo strength relative to the
minimum detectable echo, under various conditions.

TABLE 11

EXAMPLES OF 30-Mc EcHO INTENSITIES FROM PLANETS,
UsiNG THE EQUIPMENT CHARACTERISTICS
ofF SussecTionN IV B

| 30-mc

echo
Distance strength
at IF Inte- | relative
Planet closest | Diameter | band- | gration | to mini-
approach width | time | mum
| detectable
| echo
(meters) (meters) | (cps) (seconds)' (db)
Venus 4.1Xx10" 12.2X10¢ 500 10 + 2
| 50 100 | +12
6 270 l +18
Mercury | 9.2X10° 4.9%108 50 615 - 6
1 615 ' + 2
Mars 7.8X10"° 6.8 X108 | 96 520 ‘ -3
| | |
Jupiter 63101 | 143X 10° | 4,800 | 4,200 —-16

‘These are for a 30-mc radar system with the same char-
acteristics as were used in the sun-echo discussion. The
reflection coefficient of the surface has been taken as
0.15 in each case, and the directivity as 5. These values
were used in considering reflection from the moon,® and
can be used as a first approximation for the planets.
Post-detector integration for the times noted is as-
sumed. The last figure quoted for each planet gives the
greatest possible sensitivity for that particular planet,
using the minimum bandwidth (as limited by the
planet’s velocity of rotation) and assuming the energy
can be integrated over the whole travel time cor-
responding to the planet’s distance.

The variation with frequency is quite different for
planets than that derived for the sun, chiefly because
the reflection coefficient is not expected to vanish as
the frequency goes up, and also it would not now be
necessary to override solar noise. The use of a much
higher frequency is favored in this case, the choice de-
pending largely on equipment,
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VI. PRACTICABILITY
A. Transmitter and Antenna

We will now consider the practicability of realizing
the equipment parameters which have been found to be
necessary for the detection of sun echoes. The critical
items are of course the transmitter and the antenna. A
power of 250 kw has been introduced above as a reason-
able maximum on present techniques, leading to a re-
quirement for antenna gain of 3,000. At 30 mc, this
corresponds to an aperture of 200 to 250 meters square
and a beamwidth of 3°. Such an antenna could be built
in the form of an array of dipoles or as an array of unit
antennas of intermediate size. It would require facilities
for directing the beam towards the sun for some frac-
tion, at least, of the day and of the year.

A system of this kind is within the range of present
techniques, but it is obvious that a project of consider-
able magnitude is involved.

B. Receiving and Integrating Equipment

On the receiving side, the sensitivity requirement is
approximately that of the best receiver practice today.
In achieving high sensitivity, use would have to be
made of integrating techniques, together with the
Dicke comparison system, to reduce the effect of varia-
tions in the solar noise background and in receiver gain.
The most sensitive arrangement would be to switch
rapidly between two slightly displaced frequencies, one
containing the sun echo together with solar and galactic
noise, the other solar and galactic noise only. A dis-
placement of a few kc from the echo frequency would
get outside the sun-echo Doppler spectrum, and pro-
duce a negligible change in the noise and in antenna
characteristics. By this method it should be possible to
observe sun echoes in the presence of relatively large
solar noise variations.

VII. SoME POSSIBLE ASTRONOMICAL INVESTIGATIONS

By far, the most interesting object for study with a
high-power astronomical radar would be the sun. The
mere obtaining of echoes on the threshold of visibility
would not have much scientific value, as little could be
learned from such echoes. It would be essential to build
equipment capable of giving echoes with about 20 db in
hand so that the fine structure of the echo could be
studied. Since antenna resolution would be poor, this
study would be limited to the fine structure in depth,
unless one could detect coronal streamers or outgoing
corpuscular strecams subtending a large angle. The
chances of detecting such objects would be greatest
when near the sun’s limb, for then they would present
the greatest projected area.

In addition to obtaining some information on the
shape of the corona and its time variations, data on
rotational velocities and internal motions in the corona
could be derived from the Doppler spectrum of the
reflected energy. Also, the uistance to the reflecting
region of the corona might be measured, with about the
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accuracy obtained in the best optical determinations
of the distance of the sun from the earth.

Planetary echoes would have less interest. The rota-
tion period of Venus, which is not at present known,
might be determined, and approximate reflection coeffi-
cients of the various planets ol tained. Accurate distance
measurements could, however, only be made with a
further large increase in equipment capabilities beyond

A Novel Type

OF TIIE I.R.E. June
those considered in this paper. The moon’'s distance,
incidentally, could be determined more precisely than
it is yet known from astronomical measurements, with
such a powerful equipment. This would be a measurg-
ment to the nearest point of the moon, and its main
interest would be as a determination of the tidal bulge
which very probably exists in the region permanently
turned towards the carth.

of Monoscope”

S. T. SMITHY, ASSOCIATE MEMBER, 1RF.

Summary—A cathode-ray monoscope tube has been developed to
provide output closely resembling the directivity pattern of a radar
antenna. The variation of secondary electron emission from alumi-
num with angle of incidence is used as the basis for design of the
monoscope target. The conical aluminum target is so shaped that
variation of the target current with beam deflection corresponds to
the variation of received radar signal with angular displacement of
the radar antenna.

INTRODUCTION

N A radar application at the Naval Research Labo-
I[ ratory an electronic function generator was required

that would provide electrical output signals propor-
tional to an over-all radar antenna directivity function
in both the horizontal and vertical planes. Input volt-
ages to the device were to be proportional to the angular
displacement of the antenna in azimuth and elevation.
An accuracy of +8 per cent was required as well as re-
liability of operation and no critical adjustments.

A cathode-ray tube with an electron gun is well suited
for this application. The electron beam deflected hori-
zontally or vertically resembles a radar antenna beam
deflected in azimuth or elevation, and the electron tar-
get thus corresponds to the radar target. The problem,
therefore, is one of designing the target for the clectron
beam so that the current to the target will vary with the
position of the beam on the target in the same manner as
the amplitude of received radar echoes varies when the
antenna is directed towards a radar target.

DrsIGN OF THE N ONOSCOPE

Shown in Fig. 1 is the desired output characteristic of
the monoscope. It is the antenna response curve of com-
bined radar transmitter and receiver and represents the
relative voltage amplitude of return echoes as measured
in the receiver output when the antenna is directed to
either side of a small radar target.

The net current to any electrode bombarded by an
electron beam is the difference between the secondary
escape current and the beam current. The electrode cur-

* Decimal classification: R138.1. Original manuscript received by
the lnzstitute, March 20, 1951; revised manuscript received, January
2, 1952.

t Naval Research Laboratory, Washington, D. C,

rent, or in this case, the target current to the mono-
scope, can be caused to vary with position of the beam
by controlling the effective secondary escape current at
each point on the target surface. After several prelimi
nary experiments it was concluded that the most prac-
tical way of controlling the secondary escape current
at cach point on the target surface was to shape the
target in such a way as to control the angle of incidence
of the electron beam and thus vary the secondary emis
sion ratio.

IOOr
90—
80—
70—
60—
50—
40—

30—

ANTENNA RESPONSE — PER CENT

20—

e | S VN W A W

-4 =3 -2 - (o} ! 2 3 4 5

ANGLE OFF BEAM CENTER — DEGREES
Fig. 1—Antenna response curve.

Miller' and others? have shown that the secondary
electron emission of metals increases as the angle of in-
cidence of the primary beam approaches grazing inci
dence. Miiller's measurements indicate that the rela-
tive change in secondary emission with angle of inci-
. ' H. 0. Miller, “Die Abhingigkeit der Sekundirelektronenemis-
sion eciniger Metalle von Einfallswinkel des Primiren Kathoden-
strahls,” Zeit. fiir Phys., vol. 104, pp. 175-486; March, 1937,

*R. Kollath, “Sekunrliirelektronenemission fester

Phys. Zeit., vol. 38, pp. 202-224; April. 1037, el

.
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dence is greatest for metals of least density and that the
relative change is approximately constant for all bom-
barding energies to 4,000 volts. The relative change in
secondary emission for metals is little affected by tem-
perature. Of the metals that were studied by Miiller
aluminum produces the greatest relative change in sec-
ondary emission. The curve of Fig. 2 is based on meas-
urements made by Miiller using an aluminum target at
a bombarding energy of 2,500 volts.
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2 Variation of secondary-emission ratio with angle of incidence
for aluminum (from Miiller).

Fig

Explanations of the increase in sccondary emission
with angle of incidence are based on the assumption that
at larger angles of incidence the path of the primary
clectrons through the metal is nearer the surface than at
normal incidence. Therefore, since the mean distance to
the surface is shorter, more of the secondaries liberated
within the metal are able to escape. The process is made
more complicated by surface contamination and by dis-
persion of the primary electron beam as it proceeds
through the metal. Assuming an exponential absorption
with distance to the surface, Bruining?® has shown that
the variation of sccondary-emission ratio is given quite
closely by

= 1
Ro = Roeﬂ( Lot 'b),

where Ry is the secondary-emission ratio at angle of in-
cidence ¢, Ry is the secondary-emission ratio at normal
incidence, and p is a coefficient proportional to the ab-
sorption of the material and the mean depth of penetra-
tion of the primaries.

Once the variation of secondary emission with angle
of incidence is known (Fig. 2), it is a straightforward
procedure to design the shape of the target so as to cause

3 H, Bruining, “Secondary electron emission, part 11, absorption

cl:f%sg:condary electrons,” Physica, vol. V, pp. 901-912; December,
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the target current to vary with position on the target
surface according to the antenna directivity function
shown in Fig. 1. The diagram of Fig. 3 illustrates the ar-
rangement of electron gun and target assembly to ac-
complish the desired results. The target is pointed in the
center to make the angle of incidence, the secondary-
emission ratio, and the target current a maximum value.

¢
- s B
/

ELECTRON GUN~ COLLECTOR. X

<

— 4 -
J B | - 1 Ry
‘i_a_.x.u"‘ ‘, f ";(é 7 N
- / 4 }
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~
DEFLECTION PLATES — _/ 6/
ELECTRON BEAMJ  ALUMINUM TARGET— OUTPUT ELECTRODE™

Fig. 3 Diagram of the angle of incidence monoscope.

At progressively larger distances from the center the tar-
get is shaped to cause the target current to decrease
according to the function shown in Fig. 1.

Near the edges of the target it was required that the
target current be zero. This was accomplished by shap-
ing the target for normal incidence of the beam and by
lowering the voltage on the collector electrode so that
the secondary current was just equal to the beam cur-
rent. In determining the shape of the rest of the target
it was assumed that the same fraction of secondaries
was collected at all points on the target surface.

Fig. 4+—The angle of incidence target.

After the curve of target shape was obtained by using
point-by-point calculations, a template was made and
the targets were formed on a lathe from commercial
aluminum. The active surface of the aluminum was
polished and cleaned by standard cleaning processes.
IFig. 4 is a photograph of a completed target.

Fig. 5

The angle of incidence monoscope.

A completed tube is illustrated in Iig. 5. It is 18
inches long and employs a type SCP electron gun. It is

.
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believed that by proper design the over-all size of the
tube could be reduced considerably. Surrounding the
target is a glass shoulder on which phosphor has been
deposited for observation and focusing of the electron
beam.

The monoscope characteristic was indicated on an os-
cilloscope by connecting the output of a sweep generator
to the horizontal detlection plates of both the mono-
scope and the oscilloscope, while the amplified output of
the monoscope target electrode was applied to the ver-
tical deflection plates of the oscilloscope. The beam cur-
rent of the monoscope was pulsed at a high rate so that
the output could be amplified without the use of a dc
amplifier. The output characteristic of the monoscope
(Fig. 6) was taken in this manner and represents the en-
velope of the target current pulses as the electron beam
1s deflected diametricaily across the target surface. Fig.
7 represents the output envelope with a high collecting
field. In this case all secondary electrons from the tar-
get are collected.

Fig. 6—Output characteristic with low collecting ficld

A comparison of the output characteristics shown in
Fig. 6 with the desired antenna characteristic shown in
Fig. 1 indicates that the agreement is within +35 per
cent.

Since the target is made from commercial aluminum
stock with possible impurities, and since a surface layer
of aluminum oxide is present, it might be suspected that
the secondary-emission characteristics of the surface
would change from tube to tube and with age, but such
does not appear to be the case. Six targets have been
made from stock selected at random, and each exhibited
secondary-emission characteristics with angle of inci-
dence similar to those obtained by Miiller. One tube has
been operated intermittently for three vears with no
noticeable adverse effects. There has been no evidence

of contamination of the target surface by evaporation
of barium from the cathode. However, no quantitative
measurements of tube life have been taken, and no con
clusive statements can be made.

Fig. 7 Output characteristic with high collecting field

It is interesting to compare the magnitude of output
current with that of the conventional television mono
scope. In the television monoscope the secondary emis-
sion ratio is controlled by varying the amount of carbon
deposited on aluminum foil by a half-tone printing proc-
ess. Thus at one-kv energy the secondary-emission ratio
can be varied between the limits of approximatelv 0.5
for carbon areas to approximately 2 for aluminum areas
or a difference of 1.5. In the case of the angle of inci
dence target, when ali secondaries are collected, the
secondary-emission ratio can be controlled between the
limits of 3.8 and 1.2, a difference of 2.6. Therefore. for
the same beam current the angle of incidence target pro-
vides more output than the carbon-on-aluminum target

CoxcLusioNs

The variation of secondary-emission ratio with angle
of incidence for aluminum at 2,500-volts energy is a
characteristic sufficiently reliable to be used as the basis
for the design of a monoscope. The stability of operation
of experimental monoscopes favors the use of the angle

of incidence effect for special monoscopes and similar
applications.
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RF Phase Control in Pulsed Magnetrons*

E. E. DAVID, JR.t{, ASSOCIATE, L.R.F.

Summary—This paper describes the behavior of a magnetron os-

| cillator started in the presence of an externally applied rf exciting sig-

nal whose frequency is not greatly different from the unperturbed
steady-state frequency of the magnetron.

Two points of view are presented: First, quasi-steady-state start-
ing is assumed, and a differential equation representing the system
within this limitation is derived. Solutions obtained specify the phase
of the oscillator as a function of time subsequent to starting. Second,
the inhomogeneous Van der Pol equation is used to describe the sys-
tem. The oscillator is represented as a parallel RLC circuit shunted
by s negative, nonlinear conductance. Approximate analytical and
differential analyzer solutions of this equation are used to investigate
the frequency and phase transients during starting and distortion of
the build-up envelope by the exciting signal. The initial conditions for
both equations are established in terms of the exciting signal-to-
preoscillation noise ratio.

Results of the two analyses are essentially in agreement; details
of the solutions are different gince reactive beam loading has been
neglected in the latter case. The phase transient initiated during
starting may have a duration which is long compared to the build-up
time of the rf voltage on the magnetron anode. Preoscillation condi-
tions which fix the initial phase play an important part in determining
the phase for a considerable time subsequent to starting. Other in-
fluencing factors include the oscillator tuning relative to the injected
frequency; the value of a coefficient directly related to the injected
power and the natural frequency of the oscillator cavity, and inversely
to the power output and coupling Q; and design parameters deter-
mining the rf rise time.

INTRODUC TION

TN SOME APPLICATIONS of clectronic oscillators
it is desirable to establish coherence between the
generated oscillations and another signal whose,

frequency is not greatly different. It is often proposed

to achicve coherence by injecting cnergy from this
source directly into the oscillator circuit. If the injected
signal satisfies certain amplitude and frequency condi-
tions, nonlinear characteristics of the oscillator cause it
to sy nchronize and, therefore, become coherent with the
injected signal.

Several investigators have examined this phenomenon
both experimentally and theoretically.t~7 Their results

_* Decimal classification: R355.912.1. Original manuscript re-
ceived by the Institute, June 4, 1951; revised manuscript received,
January 14, 1952, This work was supported, in part, by the Signal
Corps, the Air Materiel Command, and ONR.

t l}el[ Telephone Laboratories, Murray Hill, N. J.

tE. E. David, Jr., “Locking Phenomena in Microwave Oscilla-
tors,” Te-hnical Report No. 63, Research Laboratory of Electronics,
M.I.T., Cambridge, Mass.; 1948.

2 3. V'an der Pol, “Forced oscillations in a circuit with non-linear
resi~tance,” Phil. Mag., vol. 7-3, p. 65; 1927.

* R. Adler, “A study of locking phenomena in oscillators,” Proc.
1.R.E., vol. 34, pp. 351-357; 1946.

+ R. D. Huntoon and A. Weiss, “Synchronization of oscillations,”
Proc. L.R.E., vol. 35, pp. 1415-1423; 1947.

_%E. \'. Appleton, “The automatic synchronization of triode os-
cillators,” Proc. Camb. Phil. Soc., vol. 21, pp. 231-242: 1922-23.

* E. E. David, Jr., “RF Phase Control in Microwave Oscillators,”
Technical Report No. 100, Research Laboratory of Electronics,
M.1.T., Cambridge, Mass.;: 1949.

7 _I., C. Slater, “Microwave Electronics,” McGraw-Hill Book Co.,
Inc., New York, N. Y.; 1950.

have shown that the power output, frequency, and
phase of an oscillator may be uniquely determined if
a locking signal of known power, frequency, and phase
is injected, and if the oscillator's operation is known
uniquely as a function of its load impedance when its dc
conditions are specified.

This important conclusion may be deduced immedi-
ately from the approximate differential equation of the
system,

d¢

— 4+ Ssing = (w; — '), L)
di

where Sisa parameterdirectly related tothelocking power
and inversely related to the oscillator output power and
Q. o' is the unperturbed oscillator frequency, w, is the
perturbing frequency, and ¢ is the phase difference be-
tween the injected signal and the generated oscillation.
If a stable lock-in occurs, d¢/dt will be zero and the
steadv-state solution to the equation is merely

- w)y w'
¢ = sin '( ) (2
S

Thus the locking phase, ¢, is determined by locking
signal power, frequency, and the steady-state proper-
ties of the oscillator itself. The complete solution to (1)
also shows that the transient “pull-in” of the phase to
its steadv-state value (2)* when the locking signal is
suddenly applied to the steady-state oscillator is not
instantaneous, but occurs approximately cxponentially
with a time constant of 1/S.

\When (w, —w'/S) > 1, the solution to (1) shows an en-
tirelv different character. Specifically, synchronization
is not accomplished and d¢/dt varies periodically with
time instead of settling monotonically to zero. This pe-
riodic variation of ¢ corresponds to a frequency modu-
lation of the oscillator which may be calculated in detail
from (1).

Thus the effects of an injected rf signal on a steady-
state oscillator are well known. Many applications, how-
ever, require that the oscillator operate intermittently
with a very short duty cycle. The most important ex-
ample of this kind is the microwave magnetron. It is
particularly adaptable to applications where rf pulses
of very short duration are needed. In such cases coher-
ence from pulse to pulse may be a desirable condition.
This can be achieved if a cw signal of similar frequency
is used to phase or synchronize the oscillator during
its operation. Hence, we would like to know the dy-
namics of the synchronization during and subsequent
to rf build-up of the oscillator, when a phasing signal

¥ See Appendix 11 for derivation
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has been previously applied for an arbitrarily long time.
Eventually, the oscillator will assume the steady-state
indicated by (2). The steady-state theory, however,is not
adequate to describe the pulsed case. In particular, the
effects of the starting transient must be accounted for.

Our objective shall be to find a differential equation
which describes the system. The solution to such an
equation will specify the locking phase as a function of
time over the interval of interest. This solution for large
values of time should reduce to the one previously dis-
cussed. A\ second but equally important objective will
be to set up the initial conditions for the equation in
terms of the oscillator's preoscillation noise. Finally, we
shall endeavor to establish the most important factors
letermining pulse-to-pulse coherence.

Two different but complementary approaches to the
problem have been made: (1) The starting of the mag-
netron is considered a quasi-steady-state process. In
this case, the electronic conditions during starting are
given by relations determined empirically from meas-
urements on the steady-state magnetron. (2) The mag-
netron is approximated by a parallel .RC circuit
shunted by a negative, nonlinear conductance. The
voltage across such an arrangement may he described
by a differential equation, one form of which is known
as Ven der Pol's equation. When such an equation is
set equal to a sinusoidal driving term, it specities the
perturbed operation of the oscillator. The electronic
conditions are determined by observations of magnetron
rf envelopes during starting. Before presenting these
analyses, let us consider the preoscillation state of the
magnetron and derive the initial condition which is ap-
plicable to either equation to be discussed.

I. PREOSCILLATION CONDITIONS IN THE
MAGNETRON

The initial conditions on the starting equation may
be established if we examine the state of the oscillator
at the first instant of starting. Upon application of a
step-function voltage to the plate of a magnetron, an
electronic charge immediately begins to fill the intercep-
tion space. Initially, the coupling hetween the incoher-
ent space charge and the resonant structure is small.
The increase of thiscoupling, with time, is accompanied
by build-up of noise voltage on the anode. \WWhen the
necessary conditions are established, the rf voltage be-
gins to build up. These oscillations spring from the volt-
age already present on the plate, in this case, the pre-
oscillation noise. If there is an external sinusoidal signal
impressed upon the magnetron, the initial oscillations
start from the vector sum of this and the noise voltage.
If the character of the preoscillation noise can be de-
duced, this sum may be used to establish the required
initial conditions.

During the preoscillation time of the magnetron, the
incoherent space charge is inducing noise voltage on the
anode. The spectrum of this voltage has an amplitude
distribution that is determined by the sinusoidal cavity
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response. The situation is analogous to the case of a
tuned circuit being driven by a current whose frequency
spectrum is much wider than the bandwidth of the tank.
The voltage-response waveform to such a disturbance
is practically independent of the exciting waveform, and
is almost completely defined by the tuned-circuit selec-
tivity and sensitivity. In our case, a wide-band noise
current is driving a high-Q resonant structure. Certain
conclusions, therefore, may be drawn as to the character
of the resulting voltage on the magnetron vanes.

First, the noise-voltage bandwidth is that deter-
mined by the cavity Q. Approximately, therefore, the
voltage is sinusoidal over any few rf cycles. The average
frequency of these sinusoids over a large number of rf
cycles is the cavity resonant frequency; however, this
signal is frequency-modulated in a random manner as
indicated by the noise sidebands. Over a large number
of cycles, then, its phase is likewise random in the inter-
val 0 to 27. Similarly, the noise envelope varies slowly
in a random manner. It can be shown that the probabil
ity distribution of this envelope is approximately?

2en =
— e e'nl ' de,, 3

n

P(e,)de,

where e, is the noise-envelope amplitude and ¢?, is the
mean-squared noise-envelope amplitude. The discussion
above is equivalent to the statement that the fine
grained noise structure is sinusoidal while the coarse
grained structure is random.

It is seen, thercfore, that when no external voltage is
impressed, the starting phase is completely random. In
the presence of an external signal, the starting phase
may be determined statistically from the relative signal
and noise powers.

Il. STaTIsTICAL PROPERTIES OF THE 'IIASE
OF A SINE WAVE PLus RANDOM NOISE

It has been postulated that the magnetron preoscilla-
tion noise approximates a sine wave of random phase
and statistical amplitude over a small number of rf cy-
cles. We are interested in the phase of the resultant
magnetron voltage during a very short interval at the
beginning of the starting period. This voltage, there-
fore, may be found by considering the sum of two vec-
tors: one of constant phase and fixed amplitude, the
other of random phase and statistical amplitude. The
statistical phase of the resultant may be deduced there-
from.

Now in an actual case of starting, the “mean-noise
frequency” mav differ appreciably from the synchroniz-
ing frequency. Fortunately, this difference is small in
percentage and, since the noise phase is random, does
not affect the validity of our representation. The ran-
domness fixes the phase during any short period, and

*S. Goldman, “Frequency Analysis, M i voise,”
McGraw-Hill Book Co., Inc., New Y);rll:: < T’{:Ig.tl.(l?();a{l‘;id\OISCI
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the phase shift due to the frequency difference is neg-
ligible during this interval.

Consider, then, the vector relationship shown in Fig.
1, where N is the noise-voltage amplitude of phase £, C
is the locking signal amplitude, and A4 is the resultant
of phase ¢. Now A may be expressed as

fjeié = C + N coS E + jN Sin Er (4)
whose phase is

Nsing Rsin ¢
¢ = tan™ (—- —— )— tan™! (— — ). (5)
C+ Ncost 1+ Rcost

where R=XN/C. Let us first find the statistical proper-
ties of ¢ from those of £, considering R merely as a pa-
rameter. The probability of R may be superimposed on
this solution to obtain the desired result. Equation (5)
shows that the initial part of our solution falls into two
cases: Case [,0£R=<1;and Case I], | <R< =,

0 c

Fig. 1—\'ector relationship of ¢ to the noise angle £.

Case I

If R<1, ¢ always lies in either the first or fourth
quadrant for any value of ¢ More specifically, ¢ is a
double-valued function of £, as seen from (5). For any
finite sector, d¢, there are two corresponding sectors
dt, and d&,. This is shown in Fig. 2. The probability of ¢

d€ &,

2

¢-

Fig. 2—Finite sector d¢ with its corresponding sectors
dE and 21.

lying in the interval d¢ is the sum of the probabilities of
£ lying in the intervals d§, and d§,. That is,
P(g, Rydg = P[] dta| + | dE2| ], (©)

where P(§) =1/2x. Differentiating (5) with respect to &,
we obtain
1+R’+2R cosE.

romi= | e
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R cos & + R?

14+ R+ 2R
+ R+ cos &, I] ™

In order to have P(¢, R) as a function of ¢ and R only,
it is necessary to find an expression for R cos £. By em-

ploying a little trigonometric manipulation, (5) will
vield

R cos ¢ = — sin? ¢ + cos ¢/ R? — sin? é. (8)
Combining (7) and (8), there results, after simplifica-
tion,

1
P(¢, R)dep = —| |1 + — —
B 21r|:l +\/R2—sm2¢

+!1—

—| |d¢. (9
\/Rz—sin2¢]¢ ®
This is the required expression.

Equation (5) yields another useful result. If dé/d¢ is
equated to zero, one obtains

cost= — R, (10)
which, when substituted into (5), yields
tan (Pmax) = (11)

V1 — R?
or

sin (Pmax) = R

That is, for any ratio of signal-to-noise greater than 1, ¢
has a maximum value given by (11). Conversely, for
any ¢, the minimum allowable R is given by (11). There-
fore, the validity conditions on (9) may be stated in two
ways, both of which must be satisfied simultaneously:

sin¢g=R=1
. (12)
0= ¢ =sin"! R
Case I1

When R>1, ¢ becomes a single-valued function of &.
Therefore, the probability of ¢ lying in the interval d¢
is the same as the probability of £ being in d§.

P(¢, R)dp = P(§)dt. (13)

This expression may be evaluated in a manner exactly
analogous to that used in Case I. There results

P(¢, R)d¢ = ! [1 R O_Sf_]d (14)

' VR —sin? ¢ L

The validity conditions on this expression are simply
I1<R<L ® (15)
0=¢ = 2m.

The probability densities, P(¢, R), for Cases I and II
are shown in Fig. 3. These curves are plotted for posi-
tive values of ¢ only since they are even functions of
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that variable. Note that the probability of ¢ falling in
the interval A¢ is

¢+de
f P(¢, R)de,
¢

an interval which proves to be finite regardless of the in-
finite portions of the densities for R<1. In fact, it is
easily shown that

sin”t
f P(¢, Rydp = 1/2 for R <1
. o .
and
f P(¢, R)dp = 1/2 for R > 1,
]

a result which merely states that for any value R, ¢ will
certainly lie in the range given by (12) or (15).

27 P(P,R)

0. ° © U (]

o 200 40° 60" 80" 100" 120" 140" 160 180

¢ - DEGREES
RF - VOLTAGE PHASE

Fig. 3—Probability density of rf voltage phase for constant
values of noise amplitude.
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It is now necessary to superimpose the noise-envelope
distribution on our present solution. More specifically,
this distribution may be written as a function of the

variable R by consulting (3).
P(R)dR = 2R/ R 1% dR, (16)

where R? is the noise-to-signal power ratio. Now it may
be seen that the probability of ¢ is the sum of all the
P(¢, R) for all admissible R, multiplied by the weight-
ing factor P(R). Therefore, in general,

P(¢) [ P, R)P(R)IR. 17)

This integral may be evaluated by substituting (9),
(14), and (16), letting y = R? —sin 2¢, and noting that

'J e v dy 2‘ 1 erf (\/y ),
. T R?

where erf (y/+/R?) is the well-known error function. The
expression for the probability density is then

-

P(¢) = 1/nR*| | R¥/2(cin® ¢/B* — g 1in’
+ V'TR?/2 cos ¢pe *in’ ¢k erf (cos ¢/\/R’)
+ | Ry 2o wn” o1 — g1
V' wR?/2 cos e *in* ¢/B” erf (cos 4;/\/](2
+ R%/2¢VEY 4 \/rl(? 2 cos gpe vin’ ¢/A
1 —erf (1/V K]} 18

for 0=¢<7/2, where the limitation on ¢ may be de-
duced from (12). For 7/2<¢ <r, we have

V7R?/2 cos pesin’ o/R
1 — erf 1/VR?]}.

Fig. 4 shows these probability densities plotted from
(18) and (19) for various valies of noise-to-signal ratio.
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P(¢) = 1/7R*| R?/2¢- VIR
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Fig. S shows
*
ro, ¢) f P(¢)de,
Jo

the probability of the initial phase falling in interval
0 —¢. These curves were obtained from those of Fig. 4
by graphical integeration and are, of course, also even
functions of ¢. \\ ¢ have established, therefore, the prob-
ability of initial phase as a function of noise-to-signal
ratio. With this information available, we will now pro-
ceed to set up and solve the differential equations for
magnetron starting in the presence of an externally ap-
plied sinusoidal signal.
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Fig. 5— 1 he probability 2(0. ¢ = [ P(¢)d¢ with noise-to-
signal ratio as a parameter.

111. UNPERTURBED STARTING AND THE .\CCOM-
PANYING VARIATIONS IN INSTANTANEOUS
FREQUENCY

It has been found experimentally'® that the clectronic
behavior of the steady-state magnetron may be de-
scribed approximately by the two relations

E/R 1

¢ = — (ZU)
Vs R

b=p — gtana, 210

where E, R, 8. and a are constants which change with
dc conditions, and V,, is the amplitude of the rf volt-
age. If the starting of a magnetron is considered as a
quasi-steady-state process, that is, a succession of
steady-states, then (20) and (21), together with the
oscillator operating equations, may be used to write a
differential equation of starting. Such an analysis is re-
produced in Appendix I. The result indicates that the rf
envelope during starting may be represented as

Uy = Vnr.(l - 6-“), (22)

where Vgr,, the steady-state value of v,, and &, the re-
ciprocal of the build-up time constant, are evaluated as
functions of the design and steady-state properties of

10 J. C. Slater, “Microwave electronics,” Rev. Mod. Phys., vol. 18,
pp. 489495; 1946.
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the magnetron. It has been found experimentally that
at small rf voltage (22) is not a good approximation of
true conditions. During the beginning of the build-up,
the rf voltage increases exponentially, a condition im-
possible unless g is constant. Equation (20), therefore, is
valid only after the initial instant of starting. If a lock-
ing signal is present, however, quite a large rf voltage
may already exist at this first instant. Under these con-
ditions, it is probable that the build-up follows (22)
closely, even at the beginning. Of course, if the locking
signal is quite small, the exponential behavior will
doubtless be present. In either case, it is desirable to
rewrite (22) as

Ty = "Rp.(‘ — nec “). (23)

where 7 is a constant whose value lies between 0.7 and
1. Equation (23) states thatat =0, the time at which the
build-up has progressed far enough for (20) to be valid,
the rf voltage is finite and has the value

(24)

Subsequent to this time, the build-up continues exactly
as expressed by (22). Actual observations on magnetron
rf build-up show 5 to be 0.8 or greater in most cascs.
The cxperimental evidences show the above theory to
be a good approximation so long as the rf load is not
badly mismatched."

Equation (23) expresses the form of the rf build-up en-
velope; however, nothing has been said about the fre-
quency and phase during the transient period. This in-
formation is readily obtained by use of (20) and (21);

ey, = (1 — n)Vre,

E/R 1 E/R 1
§ 7V, TR Var(l—nc*) R
or
PO . (29)
§= 6 RVR}'. 1—716-“’
where gois the steady-state electronic conductance. Then
from (21),
En Pl
b=bo— - tan a(—————), (26)
RV gr, 1 — ne

where b, is the steady-state electronic susceptance. Us-
ing the magnetron operating equation, as derived in Ap-
pendix I, we have

L

:(27) - ) @
Wo a 1—718-.‘ ' l)

where ' =2bo/C—woB/2Qexs+wo=steady-state operat-
ing frequency with zero-locking signal.
Further simplification yields
e—kl

En
(7). e
2CRV ge, 1—net

1 W, Rotman, “A Study of Transient Phenomena in Magne-
trons,” unpublished notes, Research Laboratory of Electronics,
M.1.T., Cambridge, Mass.; March 18, 1948.

En (
: — tan a
wdCRV rF,

w =
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This result shows that the frequency of the magnetron
during the initial part of the build-up may be remote
from the steady-state value w’. Rotman's measurements
on steady-state and transient g— V,, relations, when
used to evaluate (28) for 1=0, indicate that the fre-
quency difference may be as much as 20 mc. Further
experimental evidence is necessary, however, before an
absolute evaluation is made.

IV. THE QUASI-STEADY-STATE STARTING EqQuaTion

With this understanding of magnetron starting, we
may now derive an equation expressing the phase of the
magnetron during build-up when an external, sinusoidal
signal is impressed. The synchronizing signal is con-
sidered small enough so that the fundamental nature
of the build-up is not disturbed. It is shown in Appendix
I1 that the load susceptance of a synchronized oscillator
is approximately

B'= B — 2|p|sin ¢,

where B is the passive susceptance, ¢ is the locking
phase, and

| o] =|YLPpal =|YLP|

Vv, /
v’

where Yiop is the passive load admittance and V,/V,
is the ratio of locking voltage to magnetron voltage at
the magnetron reference plane. During'starting, then,
the reflection factor becomes

Vi
Vir(1 — ne %)

v Vi | 1 )
LP‘ (VRF°< 1 - 776"” )
This expression is a good approximation so long as
V1/ Vrr, is considerably less than the quantity (1—7).
Now Vi is the total voltage at the reference plane be-
cause of the locking signal. This voltage includes that
caused by the wave incident on the magnetron cavity
and that reflected from it. During the build-up, there-
fore, V1 may be also a function of time. The nature of
the variation depends on the locking frequency, the
steady-state oscillator load, and the variation of elec-
tronic admittance with time. An exact evaluation of
this effect is difficult and, for our purposes, unnecessary,
since we are interested in qualitative rather than quan-
titative results at the moment. It is easy to see, how-
ever, how changes in V; will affect |p| as a function of
time. If V| is considered constant, (29) shows that ’p’
is large at /=0 and decreases exponentially to its
steady-state value as ¢ increases. Actually, V; may start
at some small value and increase with time, so that the
variation shown by (29) is exaggerated in magnitude.
That is, the initial value of |p| is not as large as indi-
cated, but it may, nevertheless, exceed the steady-state
|o| considerably. An assumption of constant V;, there-

le] =] ¥eie]

(29)
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fore, will not change the fundamental nature of the
solution although it will exaggerate the effect of the
locking signal. In our solution, (29) will be used to repre-
sent the reflection factor as a function of time. We
should expect, then, that synchronization will be indi-
cated earlier in time than is actually the case. In this
respect, the solution will be an optimistic one.

\Vith this approximation in mind, we may write down
the differential equation of starting. Again using (27)
and substituting the expression for B’, we have

0 - w' /,“,’, ekt
2 ‘ ke
wo wlC RV pry\ 1 — ne
. | Po (
('ext ]
where |po| is the steady-state reflection factor. Now if

w; is the frequency of the synchronizing signal,

do
dt

sin ¢7 A> 0, (30)

7](," kt

If this is substituted into (30), there results

d¢ S Ne #t 32
Ak ( ne A,_-,;c'—.k: '

)sin¢=M+ 1

where S=wo|po| Qext, M =wi—w', and N=En/2CR Vpp,
tan a. This is the differential equation of starting which
was desired. We need only solve the equation in order
to find the phase ¢ as a function of time with the
steady-state properties of the system as parameters.

The steady-state portion of the solution is the same as
that discussed in the Introduction, for if ¢ is allowed to
approach infinity, (32) becomes identical with (1),

Unfortunately, (32) is nonlinear in the dependent
variable ¢, so that an explicit analvtical solution is not
to be expected. The nature of the solution may be de
duced by considering the equation for small values of
¢ only, so that sin ¢ may be replaced by ¢. Such a
study is made in the following section. If more informa-
tion is desired, machine methods are available which
give a complete solution for particular values of the
coefficients. Results of this type are discussed in sec-
tion VI.

V. AN APPROXIMATE SOLUTION FOR SMALL
LoCKING ANGLES

An analytical expression for the phase as a function
of time may be obtained from (32), provided we are
interested in the solution for small ¢ only. If this is the
case, sin ¢ may be replaced by ¢, and (32) becomes an
ordinary linear differential equation. It may be solved
by use of an integrating factor e/ where P is the
coefficient of the term in ¢. In this case

de[ = es‘(] — ne kl)S/k‘

If the linear equation is multiplied by this factor and

e EEE—
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‘integrated, there results
eSt(1 — ne-«kt)Slkd, — f [Mes‘(l - ne—kt)slk

4 NeS=R(1 — qektySio-t]dr. (33)

The indicated integrations are not difficult to carry out
if the factors (1 —ne=*)5/* and (1—ne=*)SW=" are ex-
panded in series by the binomial expansion and inte-
grated term by term. Then ¢ may be written
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square-root of power output. We may say, therefore,
that its value indicates in a quantitative manner the
effect of the locking signal.

The time-constant of the rf voltage build-up is 1/k.
Direct observations by means of high-speed oscillo-
graphs indicate that a value of about 10-8 sec is typical.
This constant is a function of the oscillator resonant fre-
quency, loaded Q, and electronic characteristics.'® Now

— ! A[+Mi( l)"' m~ml¢¢+ N -kt
T Z ek S mt S e S ‘
km!<— - m> k<— - l>
k k
Ay S )
G-0G-2) G-
d k k
+ N (=)™ - - o - - gremkt 4 e St (34)
- me=1

where ¢’ is a constant of integration. If the factor

(1 = nessi* :

is expanded in a series and divided into the bracketed series, and ¢’ evaluated in terms of the initial angle

¢o(¢p = po when t=0), there results
1 M

(1 — ne kt)Slk 13

N —M

()

¢ = L o

N — M
S T’ M=
{(3-1) |
k
N-—qM 'y mHle— (mEU ke
—2 (="
n m=1

S \/S
G
k k

Interpretation of this result is facilitated if the con-
stants involved are evaluated within an order of mag-
nitude. Although sparse experimental evidence is
available for this purpose, some information may be
obtained from data published by the M.I.T. Radiation
Laboratory.!? The majority of these data describe the
operation of a 3,000-mc magnetron. Therefore, the num-
bers deduced from them are believed representative of
such oscillators.

The constant S is defined as S=wo|po| /Qoxs. Its value
ranges approximately from 10® to 5X107 for typical
S-band magnetrons. Note that it is directly propor-
tional to the square-root of the synchronizing power
and inversely related to the product of external Q and

2 G. B. Collins, “Microwave Magnetrons,” Radiation Laboratory
Series No. 6, McGraw-Hill Book Co., Inc., New York, N. Y.; 1948.

M
(1 = n)Shgo = —

N — g\ 2
S CETen VS 2 R

_2>.

5}

x
N
:a-|f/)
|
~
N
?o-lCI)
|
3
|
—
S’

@ we)

n and N may be related by means of the expressions
derived in Appendix I. There it is shown that

(35)

N = kptana = n X 1078 tan a. (36)

The value of tan « ranges approximately between the '

limits 0.1 and 1, and, as previously stated, 7 lies be- ‘,

tween 0.7 and 1. 3
Thus it is seen that the constants k, N, and 7 are ‘

intimately related to the electronics of the oscillator, .‘

while S and M reflect the character of the locking sig- éi

nal. The latter, therefore, are the primary operating |

parameters of the system, while the former are related

to the design. Of course, this separation is not absolute

since all are functions of design and operating condi-

tions, but it does indicate in a qualitative manner the

most important factors determining the constants. With

12 See Appendix I.
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these concepts in mind, we may now examine our ap-
proximate solution.

In almost all practical cases of synchronization, the
frequencies w; and w’ are made as nearly equal as pos-
sible, and the phenomenon is used merely as a “phasing”
device. Let us first consider M - w—w' =0 and also
assume that the preoscillation noise is small, so that
the initial angle, ¢, is zero. The final phase, of course,
will also be zero, since ¢..=M/S=0. Fig. 6 shows the
form of the phase transient under these conditions
for various values of S. Note that the phase is dis-
turbed violently during the magnetron voltage build-up.

4
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Fig. 6—Phase transient accompanying the starting of a synchronized
magnetron with locking power as a parameter for M=0, N
=2X107, k=108, $,=0, and 7=0.8.

This effect results from frequency modulation of the
tube during the starting period as described ecarlier for
the unsynchronized case. It is interesting to note that

@, - w, FREQUENCY DEVIATION - MEGACYCLES

X3
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s 6 7 [l ) 0
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OIMENSIONLESS TIME - o1

2
s
o
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3 )
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i

Fig. 7—Frequency transient accompanying the starting of a syn-
chr(())mzed magnetron for M =0, N=2X107, k=108, ¢,=0, and
n=0.8.

this electronic frequency pushing is present regardless
of the locking signal. After this initial perturbation, the
phase approaches its steady-state value exponentially
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with a time constant 1/S. The values of 7 and N" do
not greatly affect the form of the transient; however, the
magnitude of the disturbance increases with both, as
can be seen by noting that the initial frequency differ-

ence 1s dd)/dt' -0 and ¢
d¢ \
dli, o =0 1 7

\37}

The instantancous frequency difference, d¢/dt, is
shown in Fig. 7 for the same values of S as in Fig. 6.
Here the frequency-modulation effect is quite apparent.

Preoscillation noise present in the magnetron will
cause the initial angle, ¢o, to be different from zero.

PHASE - RaDIaN

‘
40 B
DIwENSIONLESS TME - o

Fig. 8 —Ltfect of initial conditions on phase trausient for M =0,
N=2X10", k=108 »=0.8, and S=5X10¢.

How this condition affects the phase transient is shown
in Fig. 8. Note that since the duration of the transient
is much greater than that of the magnetron voltage
build-up, the consequences of the preoscillation noise
are evident for a comparatively long period. Hence, the
state of the oscillator at the first instant of starting is of
paramount importance if a high degree of phase coher-
ence from pulse to pulse is desired. Another considera
tion of equal importance is, of course, that of variations
in the dc pulse voltage. The effect of such variations
is to make w’ and )/, and therefore the steadv-state
phase, A7/S, different from zero. Figs. 9 and 10 show
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Fig. 9—Phase transient accompanying the starting of a synchronized

magnetron with locking power as a paramet. for Af/S=0.348,
N=2X107, k=108, ¢0=0, and n=0r8)A er for M/

% The values'N=2 X107 and 7 =0.8 were computed from data on
a Raytheon QK-6!1 magnetron. The corresponding value for S is
SX10¢if |p| =0.1.
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siderably increases the magnitude and duration of the
transient. This effect is shown more graphically in Figs.
15 and 16, where ¢o= +180°. Under such conditions,
the transient becomes quite intense and synchroniza-
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Fig. 15—Phase and frequency for M/S=0.4, showing the
effect of large positive initial angle.
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Fig. 16—Phase and frequency for AM/S=0.4, showing the
effect of large negative initial angle.

tion does not occur until almost a microsecond has
elapsed. Since in some applications the pulse length is
considerably shorter than the duration of the transient,
it is again seen that preoscillation noise can give rise to
large incoherencies. Of course, the probability of such
conditions may be reduced to insignificance by the use
of large synchronizing power.

Thus the exact solution to the starting equation
shows the same general character as does the approx-
imate solution introduced in Section V. Both solutions
emphasize the importance of the preoscillation state
when pulse-to-pulse coherence is desired. Furthermore
the preoscillation noise-to-locking signal ratio is the im-
portant parameter determining this condition. Finally,
the other important factors are oscillator tuning rela-

tive to the injected frequency, value of the coefficient
S, and the values of the design paramenters N and 7.

VI1. PHasE CONTROL AS DESCRIBED BY THE
VAN pER PPoL EQuATION

A single-mode oscilliator may be properly represented
by a parallel RILC combination shunted by a negative
conductance and susceptance, which are functions of
the terminal voltage. The differential equation descrily
ing such a circuit is known as Van der Pol’s equation
and its solution shows a transient build-up, followed b
steady-state sinusoidal oscillations. If the circuit is
acted upon by a sinusoidal current source, a driving
term is added to the equation. Its solution will now
show the same steady-state synchronization behavior
that has been discussed previously. The conditions for
synchronization can be found as a function of the ratio
of the injected current to the oscillation amplitude, and
the frequency difference between the oscillator and in
jected signal. This calculation has been made by \
der Pol,? and is in agreement with other literature ir
the ficld. The transient conditions existing during the
oscillator huild-up, however, have never been studied
exhaustively. \While the general form of the build
envelope is well known, such things as the instantaneous
phase and frequency and the distortion of the env elope
by the injected signal have not been examined. The
latter two aspects, morcoy er, are of fundamental inte
est in our discussion of transient behavior.

In the previous treatment, a shape for the build-up
envelope was assumed and the instantaneous phase cal
culated on a quasi-steady-state basis. The validity of
this analysis may be more firmly established if the solu
tion to the V'an der Pol equation leads to similar results.

VI, THE VAN DER PoL EQuaTtioN wiTn
A DRIVING CURRENT

The form of Van der Pol equation with which this
section concerns itself is easilv derived from the equiva
lent circuit shown in I ig. 17. It is to be noted that re.
active loading effects of the electronic space charge have
been neglected for the sake of simplicity. The presence
of this loading serves only to exaggerate the frequency
pushing exhibited during the transient build-up. We are
justified, therefore, in ignoring this factor so long as we
are concerned only with the nature of the solution and
not its quantitative details,

<+ | cos wt
; I '
Gy L Cc I

Wweo =
- a9y

X vIT

i 1]

Fig. 17—The single-mode equivalent circuit of an oscillator, neglect-
Ing reactive loading by the electronic space charge.

9y * gy (x)

Returning to Fig. 17, if we write the nodal equation
for the voliage x and differentiate witl, respect to time
we find
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d’x < dgv> dx ,
de? A A dx / dt woE

= — Ew?sin wf, (38)

where u=1/C, we?=1+/LC, and E =i/wC. The function
relationship, gv =gv(x), must be evaluated so that the
equation may be reduced to one in x and ¢ only.

IX. RELAaTION OF VAN DER PoL’s EQuATION TO
AcTtUAL CONDITIONS IN THE MAGNETRON

From experimental observations, the form of the
magnetron rf voltage build-up is well known. The volt-
age initially shows an exponential growth, a behavior
which reveals that the electronic conductance is con-
stant during this period. That such is the case may be
seen by considering (1) of Appendix I. This equation
may be written as'®

f (111/.'1
| = _
wo g 1

2 <wuc N Q,,,>

If g is constant, the equation integrates directly, giving

| = gwol2@/weC—1/QL)¢, (39)

Hence, if g/woC>1/Q., the voltage increases expo-
nentially.

Near the end of the build-up, the voltage “saturates”
and approaches its final value asymptotically. It is
shown in Appendix I that such behavior is character-
istic when the electronic conductance is an inverse
function of the voltage.

The region intermediate between these two extremes
is one of transition in which the voltage is described
equally well by either boundary equation. Hence, we
would like to find an expression for gy which closely
approximates a constant at small voltage, decreases at
larger amplitudes, and has a smooth transition in be-
tween. Fig. 18 shows a possible form of this function as

EMR
'y 9- __A_ ‘%
9
\\\ Q'CONST.
\
A\
o, N A

Fig. 18——D9tted curve shows a possible form of g(A) as
interpolated from the limiting loci.

interpolated from the limiting conditions. One recog-
nizes that this curve may be closely represented by the

18 Note that A is the envelope function of x. In other words, we
have assumed x~A cos (wt—g¢), where A =A(!) and ¢ =9¢(!).
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square-law function as shown in Fig. 19. There it has
been assumed that
A2

g=Gr+1-—-

0
0 (40)

Gy +! A?
9=Gy*l-—3—

\ A
Fig. 19—Square-law approximation to the locus shown
in Fig. 18.

As a function of the voltage x, (40) may be written as
x?
gv=Gv+1——3" (41)
The details of this transformation will be derived in
Section X. Now, substituting (41) into (38), we arrive at
O @ = DS s = — Batsinel. (42)
— x=1)— x = — sin wt.
a a
This is the form of Van der Pol’s equation with which we
shall be concerned. Its form shows clearly that it repre-
sents a second-order system with nonlinear damping,
driven by a sinusoidal forcing function.

X. AN APPROXIMATE ANALYTICAL SOLUTION TO
THE HOMOGENEOUS EQUATION

If the driving current is reduced to zero, (42) be-
comes
B uw - D) fopz=0. (43)
— 22 — 1) — 4 we’x = 0.

a " a

One may obtain an approximate solution to this homo-
geneous equation by assuming x=A cos (wil—¢),
where 4 and ¢ are both functions of time.

Van der Pol’s original solutions were made under a
similar assumption. His results, however, are not in the
form most useful for this analysis. Hence, the purpose
of this redundant presentation will be to formulate A(l)
and ¢(t) in convenient terms.

When one substitutes the assumed solution into (43),

he obtains
daA d
(e
de? dt

342 — 4\ dA
+ #<, — _) = Al ,1(.)02} cos (wot — )
4 dt
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dA

a¢
dt

di?

-3k

d¢>
S —r—
dt

s
—— —_—— t f—
n . w = sin (wp ¢
A? dA od |
= cos -
"4 g
A3 d¢
—u (w — ) sin 3(wet — ¢) = 0. (44)
4 dt

Now if the coefficients in this equation are slowly vary-
ing compared to the sines and cosines, each coefficient
must be identically zero for the equation to be true at
all instants of time. This condition implies that during
the transient build-up, the amplitude and phase do not
change appreciably during one rf cycle. For instance, in
S-band magnetrons, which have typical starting times
of about 10-7 seconds, containing 300 rf cycles, the
assumption is quite well satisfied.

Let us, then, set the coefficient of sin (wof —¢) equal
to zero and neglect the second derivative, d*¢/dr?, In
the previous assumption

dA4

A3 — 44
8

di (45)

— B

Equation (44) may be integrated directly alter solving
for dt. The solution is

(46)

where A, is the initial amplitude. This result is shown
in Fig. 20 for various values of 4,, plotted against the
dimensionless time ut. It is to be noted that the initial
amplitude, 4,, is the critical factor fixing the time of
starting, while u enters only as a scale factor. Also, so
long as the assumption fo>u is valid, the value of o
does not enter.

Consider (41) which expresses gy as a function of x.
Rewriting this equation, we have

28

gvx=ny+x—?' (47)

If the assumed solution for x be substituted, there re-
sults

gvA cos (wot = 4)) = GyA cos (wot e d)) -+ A4 cos (wot . d))

(48)

A3
= ? (% cos (wot — @) — % cos 3(wet — @) ].
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The triple-frequency term may be neglected since the
circuit is sharply tuned to the frequency wo. Under this
assumption gy reverts to our former g and

2

(49)

| 4 Gy 4+ 1
|
T e =
/’/ e

ENVELOPE 2MPLITUDE - &

1]

8 9 10 1 iz 13 14 i3 1

TIME - ut

Fig. 20—Approximate envelopes of starting transient

Equation (46) shows that the steady-state amplitude, 4
is equal to 2. Then the stcady-state g is just Gy and the
total conductance shunting the circuit is (Gv—g) or
zero. This result gives a quantitative check on our
solution for A and shows the process by which (41)
was arrived at from (40).

Returning to (44) and putting the coefficient of the
cosine equal to zero while neglec ting the factor d24 /d1?,
we find

4 = M 12
b))
Ao? |

: SR P
)e'

v+

where w = wo—dg ‘df and (46) has been substituted. T'he
instantancous frequency is shown in Fig. 21 for various

(50)
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Fig. 21—Instantaneous frequency during starting.
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values of 4,, where the approximation (1 +x)"2=14x/2
when v<1 has been made in (50). Like the build-up loci
of Fig. 20, a change of 4, merely shifts the time scale
and does not alter the form of the curves. lence, the
frequency and build-up for any 4, may be found from
those shown by an appropriate shift on the time axis.
It is of interest to note that the quantity w—wo changes
sign during the transient and that this change is coin-
cident with the inflection point of amplitude build-up.

N1. AN APPROXIMATE ANALYTICAL SOLUTION TO

THE |NHOMOGENEOUS EQUATION

If one attempts to obtain an analytic solution to (42)
he is eventually confronted with insoluble nonlinear
differential equations in A and ¢. Some information
mav be obtained, however, by making the assumption
that the driving current is small enough so that our
former expression for A(f), with a suitable value of
A, inserted, is still representative of the build-up en-
velope. Let us, then, make a solution for the inhomo-
geneous equation under this assumption.

Now (42) may be written as
dﬂ
;}" + u(x? — 1)—+wo’x

= — Ew?[sin ¢ cos (wt — ¢) + cos ¢ sin (wf — $)]. (51)

If we assume the solution x=.1 cos (wf—¢) and sub-
stitute in (51), we find it may be written in a form
analogous to (44) in which the coefficient of cos (w! —¢)
is

an ( d¢>’+ (3,1’ - 4) d:
anr a) P\ dt
+ .'10)0"' + Ew? sin ¢.

As before, this coefficient may be set equal to zero if
it is slowly varying. Neglecting the term d?A/df?, we
can obtain the following:

do 343 - 1\ dA ) SN
-——w-i-x/ 2+h( v )““'*‘( o—w)+ 1 sin ¢.

From the known nature of the solution, d¢/dtKw; hence
we may expand the one-half-power term in a power se-
ries and discard all but the first two terms. Then, d¢/dt
becomes

d 12— 4) dd ! —w?  Ew
dp __ w QL-d) dd el met R s (52)
dt 2w 44 dt 2w 2.1

We may substitute (46) for 4, and thus reduce our
equation to one in ¢ and ¢ alone. \WWe have

d 4 - Ay ke
—¢—’+ —[1 +<——°>c‘"‘] sing = w — wo

A0?

-G
oy, L
4w A

(53)
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where we have used the approximation (w?—w,?)/2w
=W — Wo.
We should note here that when e** becomes quite
small, (53) reduces to
d¢

—+Tsm¢—w—wo

dt (&2

IZquation (54) is the same as (1). Hence, the solution to
(53), after the effects of the starting transient die out,
is exactly similar to that found previously for the
steady state.

Fxamination shows that (53) is very much like the
equation derived for quasi-steady-state build-up (32).
Both contain a term expressing the effect of frequency
pushing during starting. These terms are the functions
of time located on the right-hand side of the equalities,
and both show time variations exactly similar to the
frequency variations during unsynchronized starting,
as expressed by (50) and (28). These variations are
different in detail, for we have neglected reactive beam
loading in the transient analysis. The important con-
clusion to be drawn is that both analyses show this fre-
quency disturbance to be present regardless of the
locking signal. In addition, both equations show that
the effect of the locking signal is enhanced during start-
ing by a factor which is, in magnitude, merely the
inverse of the rf voltage envelope.

An analytic solution for (53) may be obtained if one
considers the special case, w —wo=0; (53) then becomes

d¢ Ew[l_*_(4—A > “]m .
i = 1 A [4 sin ¢
[2 I (4,_ A°’>¢ 'ul]
m (4 - A ') - ! Ao
4«..; Ao ‘ 4 — Ao 2
[1 +( >¢"“':|
A¢’

Values of the constants in this equation corresponding
to those used previously are approximately as follows:

S—>—=35X10
k—u= 108
w—*wo 21r>(3>(10°

1 — n—A40/2 =0.2.

Now, the second term on the right in (55) has its mini-
mum value at =0 and increases rapidly thereafter, be-
ing nearly zero at the end of the starting transient.
The minimum value is approximately —u?/4wo~ —1.33
X 10¢ [assuming that (4 — 4,3/4¢2)>1]. Even if this term
remained at its minimum value during the entire start-
ing period, it would correspond to a phase change of
only —1.33X105X10-7~ —1°. Hence, we may safely
rewrite (55) as

d¢ Euw, [1 (4 - Aoz) '-lllz )
—_——= — _ (4
di s LT\ e T

(56)
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By separating the variables and integrating, we obtain

b ¢ Ewof[] 4—4,° '”d C. (57)
ntan-—= — et /] ]
2 4 +< Ay? )e :| o (

0

The integral may be evaluated by making the substitu-

tion
14 (4 A.F) ‘
= - e,
P Ag?

After utilizing the initial condition, ¢ =¢, at =0, the
final result is

¢ ¢ Ew
In tan—=1In tan —+ (14 xe ) 2—(14x)1/2
2 2 2u

1 1 -ul 1/2_] 1 1/2 1
a L [( Arhe=+") (1+x)'*+ .:|Q (s8)
(14 xe #1241 (14x07—1]f

2

where x =4—4,?/4,% The phase, ¢, is plotted as a func-
tion of time in Fig. 22 for two values of x. It is seen
that after the envelope build-up goes to completion,
the phase decreases exponentially for small ¢. The time-
constant of this exponential is, as before, the inverse of
the coefficient of the sine term in the differential equa-
tion. This fact can be confirmed by considering (58) for
e L],
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Fig. 22—Phase transient during starting.

For large initial angles, it is noted that the duration
of the transient is greatly prolonged. Hence, we may
again conclude that the conditions at the initial instant
of starting are of prime importance in determining
pulse-to-pulse coherence.

Before discussing the “goodness of phasing,” we must
choose a criterion. Let us define the parameter U, where

”

1 N,

U= Zp f ’ [@a(t) — ¢ua)?dl. (59)

NP n=1

This definition is arbitrary, but reasonable. We have
taken the square of the integrated phase deviation from
the steady-state value and averaged it over a large num-
ber, Np, of pulses, each of duration 7,.
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Now, U is a function of the static parameters of the
oscillator, the ratio of the steady-state amplitude to the
locking signal, the initial amplitude Ay, and the ratio of
preoscillation noise to synchronizing power. For a given
oscillator, the static parameters are important only in
relation to other oscillators. Hence, we may exclude this
factor in the sequel. The ratio of steady-state to locking
signal amplitude determines the time-constant of the
phase transient resulting from the phase deviations which
exist when the rf envelope first reaches its final value.
This time-constant decreases with increasing locking
power. Equation (58) and Fig. 22 show that phase devia-
tion existing when the envelope has reached its final
value increases with A, for a given initial phase devia-
tion. On the other hand, the initial phase deviations
decrease with increasing locking power. Consequently,
the behavior of U as a function of locking power is some
what complicated and will depend rather strongly on
the individual case. We can, however, draw some gen.
eralized conclusions.

For a given oscillator, the value of U will, for the
most part, decrease with increasing locking power. This
decrease will not be uniform, however. It will be most
rapid for small locking signals (small A4,) and large
locking signals (small initial phase deviations and time-
constant). More important is the possibility that U will
increase or decrease rather slowly in the region of inter-
mediate locking power. In other words, there can exist
a situation in which increase of locking power does not
improve and may even impair phasing.

XI1. DIFFERENTIAL ANALYZER SOLUTION TO THE
Drives Vax pir PoL EQuaTioN axp Dis-
TORTION OF BuiLn-Up ENVELOPE BY
DRIVING SigNaL

The driven Van der Pol equation (42) may be solved
by the electronic differential analvzer. Solutions ob-
tained from this computer can be used to determine the
distortion of the build-up envelope by the driving sig-
nal. We may examine the solution for given values of
the parameters u, w,, w, and Ew/2A4,. 1t has been seen
previously that when Lw/24,=0 and fo>>pu, the form
of the build-up envelope is independent of Jo, and
enters merely as a scale factor. \When Ew/24, becomes
finite, but not large, this condition will still be closely
valid. FFor the solutions to be presented, the ratio
Sfo/u~3.2; hence, our conclusions as to distortion of the
envelope will hold in general, so long as fo>>u. FFor these
solutions we have chosen the following values:

wo = 2 X 10° radians/sec

108 sec!

I

m

wo-~w=0,

and the synchronizing paramcter, Ew/2A4,, is variable
over the range 0 to 1.9 X107, which provides a maximum
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Fig. 23—Distortion of build-up envelope by driving current
as a function of the locking parameter.

locking band of 3 mc. Fig. 23 shows build-up envelopes
for several values of the parameter. These curves were
taken from computer solutions, such as those shown in
Fig. 24. Comparison of Figs. 20 and 23 shows that the
build-up curves with and without the driving signal are
quite similar. Hence, our assumption that distortion

b
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of the envelope by the driving signal may be accounted
for by utilizing a suitable value of 4, in (46) seems well
justified. Thus, the material in Section XI, which was
derived under this assumption, may be considered reli-
able. Furthermore, the results of Section XI agree well
with those found from the quasi-steady-state analysis.
Since the solutions are mutually compatible, we may,
with confidence, apply the conclusions drawn from
them to the actual situation,

CONCLUSION

The effects of the starting transient of a magnetron
on its synchronization by a continuous signal have been
calculated. These computations have been carried out
from two different points of view, and their results are
compatible. Briefly, the phase transient initiated during
the starting may have a duration much longer than that
of the rf envelope transient. Preoscillation conditions,
therefore, which fix the initial phase, play an important
part in determining the phase for a considerable time

Fig 24—Diﬁercnti.a! analysis solutions to the inhomogencous Van der Pol (42) show distortion of the build-up envelope by the
synchronizing signal: (a) Ew/24,=0, (b) Ew/24;=19X10% (c) Ew/24,=10", and (d) Ew/24,=19X10",
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subsequent to starting. Furthermore, the statistics of
the initial phase depend upon the preoscillation noise-
to-locking signal ratio. This, then, is the important
parameter fixing pulse-to-pulse coherence. Other fac-
tors influencing the performance are: oscillator tuning
relative to the injected frequency, value of a coefficient
which is directly related to the injected power and the
natural frequency and inversely related to the power
output and external Q, and design parameters determin-
ing the rf rise time.

. APPENDIX |

The equivalent circuit usually used to characterize a
magnetron is shown in Fig. 25. Here the normalized
load admittance, G+jB, is coupled to the operating
mode, represented by R, C, and L. The factor K¢ ac-

o+<ib Ke(G+jB) ¥;
c R L '

Fig. 25—Single-mode equivalent circuit of a magnetron.

counts for the transformer action of the coupling loop
or iris, and g+jb is the nonlinear admittance which
characterizes the electronic discharge. If the magnetron
is operating in the steady state, conservation of energy
requires that the total admittance shunting any pair of
terminals be zero. From this condition, we find the oper-
ating equations

g 1 G
_— +
wOC QO Qext

b (w wo) + B 1 1
WOC a Wo w Qext ' ( - )

where wo=1/v/LC=resonant mode frequency, Q
=R/woL = RwoC = quality factor of the mode, and
Qext =woC/Ke=1/KcwoL =loading effect of matched
load. If the magnetron is in a transient condition,
another term which accounts for energy storage in the
mode must be added to the equations above. Specifi-
cally, the energy stored is

W = CV,? (I-2)
and the rate of energy storage is
aw dVr/
— = 2CVyy—— - (I-3)
dt dt

At any instant this rate may be represented as a con-
ductance shunting the circuit of Fig. 25. The magnitude
of this shunting effect is

dV.y
dt

GSVIIP", = 2CVr/

or

2C 4V,
Gs (I-4)
Ve dt
so that (I-1) becomes

g 1 G 2 1 dV,

= + ! = (I-Sa)
wll Qo Qoxt wo Ve dl
B
> “°) TR (L-5b)
woC w Uoxt

Now if g is known as a function of V,;, then (I-5a)
may be solved to find V,, as a function of time. As-
suming the empirical relation

E/R 1
’ [-6
V. R
we find
E 1 g
Vr/ g] e~ wo/2(1/RCwo+1/Qy {:
RCuw, ( 1 1 )
RCwo QL
Vey = Vierg(l — e %, (I-7
where
E 1
Vrr, = - e
RCwo

a5
Rcwo+Ql,

k w"( L ]>, and
2'\RCum " O

1 1. G

o 0t o

Now in the derivation of (32) we found the coefficient N
was

]

N as? 1.8
=— tan a. :
2CRVgp, 1 (=8

If we substitute our expression for Vgp,, we find

-3 )
2 \RCwo ' 0 ntan a = ky tan a. (1-9)

AppENDIX |]

It is possible to examine the equivalent load of a
synchronized oscillator in an analytical manner. The
resulting expression, together with the oscillator oper-
ating equations, allows the steady-state and transient
behavior of the oscillator phase to be calculated. As-
sumptions involved in such a procedure make the result
an approximation which is quite good when the synchro-
nizing signal is small. This type of analysis has b'een ap-
plied to both triode and microwave oscillators. Portions

of this particular solution are adapted from the work of
Slater.




r

1952

Consider a microwave oscillator whose voltage and
current at its reference plane are Ve* and Ze’'. Let
there be an externally injected signal whose voltage
and current at the oscillator reference plane are Ve’
and e If wy and w are not greatly different, the ad-
mittance presented to the oscillator at its plane of
reference may be written

1ev! + i;e’”"

Vie=— P (11-1)
Veiot 4 1 jeiont
or
h
i + — gl {1t
oo i
. . 1 rl ( )¢
— pilwr1—w
+ ” ¢
1
1+ : el w)t
1
=G+ - (11-2)

1+ _‘l el(wi—w)t
v

where G+jB is the passive load admittance. If we carry
out the indicated division and neglect all except the first
two terms, (11-2) becomes

VLG4 B+ 2perter ), (11-3)

where p=1/2(i,/i— 11/ V)(G+jB) and the approxima-
tion is good only when 1,/1°&1. Now p is known as the
reflection factor, and may be written

Voip ( 1) |3 >
2 \iy+14 VitV

Ve ( Ps s _>
2 1 —pr 1+ 0

ViopPs 2 ~ — Vrop
p= ‘“’2" 1‘:*’;,—2 = — Y LpP'S,

where we have separated the oscillator current and
voltage into their incident and reflected components:
ps=Vi/Vi= —i\/ir=reflection coefficient resulting from
the locking signal, and p.=V,/V:= —1i,/i;=reflection
coefficient resulting from the passive load. Furthermore,

or

(11-4)
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the approximation in (l1-4) assumes that |pL| is less
than about 0.3. Then the load admittance may be writ-
ten approximately as

YL E(l‘ + jlg . 2| p| e)[(wl—'w)H'{)]

=G+ jB—2]|p]e® (I11-5)

where Q is the phase of the reflection factor. Note that
Q is the sum of the oscillator, locking signal, and load
phases if the approximation in (11-4) is valid. In any
case, the reflection factor phase is a linear function of
the oscillator phase. Now we are particularly interested
in the condition w;=w, that is, when the oscillator is
synchronized. Incorporating this condition in (II-5)
and substituting the resulting expression into the oscil-
lator operating equations, we have, after separation of
the real and imaginary parts,

g 1 G 2]p]

;.dob N éo Oext —Qext

_”,,gz(”‘ ‘f?>+"f _ 2Ll
woC wo Qext Qext.

Equation (I1-6h) is concerned with the oscillator fre-
quency and phase, while (II-a) specifies its power
output. The former may be made to read

cos ¢ (I1-6a)

sing.  (II-6b)

w— w lo] .
— = - s1n ¢,
Wo ext

(11-7)

where o' =5/2C+wo—wo/2Qex: and is the frequency
of oscillation of the absence of the locking signal. Then
in the synchronized condition we have

( ’
% Qoxt(wl — W)
¢ = sin ‘[ ‘ ]
P} Wo

Now, (I1-7) may be written as a differential equation
by allowing w and w, to differ and noting that

(11-8)

d
-5 = w — w. (I1-9)
This permits us to write
dé | Pl wo
— si = — ). I1-10
dt+ Ot n¢ = (o — o) ( )

This equation may be solved directly for ¢ as a function
of time.

CTRNEZTO
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A Family of Designs tor Rapid Scanning Radar
Antennas”
R. F. RINEHARTY}

Summary—A family of parallel-plate radar lenses is derived from
an optical result of Luneberg. These lenses theoretically produce a
beam with a straight wave front from a point source of microwave
energy located at any point on a certain circle. A constant refractive
index greater than one in the planar portion of the lens permits an
inversely proportional smaller feed-circle radius. This provides the
possibility of reducing feed-circle size to a point where rapid rotation
of the source is feasible, producing rapid scan by the output beam.

INTRODUCTION

N AN EARLIER PAPER! a theorem of Luneberg’s
I[ in lens optics was utilized to derive a theoretical
shape for a perfectly focussing radar lens which con-
stituted a promising solution to the problem of rapid
scanning. Tests have since been conducted on a model
of the lens at a wavelength of 3 cm with good results.
From a practical standpoint the lens mentioned
above has the disadvantage of requiring that the diam-
eter of the circle on which the antenna feed must be ro-
tated to produce scanning be undesirably large. The
present paper develops a system of lenses possessing
theoretically perfect optics and requiring smaller feed
circles than those in footnote reference 1.

THE LUNEBERG LENs AND ITs CURVED
SURFACE ANALOGUE

Luneberg? has shown that light from a point source
P (Fig. 1) in a plane medium of refractive index 1 can be
focussed into a parallel beam by a disk with a variable

Front

Wave

|
!
|
|
|
|
|
[}
|
"
1
]
[
|
|

Fig. 1—The Luneberg collimating lens (Plane Case). The index of
refraction is unity outside the unit circle and is an appropriately
chosen function u(r) inside the unit circle for a given choice of
point source P.

* Decimal classification: R537.11. Original manuscript received
by the Institute, January 23, 1951 ;revised manuscript received, Janu-
ary 7, 1952. This paper is a result of work performed on Contract No.
W28-099-ac-141 for the United States Air Forces under the Sponsor-
ship of the Electronic Research Laboratory, Air Materie! Command.

Case Institute of Technology, Cleveiand, Ohio.

' R.F. Rinehart, “A solution of the rapid scanning problem for
radar antennace,” Jour. Appl. Phys., no. 19, p. 860; 1948,

* R. K. Luneberg, “Mathematical Theory of Optics,” Brown Uni-
versity Lecture Notes, Providence, R. 1., pp. 208-213; 1944,

refractive index which is a function only of the distance
r from the center of the disk.
Taking the radius of the disk to be unity, the index

u(r) is determined by
U

L’w("”),

(1)

where the function w(r, r,) is determined by
1
w(r, r1) l/wf (arcsin ¢/r))/\/12 — ridL. (2)
When a source of electromagnetic energy moves around

the circle r=r;, the cmergent parallel beam scans
through 360 degrees.
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Fig. 2—The curved surface lens analogue of the Luneberg lens. With
a constant refractive index of one, this surface has the same op-
tical properties as the corresponding Luneberg planar lens. A
parallel conducting plate waveguide with this surface as mean
surface theoretically possesses the same focussing characteristics.

In footnote reference 1 the case r; =1
disk circumference

i.e. P on the
was shown to-be optically equiva
lent to an appropriate curved surface of revolution with
a unil index of refraction : henceforth, this surface would
serve as mean surface for a focussing parallel-plate ra

dar lens. In that case u(r) turns out to be \V'2—r? and
the equation of the generat ing curve of the correspond

ing surface, s = 1/2(r+sin '7), where s is the arc length
of the generating curve measured from the axis of revo

lution.

The methods employed in footnote reference 1 can
also be applied to the more general Luneberg theorem
where r>1. \We seek a surface of revolution I such
that the hat-shaped surface consisting of £ and the
annular region of the XV plane between »=1 and » r
(see Fig. 2) will duplicate, with a refractive index of
unity, the optical properties of the planar Luneberg
system of Fig. 1. Let s be the arc length, measured from
the axis of revolution; then the generating curve r =r(s)
of the desired surface ¥ is determined by the equationé

e




ds/r = du/u

r = u,

3)

where 7 and u are related by the Luneberg equations (1)
and (2).

For each choice of n=1, (1), (2), and (3) determine
a surface which will yield a perfect lens with feed circle
r =r,. Equations (1), (2), and (3) are not solvable in
terms of elementary functions for the relation between
r and s, except for the case ry=1. For any numerical
choice of r,, approximation methods can be employed
to obtain the curve r=r(s).

A MODIFICATION OF THE |.UNEBERG ANALOGUE
SURFACE TO REDUCE FEED-CIRCLE SIZE

The surface defined in the preceding section possesses
the disadvantage of requiring the relatively large feed
circle r=r,. However, it is possible to construct an

_equivalent electro-optical system consisting of the same
curved surface Z, and an attached annular ring of outer
radius unity and with a constant nonunit refractive in-
dex. This amounts to “turning the hat-brim in” on Iig.
2. as in Fig. 3.

I ig. 3—An equivalent surface to that of Fig. 2, but with the “brim”
turned in. The index of refraction in the planar part of the sur-
face is a constant greater than one,

T'o this end we seek to determine for a given n>1a
feed-circle radius ro<1 and a constant refractive index
A, such that a ray emanating from a point S on that feed
circle will be refracted into the curved surface Z at Q
in the same direction as is a ray from the corresponding
point P on the circle r=r, to Q. Accordingly, the con-
stants 7o and X must satisfy the following tclationships

(Fig. 4):
Asina = sin y (Snell’s Law), 4)
ro sin (0 + a) = sin « (Law of sines, triangle 0QS), (5)
1 sin (¢ + 0) = sin ¢ (Law of sines, triangle 0rQ. (6)
By climination of ¥ and « from (4), (5), and (6) and
imposing the requirement that the resulting relation in
7o, 71, N, and 8 be an identity in 8, one finds that

A=1 or AN=r,.
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The case A=1 leads to ro=r1=1, which is the case dis-
cussed in footnote reference 1. The case A =r; implies
that ro=1/r,. It is readily verified that these necessary
conditions are also sufficient, by noting that the rela-
tions A =7, =1/r, together with (4) and (6) insure the
holding of (5).

(r,,0)

Fig. 4—"Dartial plan view of Fig. 3.

Thus for any choice of feed-circle radius, ro, there ex-
ists a corresponding focussing lens system consisting of
the annular ring with radii ro and 1, with constant re-
fractive index 17ro attached to the surface Z deter-
mined by (1), (2), and (3). The only limitation on feed-
circle size is the size of the refractive index A which may
be practicable, taking into consideration the disconti-
nuity in refractive index at r = 1.

THE ANGLE OF BEND AT THE JUNCTION OF AN-
NULUS AND THE CURVED SURFACE

‘I'he lens system developed here has an abrupt bend
at r=1, and toroidal-bend or reflector-plate methods
would need to be employed to eliminate reflections. Par-
ticular difficulty would attend a bend in excess of 90 de-
grees. It is therefore desirable to know at what angle 2
meets the planar section of the lens system.

Theorem: The surface Z has a vertical tangent plane
atr=1.

Proof : We wish to compute ds/dratr=1. From (3),

du du
ds/du = r/u — = p— = pd/dr(r/u) =1 — (r/w)dp/dr
dr dr

=1 — (r/uw)eet(dw(r, r)/dr).

At r=1, (r/u)e*w =1, and we need to compute
dw/dr.
Now from (2) with 0 <r <1,

w(l - Arl rl) - W(l, rl)
= l/wf (arcsin t/rdt)/ /1" — (1 — Ar)?
1-Ar

since w(1, r;) =0, because Blrmr=1=¢m,
Setting 1 —Ar=m, we have

w(m, ry) = l/wfl(arcsin t/ridt/ /18 — md.

Now since 0 <arcsin ¢/r,>arcsin m/r >0,
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wim, r) > [(arcsin m/r,) /= "ld//\/t2 m?

> [(arcsin m/r) /7]
1/21n |[(1 + /1
w(m, r1)/(1 — m) > [(arcsin m/r,))/2x]
[17(1 = m) |
[In (1 + 1= m?)/m|.

The first factor on the right is greater than zero for
m>0. By application of L’Hospital’s rule to the prod-
uct of the last two factors, it is readily determined that

m?)/m),
(7
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as m—1 from below, the product —+ «. Hence by (7)
lim [w(m, r)/(1—m)]=+ =, and therefore ds/dr is in-
finite at »=1, and the generating curve of the surface
has a vertical tangent at r =1. )

Since the surface has a vertical tangent plane at r =1,
the bend needed at r=1 in a waveguide constructed
about this mean surface is no more severe, namely 90
degrees, than in the previously given solutions. If the
discontinuity in refractive index at r=1 is not a prac-
tical limitation, then this solution provides a neat way
of achieving a small feed-circle radius in a radar lens
with theoretically perfect optics.

Space-Charge Waves in an Accelerated Electron

Stream for Amplification of Microwave Signals®
PING KING TIENY, AssocCIATE, IRE aND LESTER M. F IELDY, FELLOW, IRE

Summary—Space-charge waves in an accelerated or decelerated
electron stream are studied in this paper using a one-dimensional
small-signal approximation. Exact solutions are given for an idealized
stream of infinite extent, accelerated or decelerated uniformly
through a space where dc space-charge effects are assumed to be
neutralized by positive ions.! It is argued that the results obtained
can be applied to streams of small diameter by use of an appropriate
reduction factor on plasma frequency even in the absence of positive
ions.

The solution obtained indicates that space-charge waves on a
decelerated stream grow in amplitude, and can thus provide a meth-
od for amplifying microwave signals. The amplifying mechanism
which is discussed is one involving an electron stream which has a
single value of velocity in any transverse plane, but which is deceler-
ated and accelerated alternately by a set of properly spaced parallel
electrodes. Three amplifiers of this type have been constructed and
tested and the theoretical gain expression has been verified.

PART 1

General Theory of the Space-Charge Waves in an
Accelerated Electron Stream

A. INTRODUCTION AND ASSUMPTIONS

N A RECENT letter,? a mechanism for the ampli-
fication of microwave signals by use of space-charge
waves was announced. The principle involved canie

to the authors’ attention during a study of space-charge
waves in a single-velocity electron stream, accelerated
or decelerated by a dc electric field.

A theory of space-charge waves in a constant poten-

* Decimal classification: R138.1. Original manuscript received by
the Institute, June 4, 1951 ; revised manuscript received, January 14,
1952,

For an extended version of this paper order Document 3562
from American Documentation Institute, 1719 N Street, N.\V,
Washington 6, D. C., remitting $1.00 for microfilm (images one inch
high on standard 35 inm motion-picture film) or $9.15 for photocopies
(6 X8 inches) readable without optical aid.

t Electronics Research Laboratory, Stanford University, Calif.

' W. C. Hahn, Gen. Elec. Rev., vol. 42, pp. 258-270; June, 1939.

* L. M. Field, P. K. Tien, aud D. A. Watkins, Proc. 1.R.E., vol.
39, p. 194; February, 1951.

tial drift space was published early in 1939 by Hahn!3
and Ramo.*® In their theorv, space-charge waves are
discussed in terms of a traveling wave whose amplitude
varies periodically to form a standing wave in space.
The propagation constant of the traveling wave is
equal to the signal angular frequency divided by the
stream velocity, and the periodic variation of the
standing-wave envelope is similarly related to the
plasma frequency, which in turn depends upon the dc
electron-charge density of the strean.

The general problem to be solved in this paper is
that of space-charge waves in a long and slender stream
of small diameter, accelerated or decelerated by elec
trodes which produce some arbitrary dc potential dis-
tribution along the stream. The stream is enclosed in a
space of high vacuum and is well-focused by an essen-
tially infinite axial magnetic field.

Instead of analyzing such a problem directly, the
problem will be simplified by treating an idealized
stream of infinite extent with the following assumptions:

(a) The stream is considered uniform in a plane
transverse to the beam-flow direction. Sufficient positive
ions are assumed to neutralize dc effects of space
charges, or alternatively, the d¢ potential distribution
along the idealized stream in the direction of beam flow
is assumed to he exactly the same as that of an actual
small diameter strcam by imagining a set of fictitious
permeable-membrane plane electrodes inserted across
the stream parallel to each other whose purpose is to
hold the potentials at the desired levels. (Both ions and

membranes may be considered at the same time if de-
sired.)

193; \W. C. Hahn, Gen. Elec. Rer., vol. 42, pp. 497-502; Novemnber,

*S. Ramo, Proc. I.R.E., vol. 27, pp. 757-763; December, 1939,
*S. Ramo, Phys. Rev., vol. 56. pu. 276-283; August, 1939,
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(b) Motions of electrons are limited to the axial direc-
tion by assuming an infinite magnetic focusing field.

(¢) The stream is modulated with a signal small as
compared with the comparable dc quantities.

(d) The dc velocity of the stream is assumed to be
small as compared with the velocity of light, so that the
effect of relativity can be neglected.

(¢) Emission velocities are neglected and electrons
are assumed to start from the cathode with zero dc
velocity.

The theory is thus reduced to a one-dimensional
small-signal analysis which, it is believed, will give most
of the important information that is needed for an actual
stream of small diameter. Actually, the idealized stream
of infinite transverse extent with ions or membranes has
essentially the same dc conditions as those of an actual
small-diameter stream without ions. The ac effect of
space charge, however, is reduced in a stream of small
diameter as compared with the effect in a stream of
infinite extent. This factor will be taken into account by
reducing the value of the plasma frequency by an ap-
propriate factor which will be described in detail in Sec-
tion F of Part I.

In a stream of small diameter, the dc potential dis-
tribution curve along the beam-flow direction can be
adjusted to an arbitrary form by properly shaping the
electrodes. (Consider a Pierce gun as an example.) The
dc effect of space charge as studied by Wiltshire® can, in
general, be neglected here except in the vicinity of the
cathode. It is evident that different potential distribu-
tions produce space-charge waves of different forms. It
would seem that in such diode-type problems the
" Llewellyn-Peterson” equations might be directly ap-
plied. Unfortunately, the Llewellyn® equations, which
are built on the basis that the potential distribution is
determined from space charge in the strcam for a
stream of infinite transverse extent with no ions, do not
give the right solutions in the case considered here where
the dc effect of space charge is unimportant and the
form of dc potential distribution is mainly dependent
upon the form of accelerating electrodes. In Section D of
Part 1 it will be shown that the Llewellyn-Peterson
equations may be adapted to fit the problem here by
subdividing the whole space into small regions.

Two methods are given in Section D of Part I which
solve the idealized stream described above. The first is
particularly suitable for the case where the dc potential
distribution curve is determined from an electrolytic
tank and is difficult to put in analytical form.

B. THE SPACE-CHARGE WAVE MATRIX

In a one-dimensional analysis the total ac current of
a stream, i.e. the sum of ac convection current and ac

8 A. S. Wiltshire, Technical Note No. 71, Telecommunication Re-
search Establishment, Ministry of Supply, England.

7§, B. Llewellyn and L. C. Peterson, Proc. I.R.E., vol. 32, pp.
144-166; March, 1944.

s F. B. Llewellyn, Bell Sys. Tech. Jour., vol. 14, pp. 632-655; Oc-
tober, 1935.
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displacement current, is equal to zero. The Llewellyn-
Peterson? equations may then be expressed in the form

g(z) = (E*q. + F*v)e?
v(z) = (H*q. + I*v,)e ?,

where z is the co-ordinate in the axial direction. The
subscript s denotes the starting plane of the region con-
sidered. g(z) and v(z) are, respectively, the ac convec-
tion current density and the ac electron velocity at the
z-plane; g, and v, are the same quantities at the s-plane.
With w the angular signal frequency $=1wT, T the dc
transit time between the s-plane and z-plane and
i=(—1)V2. E* F* H* and I* are the Llewellyn co-
efficients and are” functions of the dc voltages and dc
current densities at both ends of the space. We will
similarly express the space-charge waves on a stream in
the form

(1

q(z) = (Eq, + Fv)e™?
v(z) = (Hq + Tv)e™?;

except that in the case here E, F, H and I, called space-
charge wave coefficients in this paper, are functions of the
dc potential distribution in the space as well as the dc
end conditions.-This is because in our case the dc poten-
tial distribution in the space is not determined by the
dc effect of the space charges of the stream, but is
mainly dependent upon the form of the accelerating
electrodes. To simplify mathematical manipulation,
matrix notation will be used throughout this paper.
Expression (2a) can be represented in the matrix form

q(z) EF
v(z) H I

The square matrix in (2b) is called the space-charge
wave matrix. The factor e%* is omitted for convenience
in all expressions of this paper. The factor e~#, together
with the omitted factor e“* in (2b), showed the traveling
wave of the signal frequency, and the space-charge
wave coefficients E, F, H, and I describe the amplitude
variations of the waves.

(2a)

‘0
Vs

= eb : (2b)

C. MATRIX EXPRESSION OF THE SPACE-CHARGE
WAVES IN A CONSTANT POTENTIAL
DRIFT SPACE

A brief review of the space-charge waves in a con-
stant potential drift space is necessary for later explana-
tions. The space-charge wave matrix of the drift space
of a velocity-modulated tube has the form**

| cos (hz) 1ig sin (hz) l:.
!

|
|
| 2 * 3
| —sin () cos () | ©
i g [
where
h = wi/vo, w? = poe/emq,
g = wpo/wi, B = twz/vo;

s L. T. Zitelli, “Space Charge Effects in Modulated Electron
Beams,” Ph.D. Dissertation, Stanford University, Calif.
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e and myg are respectively the electron charge and elec-
tron mass, vo is the dec velocity of the beam, po is the
dc charge density, z is the distance measured from the
entering plane, w, is known uas the angular plasma fre-
quency, and € is the dielectric constant of the vacuun.

Taking —i/g as the characteristic impedance of the
system and defining v/q as impedance, expression (3)
has exactly the same form as the matrix of the idecal
conventional transmission-line equations. The Smith
chart could therefore be used in computations.

D. GENERAL THEORY OF THE SPACE-CHARGE WAVES IN
AN ACCELERATED ELECTRON STREAM OF
INFINITE EXTENT

‘Two methods are developed here to solve for space-
charge waves in an accelerating stream, namely, the
method of partition of space and the method of electronic
equations. Both are perfectly general and may be ap-
plied to a space having any dc potential distribution.

1. Method of Partition of Space

This method consists of dividing the accelerating
space into a large number of small cells and considering
each cell as a separate diode. The Llewellyn equations
can be applied to each diode. In order to fit the given dc
potential distribution, the dc end conditions for each
cell are evaluated from the given dc potential distribu-
tion. The problem is then reduced to that of a number
of diodes connected in cascade. The cquations for each

] ) |
| | | |
l ' ! |
| i : | o Vo .
;. { I | : C,PQJEN‘L\’&\"" ‘T
i [1 st diode { ooooooo Im th di/dg,);’?'oCFo In th diode I
| L==" |
|
o Py o |
gl ! = Tm i |
] | S )
“slplane | o 1 | | exit plane
‘ I
i=—— 1 accelerating space -} 4

Fig. 1—NMethod of partition of space. The actual potential distribu-
tion curve shown as a solid line is approximated by the dotted line
in the method of analysis.

diode can be expressed in matrix form by the Llewellyn
equations. The product of all matrices gives the equa-
tion for the space-charge waves in the space. Referring
to Iig. 1, the entire accelerating space is assumed to be
divided into # diodes, and then

-

where 8 is again the total dc transit angle multiplied by
the imaginary unit 1.

Ep, Fn, 11, and I, for the mth diode can be obtained
from the Llewellyn coefficients’ after eliminating the

E, F,
i, I,

| ¢(2)

H Enoy Foy
! v(z)

11n~~1 [n -1
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space-charge factor ¢ by the following equation, in which
n=e/my:

(n/eo = (e + w0) 26/ 17 (5)
They are
nT..%q
Fw =1 ’
2¢itym
I’lm 1(-0 A/Am(/(),/‘ubm
. 77 ’I‘m uam
", ! —- <1 -+ )
e 2w Uom
( n>2 T'n? qo
- ) &
\ € 0 bym
Uym 77’1‘!'.2(10
I, = — s (0)
Uym 2€uym

where, according to the Llewellyn-Peterson? notation,
Uam and upm are respectively the de electron velocity at
the entering and the exit plane of the mth diode,
go( =1qin reference number 7) is the de electron current
density, and 7', the dc transit time for the mth diode
All those quantities are evaluated from the given dc
potential distribution in the space.

2. Method of Llectronic Iiquations

The following electronic quantities are assumed:
Llectron velocity U =Vt ve !
Charge density pr1=pot+pot+ptev
Convection current density ¢ =go+ge™*
Potential Vi= 174 Veiwt,

where all quantities except go are functions of z,and z is
the distance measured from some reference plane de-
noted as the o-plane; v, po, go and Vy are dc quantities,
v, ¢ p, and V are ac quantities, po* is the de charge
density of the positive ions, and po is that of the elec-
trons. Through the use of Poisson’s cquation, the force
equation, the continuity equation, and the current
cquation, after neglecting higher-order small quantities
and by using the substitutions g=Qe?and B=1iuf(ds/
vo), the following electronic equation!® may be obtained:

a’Q  dQ 3dv, 740
—t——+ 0.y (7)
dz dz dz €vo®
—ive? dQ)
- L ¢ 8. (8)
w(]o dZ
| £ Fr Iy Iy H g |
[ X .- X | ( e Bz || ‘ 4
l‘ i, I, i, 1, | o 5

The signs of the quantities e and po for electrons are

negative. When electrons move in the direction of posi-

1 A similar eTqualion derived by L. D. Smullin, M.I.T. and P.
Parzen, Federal Telecommunication Laboratory, Inc. (unpublished).
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tive 2, go is negative. When e is negative n=e/mo is also.

It is interesting to note from (8) that the amplitude
of the velocity modulation goes to zero when that of the
current modulation is a maximum, and it reaches its
maximum when the amplitude of the current modula-
tion has its maximum rate of change. The detailed solu-
tion will be given in a particular case.

E. SPACE-CHARGE WAVE COEFFICIENTS OF A UNI-
FORMLY ACCELERATED ELECTRON STREAM

The solutions are given below for the special case in
which the dc potential distribution is a straight line,
that is, the electron stream is accelerated uniformly.
This case is shown in Fig. 2. The potential gradient in

Vo

= s—plane
=0 y=s

exit plane

0
z y=Yy

Fig. 2—The accelerating space with a linear potential
distribution.

the space is constant and is equal to E,. The o-plane,
which will be taken as the origin of the axial co-ordinate
z, is the plane on which the dc potential versus distance
curve of the accelerating space indicates zero potential
when extrapolated. Define k as vo= k2'2.

Assume the electron stream enters the accelerating
space at the s-plane. Define a dimensionless quantity
which is always positive as

(~Hlelsny
x=(——777—7—7-—).
ek?

The space-charge wave coefficients E, F, I and I™ are
plotted in Figs. 3, 4, 5, and 6 as a function of x over the
range x equal to one to 5,000, with the initial plane at

—=1. The space-charge wave matrix with the initial
plane at any other position, say x =a, can be computed
from the curves by

—-1
.

‘Fazpaz

Iz I,

Where the double subscript is used, the first letter de-
notes position of initial plane and second letter denotes
position of interest. Ei,, Fiz, I, and I); and E, Fla,
I6,., and I, are space-charge wave coefficients with the
initial plane at x =1, and can be found from the curves.

I'rom these curves it is noted that accelerated streams
have space-charge waves with an amplitude which varies
in a shrinking oscillatory form. This fact has been util-
ized to reduce the noise content in an electron beam.

1t Appendix II.

9

Elz Flz
I]lz Ilz

(10)

I Ei, Fr,
I]la Ila
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s 10 50 100
VALUE OF X

Fig. 3—Space-charge wave coefficient E for a uniformly accelerated
electron stream of infinite extent, with the initial plane at

x=1.
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Fig. 4—Space-charge wave coefficient F for a uniformly accelerated
electron stream of infinite extent, with the initial plane at
x=1.
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Fig. 5—Space-charge wave coefficient H for a uniformly accelerated
electron stream of infinite extent, with the initial plane at
x=1.
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Fig. 6—Space-charge wave coefficient I for a uniformly accelerated
electron stream of infinite cxtent, with the initial plane at
x=].
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100 500 1000

VALUE OF X

5000

Fig. 7— Space-charge wave coefticient E for a uniformly accelerated
electron stream of infinite extent, with the initial planes at
x=1,3, 10, 40, 100, and 1,000.
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Fig. 8—The results computed by the method of partition of space
are compared with those computed by the method of clectronic

equations.
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Fig. 9—Space-charge wave coefficient E’ for a uniformly decclerated
electron stream of infinite extent, with the initial plane at
x=1,000.

A stream which has been accelerated in a space could
have been decelerated by simply reversing the direction
of flow. In order to avoid confusion, the space-charge
wave coefficients for a decelerated stream are denoted
by E', F', H',and I', E, F, H and I being used to refer
to an accelerated stream. It can be shown that

H E' F { EF
mril ler
E’, F', H" and I'" are plotted in Figs. 9, 10, 11, and 12
with the initial plane at x=1,000. The space-charge

wave coefficients with the initial plane at any other po-
sition can be computed by the same expression (10).

-1

(11)
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Fig. 10 - Space-charge wav e coeficient F' for a uniformly decelerated
clectron stream of inbnite extent, with the initial pline at
x=1,000.
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Fig. 11 —Space-charge wave coefficient #4° for a uniformly dcceler

ated electron stream of infinite extent, with the initial plane
at x=1,000.
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Fig. 12—Space-charge wave coefficient I’ fot a uniformly decelerated
clectron stream of infinite extent, with the initial plance at
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Fig. 13-—Space-charge wave coefficient £’
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The prediction of space-charge waves with amplitude in
a growing oscillatory form for a continuously decelerated
stream is an important result of this analysis.

F. A CORRECTION IFACTOR FOR A STRLAM OF SMALL
IMAMETER St RROUNDED BY A WaLL

I'he results derived by Ramot for the space-charge
wave of a stream of infinite extent and that of a stream
of hmite diameter surrounded by a metallic drift tube
wall may be compared for the case of a constant poten:
tral diift space. One finds there that the solution for the
stream of finite diameter can be obtained from that of
the stream of intinite extent by merely multiphving the
value of angular plasma frequency wp by a reduction

facton
! )w’
. (12)
(l + ]’/‘YQ‘

This factor neglects higher-order variations across the
beam cross section, and in general will be true only for a
stream of small diameter. The correction factor (12) de-
peads upon the beam and tube diameters, the dc veloc-
itv of the stream, and the applied signal frequency.

It 1< believed that the same correction factor can be
used for accedarated and decelerated streams, except
that 1in these cases the do velocity along the stream
varies and the correction should be made point by point.

A\

Direction of Beom Flow
s-plone
Fig. 14—The dc potential distribution versus distance
curve approximated by a step line.

The possibility of applving the same correction factor
for accelerated and decelerated streams arises from the
fact that the space-charge waves will not be noticeably
chanced if the continuous dc potential distribution curve
is replaced by a step function as shown in Fig. 14.

PART 11

Amplification of Microwave Signals by Use of
Decelerated Electron Stream

A. AN AMPLIFYING MECHANISM FOR MICRO-
WAVE SIGNALS

Space-charge waves of increasing amplitude in a de-
celerated stream can provide a method of amplifyving
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microwave signals. It is observed from Iig. 9 that when
an clectron stream, excited with pure current modula-
tion at the position of x =100, is decelerated through a
space of lincar potential distribution to the position of
x =3, the amplitude of current modulation is increased
by a factor of about three

|
CURRENT MODULATION (E' CURVE)

VELOCITY MOOULATION (K’ CURVE)

L

Oirection of Beam Flow

[} 4 // #
/ s-plone
—— / *
Maga current Max vetocity | | Max axrent
modulotion B modulotion ! { modulation 8
1er0 velocity tero velocCity
modulation moduiction
D L1
volue of o
Fig. 15—The amphtude vanation of current and veloaty modula
tions of a uniformly decelerated electron stream excited with cur-

rent modulation at x = 200.

One form of structure by which a signal can be ampli-
fiedd is shown in Fig. 16. This structure is composed of
ilentical sections, cach consisting of a decclerating

wretial
Modulatlon

i Seempp—— s
e

MV LV NV LV

'.2"""°'_"L'9“""'3ﬂ
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S ‘ -
Goo Dwection of Beom Flow
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i ___DC POTENTIAL
TN._DISTRIBUTION CURVE

N

i

7
[} /" CURRENT
MOOUL ATION

——

VELOCITY
. MODULATION

7\,

o

Fig. 16—The repcated structure of the new amplifying
mechanism.

space and a gap. The length of the decelerating space is
so designed that the stream of electrons which enters
one end of the space with maximum current modulation
(Fig. 15) is brought back to maximum current modula-
tion again at the other end of the space, after being am-
plified during the period of deceleration. A voltage jump
is then made to bring the stream back to the original
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high potential through a gap. Current modulation would velocity modulation v after coasting along the high-po- '’
remain continuous across the gap, if it is short com- tential drift space. The length of the high-potential drift
pared to a space-charge quarter wavelength, in accord- space is designed to be a quarter, or an odd multiple of
ance with the Llewellyn-Peterson equations.” The same  a quarter, of the effective plasma wavelength. According |

process is repeated in the next section. to expression (3) in section C of Part I, the stream
reaches the decelerating gap with velocity modulation

Voo |
| - o | ) 1w, Vo7 y
I [ == ——q, (13)
|| : & wgo
: l' where the subscript 1 denotes quantities before the de-
I I celeration. The subscript 11 will be used to denote
: b*" quantities after deceleration; w; is the plasma angular
I | frequency at the high potential drift space and Fy is the
’Tl°'°"° Direction of Beam Fion associated correction factor due to the effects of the
| | metallic wall and the finite beam diameter of the stream.
F=— DECELERATING sPACE ~ —e v is then amplified through a deceleration at the gap
{ 1 in accordance with straight forward kinematics!?
Pasition of Maoxt locity M —
mg:’i&?:;?ogurr::; mo;{,’,’:{;’o,‘,’"g Yo e /v = v01/von1. (14)
zero velogity zero current modulation & zerg . . .
modulation modulotion velocity After coasting along the low potential drift tube, de-
moduiation

signed to be a quarter or an odd muttiple of a quarter of
Fig. 17—The form of the dc potential-distribution curve which the plasma wavelength long, the velocity modulation
achieves maximum amplification with a given deceleration. : X
vou takes on the form of current modulation again, ac-

Now the form of the dc potential distribution in the cording to (3)
decelerating space will be considered. By studying vari-
ous iorms of decelerating potential distribution curves, gu = ignoy = i
it can be shown that the most effective dc potential dis- wnvonf'ny

ibuti y mpli ion is in tl m of Fig. . - .
trlbu‘tlon curve for.a "Phﬁ‘?at'on.‘s e for. frig The final result for power gain per section from expres-
17. The corresponding structure is shown in Fig. 18. In . .

: ; ! : sions (13), (14) and (15) is thus
this case, the signal power gain per section can be de-

on

V1. (15)

nitial L.V. Drift L.V. Drift i 20 ] Ver Y4 ¢ F
nitio V. Dri V. Dni ower gain = og e —_—
Madulation Space Space p g E1o o F, db, (16)
i—_:—-_.__-——;—_—_—_:—:_—
i | S | S—— | S where Vo, Fy and 15, F iv
—r— . o1, Fy o, fuare respectively the dc po-

Space Spoce tential and the plasma frequency correction factor, as-

f llconet |l llconst! sociated with the drift tube before and after decelera-

! conat v, 15 Vo_| i
ﬁ::'::'&lgi‘ﬁ:lg‘w;“vg—ilgﬁ: tlo’;]‘ile amplificati i iti
) helllasl e . phfication from (16) seems to be insensitive
0op  Gep cap  Dlreston of to signal frequency although the correction factors M
ve and Fy change somewhat with the signal frequency.
+ Either a cavity or helix can be used to modulat‘e the
| 1\—-/ \ clectron stream and to extract the amplified signal out-
N o put. The helix is preferred for wide-band operation.
This kind of amplifier (I'ig. 19) may have manv ad-
- vantages. It is not frequency sensitive as compared'with

klystrons. No circuit structure is necessary between the
input and output ends as in traveling-wave tubes. Dif-
ficulties from mixing of beams in a double-beam tube

—
are avoided since only a single i
—— Mognitude of the Current Modulotion It is believed that'the sagle Ssttl;i:::'tnu:a l:::)d'be used to
—=— Magnitude of the Velocity Modulotion construct an oscillator when 3 proper feedback system
Fig. 18 - The structure of the single stream space- is provided.
charge wave amplifier. Detailed design procedures for this kind of amplifier

rived directly from kinematic theory and solutions of have been obtained, but will not be included in this
space-charge waves in a constant potential drift space. paper.

Suppose that the structure starts with current modu-
lation @1. This current modulation is transformed into 12 Appendix 1.
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Fig. 19—A sketch of the single stream space-charge wave amplifier.

B. EXPERIMENTAL RESULTS

. Three amplifiers of this kind have been constructed
and tested. They are shown in Figs. 20, 21, and 22. A
beam of 0.055-inch diameter was used in all tubes. Tube
No. 1 has six cylinders. With the first three cylinders
connected at the same potential as a high-potential drift
tube, and with the other three cylinders connected to-
gether as a low-potential drift tube, it was operated as a
typical space-charge wave amplifier of one space-charge
wave section. With a sudden deceleration from 1,900 to
65 volts, 24 db of increase in gain over that with no de-
celeration was observed at a beam current of 0.6 ma and
a frequency of 3,000 mc.

Fig. 20—Single stream space-charge wave amplifier No. 1.

— —
—

Fig. 21—Single stream space-charge wave amplifier No. 2.

Fig. 22—Single stream space-charge wave amplifier No. 3.

When the tube is connected as two long decelerating
sections, a total gain of 17 db has been observed at the
same beam current and operating frequency.
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Tube No. 2 has one long and one short cylinder. It
was operated with a sudden deceleration from 860 to 70
volts. A 10-db increase in gain due to the space-charge
wave section was measured.

Tube No. 3 has one long cylinder of 5.10-cm length
and two short cylinders of 0.86-cm length. The tube was
operated as an amplifier with two space-charge wave
sections. The helix was operated at 680 volts. The first
section was operated with a deceleration from 680 volts
of helix potential to 66 volts and the second section was
operated with a deceleration from 500 to 68 volts. To-
tal gain measured due to the space-charge wave sections
was 20 db at 2,891 mc with a beam current of 0.50 ma.
The gain from the helix was 9 db and the over-all gain of
the tube was 29 db under the operating conditions de-
scribed above.

In all of these experiments the gain expression (16)
was verified closely.
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APPENDIX |

When a stream is decelerated (Fig. 16) or accelerated
through a gap of small spacing, current modulation re-
mains unchanged. From conservation of energy

e(Voa — Vos) = 3mo(vos + v5)2 — Imo(voa + a)?
or
Lmo(vos? — os?) = 3mo(vos + v8)? — Fmo(os + v4)2

Assuming ac quantities v, and v, are small compared
with de¢ quantities vos and vos, and neglecting second or-
der small quantities, we have

v,/Va = Yoo/Vob-

AprrENDIX 11
B jln()')Nﬁ(S) - Nn(y)fz(s)}i
L J4(s)Na(s) — Na(s)2(s) )y
M) = NG\ 1
JA()Nao(s) — Ni(s)Jo(s) )
i D()Ns) = Nao)als)
2G JA(s)Na(s) — Ni(s)J o(s)
_ »Nz(y)‘]l(s) = Jz(y)Nn(fl
Ty(s)Nals) — Na(s)To(s) ’
where G = 2wqo/k?, y =2x'4, and y = s at the initial plane,
Jy and N, are respectively Bessel functions of the first
and the second kind of the first order, and J; and N: are
Bessel functions of the second order.
Expressions for E’, F', II', and I’ have the same

forms as E, F, II, and I, except with s and y inter-
changed.

F = iZG{
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Microwave Coupling by Large Apertures”

SEYMOUR B. COHNtY, SENIOR MEMBER, IRL

Summary—In this paper a frequency-correction factor is pro-
posed for Bethe’s small-aperture coupling relation for a transverse
diaphragm in a waveguide. Experimental data on many shapes and
sizes of apertures have shown this factor to be highly accurate up
to and somewhat above the resonant frequency of each aperture.
Also included are approximate formulas for the resonant Q and the
resonant length of an aperture, and for the effect of wall thicknese,

" INTRODUCTION
BECAUSE OF THE importance of apertures in

many different microwave devices, considerable

theoretical and experimental work has been done
in the past on this type of circuit clement. For example,
circular and rectangular transverse irises in waveguides
have been analyzed thoroughly by various investi-
gators.!'* Apertures of shapes other than these have
not thus far had accurate solutions that take full ac-
count of the proximity of the aperture to the wave-
guide walls, or that are valid near the resonant fre-
quency of the aperture. Bethe has worked out a gen-
eral approach to the problem, however, that can be used
with an aperture of any shape in an infinitely thin
conducting wall between any two regions if the aper-
ture is small compared to the wavelength and to the
distance to the nearest sharp bend of the wall or any
other perturbation.® % Specifically, the resonant fre-
quency of the aperture should not be less than three
times the operating frequency if good accuracy is to be
obtained.

In many microwave devices, such as filters, antennas
and broadbanding elements, apertures are used at or
near resonance, and, hence, Bethe's coupling formulas
are not applicable. In this article a frequency-correc-
tion factor will be added to Bethe’s coupling formula for
an aperture in a transverse diaphragm in a rectangular
waveguide. Also, an approximate correction for wall
thickness will be presented. Although coupling between
other regions has not been investigated, the same prin-
ciples should be applicable.

* Decimal classification: R142XR310. Original manuscript re-
ceived by the Institute, May 5, 1951; revised manuscript received
December 12, 1951, The wor{ described in this paper was performed
as a part of a program of research for the Squier ignal Laboratory,
U. S. Army Signal Corps, under contract no. W36-039-sc-38246.

T Sperry Gyroscope Company, Great Neck, N. Y. )

1 Marcuvitz, “Waveguide Handbook,” McGraw-Hill Book
Co., Inc., Radiation Laboratory Series, vol. 10, pp. 218-257, 404—412;
1951

? “The Representation, Measurement and Calculation of Equiva-
lent Circuits for Waveguide Discontinuities with Application to
Rectangular Slots,” Polytechnic Institute of Brooklyn, Microwave
Research Institute, Brooklyn, N. Y.; 1949. .

3 H. A. Bethe, “Lumped constants for small irises,” MIT Radia-
tion Laboratory Rep. 43-22; March 24, 1943.

* H. A. Bethe, “Theory of diffraction by small holes,” Phys. Rev.,
vol. 66, pp. 163-182; October 1 and 15, 1944. L

sC.G. Montgomery, R. H. Dicke, and E. M. Purcell, “Principles
of Microwave Circuits,” Radiation Laboratory Series, vol. 8, Mc-
Graw-Hill Book Co., Inc., N. Y., pp. 176-179; 1948,

Toe Hicn-FrEQUENCY RESPONSIE
OF A LARGE APERTURE

The efieet of an infinitely thin perforated transverse
diaphragm on the fundamental mode of a waveguide
may be computed from an equivalent circuit in which
the diaphragm is represented by a two-terminal im-
pedance shunted across a two-conductor transmission
line that is assumecd to carry only the fundamental
mode of the waveguide. This impedance is essentially
lossless, and therefore must be of the form specified by
Foster's reactance theorem .

Foster’s theorem, which holds for any lossless, non-
active, linear. two-terminal network, may be expressed in
the following mathematical form:

1 " pm/ y

X(f) = ——— = +qf -

L B(f) mz.o V= f2/fa? v f
“</o<f1<"'<fn. (1)

where X(f) is the reactance and B(f) the susceptance of
the network, f is the frequency, f. the frequencies of
the poles of X(f), and p,, g and r are positive, real
constants. I'or a lumped-constant network, # is finite;
while for a distributed constant network, such as a dia-
phragm in a waveguide, # is infinite, and an essential
singularity of the function occurs at f= o,

The reactance function for a small aperture in an
infinitely thin conducting diaphragm in a transverse
plane of a rectangular waveguide (TEy mode) js 34

. 1 47!“1[20
XN = —= = (2)
B ab\,

where A7 is the magnetic polarizability of the aperture,
Zg the characteristic impedance of the waveguide, @ and
b the width and height of the waveguide cross section,
and A, the guide wavelength. Formulas for M are

¢ The diaphragm will in
ivalent transmission line to an infinite number of higher-mode
C frequency is such that the
higher modes do not propagate, and if the diaphragm is far from
any other obstacle in the waveguide, the higher-mode transmission
lines may be assumed to be terminated by their reactive character-
1stic impedances. If the frequency is high enough to permit propaga-
tion of any higher modes, and if the higher-mode equivalent lines are
dissipatively terminated, the diaphragm wil} appear effectively as a
dissipative shunt element on the fundamental-node line. In order
to have a loss!ess impedance to which Foster's theorem may be
rigorously applied, all of the higher mode lines will be assumed to
be terminated by pure reactances, and the diaphragm and waveguide
walls will be assumed to be of infinjte conductivity. Clearly, however
if the frequency is below the cut-off frequency of the tirst higher'
mode excited by the aperture, and if the diaphragm is far from any
other discontinuity, the effect of the higher-mode terminations will
bg completely negligible, and the manner of terminating these lines
will be immaterial.
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known for circular and elliptical apertures,®*® and ac-
curate measured values are available for the shapes of
Fig. 1.7 Since Z, is proportional to N\,/A, it follows that
X «f, and hence (2), assumes the aperture to have the
reactance of a constant inductance. Comparison with
(1) shows that the small-aperture theory assumes ¢
finite, r=0, and p,=0, for all values of =. This of
course is not actually the case, since an aperture has
an unlimited number of resonances; however, it is a
very good approximation for f<fo.

A - Ny
.
R 2 (a)
(d)
[ —— W
‘ —1 R=2 1
| N . -
| w w
T 3
(b)
"
(e)
oo | —

(c) ! (f)

Fig. 1—Additional apertures for which accurate magnetic-
polarizability data are available.

Now consider the reactance function that is one step
more complicated than a straight-line function, but
that reduces to (2) for f—0:

X Yo

4rM
7, B

abNo(1 = f2/fo?)
Another simple special case is that for which the poles
occur at f=(2m+1)fy and zeros at f=2mf,, where m
takes on all integral values from — « to «:

X 4rM (gji 1rj>

e tan
Zo ab)\, 1l'f

&)

210/

It can be seen that an infinite number of other re-
actance functions that conform with (1) and that reduce
to (2) are possible. Nevertheless, it has been found in
the experimental investigation of many aperture shapes
described later in this article that the single-pole rela-
tion of (3) gives very good agreement in all cases with

(4)

7S, B. Cohn, “Determination of aperture paramcters by elec-
trolytic-tank measurements,” Proc. 1.R.E., vol. 39, pp. 1416-1421;
November, 1951,
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the measured values, and is in most cases superior to
(4). Thus, (3) is, in general, recommended up to and
somewhat beyond the first resonance of the aperture.

THE RESONANT FREQUENCY OF AN APERTURE

In order to use (3), it is necessary to know the reso-
nant frequency of the aperture. This may be determined
experimentally, or by certain empirical relations that
will now be given.

The following empirical relationship for the resonant
length ! of a rectangular aperture of width w, centered in
a transverse plane of a rectangular waveguide, was
originally suggested by Slater:?

- XQVI i (2a'w )’ )
2 bhoo/

Equation (5) is generally accurate to within a few per
cent.

For w/l small, (5) reduces to [~X\o/2. Hence, the
resonant frequency of a narrow rectangular aperture is
approximately equal to the cutoff frequency of a wave-
guide having the same cross-sectional shape as the aper-
ture. This correspondence has been found to be valid for
several other aperture shapes whose width-to-length
ratio is small, and it is, therefore, suggested as a general
approximation. For example, consider the rounded slot
of Fig. 1(a). If the cross section of the corresponding
waveguide is narrow enough so that the electric field is
negligible in the semicircular ends, the cutoff frequency
should be the same as that of a rectangular waveguide
having the same height w and the same cross-sectional
area. Thus, the resonant length of a narrow rounded
slot is

)
l = -2— 4 0.273w. (6)

This was found to agree within one per cent for five
apertures having w/! under 0.11, and within 5 per cent
for w/l=0.2.

Approximate formulas for the cutoff wavelength of a
number of other waveguide cross sections have been or
can be obtained. For example, a theoretically computed
graph for a “dumbbell” cross section has been given by
Altar,® and for a “ridged” cross section by the author.!®
If theoretical or experimental data are not available
for a particular aperture shape, a rough guess can usu-
ally be made that will yield good results if the aperture
is not used too near resonance. For example, in the case
of apertures (d) and (e) of Fig. 1, (6) may be used with
fair accuracy if w/l is small.

¢ J. C. Slater, “Microwave Transmission,” McGraw-Hill Book
Co., Inc., New York, N. Y., pp. 185-187; 1942,

» W. Altar, Research Report SR-287, Westinghouse Electric and
Mfg. Co.; 1945.

10 S, B, Cohn, “Properties of ridge waveguide,” Proc. I.RE., vol.
35, p. 783; August, 1947,
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Tue RESONANT Q OF AN lkis [EXPERIMENTAL DATA

The cight apertures listed in Table T were tested in |
2.840%1.340 inch ID waveguide. In every case the|
maximum dimension of the aperture was parallel .to |
the transverse magnetic field. The diaphragm thickness

The Q of a resonant iris loaded by matched waveguide
terminations may be defined by

:f—‘; d(B/Y )

. (7)
2 df g
Substitution of (3) in (7) gives TABLE 1
L1sT OF TESTED APERTURES
) “Ohas (8) . ’ i k -/-1 o /I )
= No. Shape w, s
4r M . N
: 1 Rounded slot 1 ;(7)5 inches 8.2
5 . lot 1.570 .1
Because of the effect of the higher resonant frequencies % {ig:ﬁ,‘ﬂfg 2.& 1.785 0.2
that were neglected in the derivation of (8), and because 4 Dumbbell 1.328 0.4 0.1
f the fini hi tieal 5 Dumbbell 1.410 0.3 0.1
ot the finite thickness of a practical diaphragm, the ac- 6 Rosette 1.340 0.2
tual Q of an aperture would be somewhat greater than 7 Rosctte 1.340 0.1
8 Rosette 0.910 0.1

the value predicted by (8). ] B

ErrFECT oF WALL THICKNESS

ranged from 0.003 to 0.250 inch for the rounded slots, °
and 0.003 to 0.125 inch for the other apertures. The
measured quantity was the attenuation « for a greater

The attenuation aq introduced by an aperture in an
infinitely thin transverse conducting diaphragm in a
waveguide is given by

B \?
ag = 10 loglo [(—'—) -+ 1:] db. (()) o D T S 1
2T,
16 1,,1( /—/‘i
. -~ 3 3 . /
If the diaphragm has finite thickness and if the fre- " // |
quency is below resonance, the attenuation will be o
greater than ao. For very large thickness it is obvious = el . P
that the increase in attenuation will approach assymp- § / ’/’D/’ ‘
totically the attenuation of the principal mode in a §'° - —
waveguide whose cross section is the shape and size of 3, /r/
the aperture, and whose length is equal to the thickness £ P
of the diaphragm.' Hence the following formula for the " ) - emse =
added attenuation a; is suggested: . | /
T i ’
54.61.1 A\? —T P |
ap = - —1/1 = (-) db. (10 T [ ——— ey
¢ A | 38KMC }
K3 = o 0.0 as 220 “ozs

vy . . . . THICKNESS ~ INCHES
his is the attenuation formula for a waveguide with

an additional factor, 4. This factor is a function of the
thickness ¢, and approaches unity for ¢ large; \, is the

Fig. 2—\ttenuation versus thickness for aperture humber 2 of Table I.

cutoff wavelength of the waveguide. The total attenua- 10 - T , y . .
tion of the diaphragm is /_____ﬁlﬁﬁko
- o
W -+ it + o
a = ay+ a. (11) . 8 )O/OA‘ T
v
The experimental investigation described in the next | 6 |
section showed that in all cases tested, A is approxi- g T
mately three for £<0.02/, and decreases slowly with 5 . | — + — T
increasing £ For the smaller values of w/l, A4 tends to @ 4~ | i f [ awets
be somewhat greater than three, while for the larger - /
values of w/l, A tends to be somewhat less than three. 2 | | L] | |
In the case of a circular aperture, 4 appears to be only _,,°>o_<-/
slightly greater than one.! - R I 34Kkmc 38KMC .,
The effect of thickness on resonant frequency has % 502 0.0 006 o008 o.mo 014
been found to be small for aperture a of Fig. 1. For THICKNESS — INCHES '

aperture ¢, however, this effect is large. Fig. 3—Attenuation versus thickness for aperture number 4 of Table |



;.

952

han 4.8 db, and the voltage standing-wave ratio S
or smaller attenuations. S is convertible to « by

S+ 1\?
+)db.
45

a = 10 log,o (

(12)

The curves of attenuation versus thickness of Figs. 2
wnd 3 are typical.

The shunt-susceptance curves of Figs. 4 and 5 were
-omputed, as follows, from the a and S values for zero

| o MEASUREO
[ + CALCULATEO
-a0} 1
1
.
0 30 35 40 a5
1t — KMC

Fig. 4—Normalized susceptance of apertures numbers 3
and 8 in zero-thickness diaphragms.
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thickness obtained by extrapolation of the graphical
S-1 o
=T =2y10e — 1.

I S
IO \/

In Fig. 4, points calculated with the aid of (3) are also
shown, and the agreement with the measured points is

(13)

35 40 45
t— KMC

Fig. S—Normalized susceptance of apertures numbers 12,
4,5, 6, and 7 in zero-thickness diaphragms.

seen to be very good. The calculated and measured
points for all eight apertures are listed in Table 11, and
in every case a close correspondence occurs. The mag-
netic polarizabilities for the various apertures were ob-
tained from graphs in the literature.” The resonant
wavelengths for numbers 1, 2, 4, and 5 were obtained
from Fig. 5, for numbers 3 and 8 from (6), and for num-
bers 6 and 7 by trial to give the best match between the
measured and computed values.

Aperture 1 Aperture 2 Aperture 3 Aperture 4
f(mc) B B B B B B B B
— (Calc) — (Meas) — (Calc) —— (Meas) — (Calc) — (Meas) — (Calc) —— (Meas)
o Yo o Yo Yo Yo Yo Yo
2,700 -3.94 —3.864 —4.59 —4.804 —47.3 —49.62 —4.126 —4.064
3,000 —2.62 —2.420 —2.88 —2.892 —36.5 —36.74 —2.528 —2.427
3,400 —1.49 —-1.353 —1.36 —1.33 —28.0 —27.54 —1.122 —1.122
3,800 —-0.67 —0.577 —0.254 —-0.253 —-22.3 —22.34 —0.084 —-0.091
4,200 0 +0.0089 +0.628 +0.680 —18.2 —18.24 —0.754 +0.821
Aperture 5 Aperture 6 Aperture 7 Aperture 8
f(mc) B B B B B B B B
— (Calc) —— (Meas) — (Calc) - (Meas) — (Calc) — (Meas) — (Calc) —— (Meas)
Yo Yo . Y, Y, Yo Y, o
2,700 —3.483 —3.496 —5.253 —5.256 —5.787 —5.700 -20.0 -19.93
3,000 —1.951 -1.91 —3.900 —3.900 —-4.112 —3.892 —15.1 —14.80
3,400 —0.574 —0.578 —2.806 —2.818 —-2.737 —2.580 —11.22 —10.90
3,800 +0.472 +0.476 —2.059 —2.104 —1.746 —1.685 —8.58 —-8.294
4,200 +1.312 +1.339 —1.776 —1.000 -0.998 —06.61

—1.491

-6.890
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Axially Symmetric Electron Beam and
Magnetic-Field Systems”

LAWRENCE ARNOLD HARRISYT, ASSOCIATE, IRE

Summary—The dynamics of hollow or solid beams in axial
magnetic fields are analyzed, assuming electrons do not cross each
other radially. The focusing properties are due to the angular
velocity, which depends on magnetic flux linkages in the beam and
at the cathode. The position of the cathode in the magnetic field is
thus of vital importance.

Radial oscillations about an equilibrium radius are always stable
in the presence of a magnetic field, and can be made stable even
without a magnetic field.

Design formulas are presented for two cathode arrangements; in
the first the cathode is in a uniform magnetic field, while in the second
it is inside a magnetically shielded structure. Special cases of each
of these arrangements are considered.

Limited experimental results confirm most of the theory pre-
sented, and indicate the possibility of focusing without a magnetic
field over the beam.

INTRODUCTION

VHIS PAPER is a study of the theory and design
VI[ methods for high-density axially symmetric elec-
tron beams. Particular attention is paid to hollow
beams, where the charge density is an arbitrary func-
tion of radius between two radii and zero elsewhere.

Recently, microwave-tube developments indicate ad-
vantages of hollow beams for certain cases; for example,
a coaxial waveguiding structure has been suggested for
the traveling-wave tube.! Hollow beams increase the
efficiency of high-power microwave tubes because the
relatively useless core of electrons is removed.

Although hollow beams are not yet extensively used,
their future importance is anticipated. Magnetic focus-
ing as commonly used with solid beams, though success-
ful, is by no means efficient. Much power is wasted in
producing magnetic ficlds more intense than would be
necessary were proper design methods used. For these
reasons it is felt that a better understanding of a mag-
netic focusing of dense beams is desirable.

While certain instances of magnetic focusing have
been treated in the past, notably by Brillouin,® it is
only recently that any careful analysis of this subject
has been done. Wang’s treatment of the solid beams®
shows the role of the cathode position in the magnetic

* Decimal classification: R138XR331. Original manuscript re-
ceived by the Institute, April 16, 1951; revised manuscript received
November 19, 1951,

‘This work has been supported in part, by the Signal Corps, the
Air Materiel Command, and the Office of Naval Research.

Electrical Engineering Dept., University of Minnesota, Min-
neapolis, Minn.

L. M. Field, “Some slow-wave structures for traveling-wave
tubes,” Proc. L.R.E., vol. 37, pp. 34-39; January, 1949.

* L. Brillouin, “A theorem of l.armor and its importance for elec-
trons in magnetic fields,” Phys. Rev., series 2, vol. 67, pp. 260-266;
April, 1945,

3 L. M. Field, “High current electron guns,” Rev. Mod. Phys., vol.
18, pp. 353-361; July, 1946.

¢ C. C. Wang, “Electron beams in axially symmetrical electric
and magnetic fields,” I’roc. 1.R.E., vol. 38, pp. 135-147; February,
1950.

field. His signinhcant analysis forms the basis for much |
that is presented here. The equilibrium conditions de-
rived by Samucl® for certain hollow beams are special
cases of the ones developed here.

The purpose of the present investigation is to extend
the work of Wang and Samuel in somewhat more general
form so that practicable design methods making efficient
use of the magnetie field may he arrived at.

Following an analysis of the motion of clectrons in
long axially symmetric systems the significance of
cathode and other ¢nd conditions are considered. This
leads to a discussion of several special cases for which
explicit design formulas are developed. The paper con-.
cludes with a bricf description of some experimental
results.

ThHrory oF INFINITELY LONG BEAMS IN
MacgNEiTIc FIELDS

At present we consider only steady-state conditions
in infiitely long clectron-beam systems. Beam produc-
tion and end conditions are to be considered later.
Complete axial symmetry is specified as well as longi-
tudinal uniformity of the beam and electrodes. The
magnetic ficld is axially symmetric, and in the part of
the beam considered here, it is uniform and in the z
direction. The object is to produce a beam with arbitrary
radial charge distribution between two coaxial elec-
trodes. This is shown in Fig. 1, which also defines the
cyiindrical co-ordinate system. This general representa-
tion may be used for hollow or solid beams, and cither
one of the electrodes may be removed if desired.

S ¢

- —— - 2
_ZfeLectron BEAMYY,

Y I_,

Fig. 1—Hollow beam ir} equilibrium, drift tubes,
and co-ordinate system.

Only beams in which cvery clectron has the same
axial velocity are considered. This special mode of
operation is considered because it is of greatest practical
interest in microwave tubes and is mathematically
simple. Relativistic effects are neglected as are thermal
emission velocities from a zero potential cathode.

*A. L. Samuel, “On the theory of axially symmetric electron

beams in an axial magnetic field,” ’roc. 1. ol =
1258; November, 1949, R.E., vol. 37, pp. 1252
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Conservation of energy supplies the following basic
equation:

f2+7292+z2=—21¢>. (1
m

where the dot notation represents total time derivatives;
e is the electron charge, —16X 1072 coulomb; m is the
electron mass, 9.1 X107 kg; and ¢ is the electric po-
tential at the general point measured from the cathode.
All units are mks rationalized.

The solution r as a function of time ¢ is determined
as an integral of (1) after it is reduced to an equation
in r alone. Setting z constant has eliminated one vari-
able, leaving 6 and ¢ to be reduced to functions of r.

Conservation of the generalized angular monentum
ps, given by

4

po = mr*@ + edor (2

_ where A, is the only component of the vector magnetic
potential, leads to Busch’s theorem®
e/m
2wy’
Here ¢ and y. are the magnetic fluxes linking the
circles at the electron position and at the cathode where
the same electron started, as shown in Fig. 2.

CIRCLE OF
RADIUS T,
ELECTRON CIRCLE OF
P TRAJECTORY RADIUS F
| U < bl ¥ . Yol
1 . '
~ / ' ¢
BEAM
CATHODE
Fig. 2 The two circles linking the fluxes ¢ and ye..

Equation 3 expresses the angular velocity as a func-
tion of position only, and in a uniform magnetic field as
a function of 7 only. The field need be uniform, however,
only in the region of the electron’s present position
though it must be axially symmetric everywhere.

To reduce ¢ to a function of r we assume that elec-
trons do not cross each other radially in their travel in
the tube. Electrons move in cylindrical shells, possibly
varying in radius, but never intersecting each other.
Each shell encloses a constant amount of charge which
may be considered to lie along the axis. Each electron,
therefore, moves in a logarithmic potential field de-

, J. R. Pierce, “Theory and Design of Electron Beams,” D. Van
Nostrand Co., Inc., New York, N. chap. 4, p. 35, 1949,
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termined by its relative position in the beam. This po-
tential is given by
r
¢=aln—+17, 4)
To
where 7, is the radius at which electrons of that shell
experience no radial force, their equilibrium radius.
The constants « and v are functions of 7, but not of r
or ¢, and are determined from the average potential
& at ro; a is a coefficient giving the magnitude and
direction of the radial electric field.
If we now assume the magnetic field uniform and sub-
stitute (3) and (4) into (1), we obtain

e r e
Pr= —2 o ln - 2—(-=V)
m ro m
Q?
- o w,,’r’ + ZwHQ, (5)
y2
where
e
it=-2—V
m
Y = mr’B
e B ©)
o m 2
e ¥
) m 2w

This is the differential equation of radial motion for any
electron in the beam.

The right-hand side of (5) is negative for large and
small values of r regardless of the sign of a, but only
the positive region is accessible to the electron. The
magnetic field, by limiting the energy of radial motion,
prevents electrons from traveling arbitrarily far from
or close to the axis.

If the radial acceleration derived from (5) is equated
to zero at the equilibrium radius 7o and the equation
sotved for ., we obtain

Y. = mro!BV1 + Ka, (7N

where K =e/m/wu’r¢?, a negative number. The quan-
tity v/1+Ka is less than or greater than one, depend-
ing on the sign of a. For real values of ., Ka must be
greater than — 1. resently we shall see that this condi-
tion guarantees that the radial motion shall be periodic
(i.e., stable).

Stability requires that the equivalent potential energy
(total energy less (mi?/2)) be a minimum at ro. The
condition that d7/dr be negative at ro leads to the in-
equality

Ka > — 2. ®

Since Y. must be real, the above inequality is always
satisfied. An unstable radial oscillation of the beam in
the presence of a magnetic field is not possible. Any
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general radial charge distribution is a possible stable
configuration so long as the cathode flux condition (7)
and the stability condition are satisfied.

The solution to (5) may be written (see Appendix 1)

XL -V1 * os B )
R, T T EY I s

where R and Ry are the squarce of 7 and r,, respectively,
x is an amplitude factor defined in the appendix, and
the frequency 8 is

’ Ka
g=- 2wu/‘/1 + ‘2

This solution is valid only for small oscillations about
the equilibrum radius.

It is apparent that as the normalized oscillation am-
plitude increases the center of oscillation is displaced
outward as shown in Fig. 3.

(10)

1.8
17—
1.6} .~ Ro
15 [ .

14— .

Ny
N

L3 Pid
1.2

-
[
(@]
=
D
>
[

Rmin |
~ TRo

LIMITS OF OSCILLATION VS.
AMPLITUDE FACTOR X

I
0 o 0.2 03 04 05 06 OF

Fig. 3—Limits of radial oscillation showing outward displacement
as amplitude increases.

The form of the frequency confirms the previously
derived stability condition. Fig. 4 indicates the char-
acter of § as a function of flux density B. When « is
positive and the clectric force is radially outward, the
oscillation about a given 7o is not stable below a certain
minimum flux density. But when a is negative and the
electric force is inward, 8 remains real even for zero flux

June

density. We shall return to discuss focusing without a
magnetic hicld later in this paper.

The assumption that clectrons do not cross radially
requires that 8 be the same for all shells, hence in(lc?
pendent of rg. Unless a is proportional to rg?, this is not
the case; but even so we shall hope the error is not a
scrious one. T'he importance of this factor must be
shown by experiment, though it is clearly immaterial
for a beam in equilibrium.

2

z

p |

> TYPICAL CURVES OF

e FREQUENCY OF OSCILLATION

x VS LARMOR FREQUENCY

[

© P=-2unll+%‘-

ax

L4

e o L1 L0 0
05 | 15 2 253

-w, ARBITRARY UNITS

Fig. 4—Osciliation frequency as a function of magnetic ficld showing
stability for a<0 and B=0.

If the amplitude of oscillation has a zero value en-
tirely inside or outside the charge ring, the beam fluctu-
ates in diameter as a unit; but if the zero value occurs
in the charge region, the beam pulsates in thickness, the
outside expanding while the inside contracts.

By substituting (7) and (9) into (3), the average
angular velocity may be found to be

0 = wn(v/1+ Ka — 1). (11)
Since 6 has the same sign as a and is independent of the
amplitude factor x, the focusing is due to the average
angular velocity which, in turn, depends on the relative
values of clectric and magnetic fields. This rotation is
just the Larmor precession or drift; the radial oscilla-
tions are part of the cyeloidal or trochoidal paths whose
amplitudes are determined by the particles’ total
cnergy.

At ro the total kinetic energy of an electron is —ey
of which —el” is due to axial motion. The difference
—e(y—V) is the energy due to angular and radial
velocities. This quantity must be positive and at least
cnough for the angular velocity. Any excess over this
minimum represents a radial motion.

The design procedure consists of setting v — V equal
to its minimum value, i.c., setting x2=0. This optimum
vilue is

(VT + Ko — 1)

(7 - l.)mpt e —_—
— 2K

(12)

from which the drift-tube potentials can be found as
outlined in Appendix I.
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SpeciAL CASES

The cases to be considered here are determined from a
a consideration of some of the end conditions in these
systems.

An electron gun is used to supply and control the
beam current. Because of its desirable qualities as a
high current-density, low-interception gun the Pierce
type of electron gun’ is used. But the design of Pierce
guns does not include the effects of magnetic fields
which wiil therefore have to be nullified.

The magnetic field at the cathode cannot be entirely
eliminated because of the cathode-flux condition (7).
If magnetic focusing is to be obtained, the flux  must
differ from the flux Y.. Electrons must cross field lines
somewhere to acquire the angular velocity necessary for
magnetic focusing.

Two ways of nullifying the effect of the magnetic
field and still maintain the necessary flux linkage are
available. The magnetic field lines may be made parallel
to the electron paths in the gun so that there is no
rotation of the electrons. The ficld crossing takes place
outside the gun. Inside, the field lines are normal to
the cathode surface, thus climinating uncertainties as
to the emission and noise properties of the cathode.®

colu

Fig. 5—A shielded electron gun used in division II.

Alternatively, the cathode may be placed inside a
magnetically shiclded structure, such as that shown in
Fig. 5. Here all the flux ¥, passes through the central
pole piece and is the same for every clectron in the beam.
The electron gun is in a ficld-free space inside this
structure.

These two arrangements determine the broad divi-
sions of the special cases to be discussed.

7 J. R. Pierce, loc. cit., chapt. 10, pp. 168-186,

* R. Q. Twiss, “On the Steady State and Noise Propertics of the
Magnetron,” Ph.D. Thesis, Physics Dept.,, M.I'T., Cambridge,
Mass., Chap. 4; January, 1949,
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Division I. Uniform Field in Gun Region

Under this heading we assume the field at the cathode
is uniform of value B. and, moreover, that for a shell of
equilibrium radius 7o the cathode flux is given by

Y = wro?Be. (13)

Substituting this expression into (7), solving for a,
and then determining the charge density from Ap-
pendix I, we find that

e da e € (B2 BY)
p=——-— = = — — e =, 3
7o Oro m 2

(14)

In this case the charge density is uniform and the
assumption of noncrossing can be valid. Since the at-
tainable charge density depends on the difference
B?— B2, which we call the effective flux density Bet?,
it is clear that the greatest economy of magnetic field is
obtained when B, is zero.

Equation 14 may be solved for Ber? and expressed in
terms of beam voltage and current, resulting in the
general design equation

2 I
Begg® = - — ey
e e VvV
— er —2—(ry? — 14?)
m m
6.9 X 1077 [
=—_— — (15)
ret —rad V'V

The values of ¥ — V obtained from this uniform charge
density differ from the optimum values expressed in
(12). The best design is obtained by equating them at
the inner edge of the beam and letting the outer elec-
trons oscillate. This procedure leads to an expression
for the potential of the inner electrode.

2

Ta
4 B? [(1 —glz) ln g

e Ta
Vo )

m

b =

1

where

Vi Ka =
o “T B

The potential difference between electrodes is given by

e @ ris 1 )
Ty 2

m . B 2[(1
— B, n
4 fl

LS (1 . 1)] (7)
ra2 nrb 2 .
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This difference is positive, giving an outward electric
force which aggravates the effects of space charge and
increases the required focusing magnetic field.

When B,#0, the beam oscillates everywhere except
at the inner edge. The amplitude of the oscillation is
given by the amplitude factor x derived from the dis-
crepancy between ¥y =V and (y— V)gpe.

= 4g| (l'— gl) (1 - T )
(1 + g ro?

When B, =0, however, g, is zero and x vanishes, which
means that the entire beam can now be in equilibrium.
If the clectron beam is a solid one, the above equations
simplify considerably. The potential of the outer elec-
trode is then

a2

(18)

(19)

if the field at the cathode is zero. It is worth noting that
zero magnetic field at the cathode not only yields the
most efficient and economical operation for the solid
beam, but is the only condition which will allow the
beam to remain in equilibrium with no oscillations.

Division II. Shielded Guns

In this division the quantity ¢, is the same for all
electrons. As before, we solve (7) for « and then find the
charge density p.

€ € ( V.2
P = —-
m 2 \72ryt

In contrast to the previous case the cathode-flux
linkage now increases the attainable charge density. By
integrating this expression for p over the cross section
of the beam and solving for the magnetic field quantities,
we reproduce exactly (15) if we define

2
By? = ( L ) + B,
Trarp

The term y./mrars has the form of a geometric mean
flux density at the cathode, which suggests the substitu-
tion

+ B?> . (20)

(21)

'/’c A
= ng.

(22)

Tra?

Comparison of the actual and optimum values of
v — V shows that they can be equated if

sz o
82
ra?

(e -1)]
—-.2 gzr,,

e r,? a
o=V + — vy B’[ln —~(l -

m 7

(23)

and
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c o1, 72 ( Ta 1 )
. AN {In— +
L e m 4 [A e 4 2
)
1, l n -
+ ( ! ry, 2 r 2

ry? . 1
2-<ln + (24)

ra 7y )

)]

The entire beam can be in cquilibrium if these condi-
tions are satisfied.

These general results lead to several particular ar-
rangements of interest. For example, it may be desir-
able to keep hoth drift tubes at the same potential, It
is necessary only to adjust the value of gz to make the
difference ¢p2—¢1=0 in (24). This value of g, is

s 1 r,? 7, 1
In + In—+
T 2 ra® ry 2
7yt e 1 72 1
! (ln +-~)+<ln- ——A>
rs? r 2 ry 2
Another arrangement may require that the inner

drift tube be eliminated. The electric field, hence a,
then vanishes, at the inner edge of the beam and

Ta

82 = ’
Ty

Vo = mr,2B. (26)

Here the innermost clectrons do not cross field lines
and nced not rotate as they experience no electric force.
The outer clectrons rotate only enough to balance the
space-charge forces. This arrangement is considerably
more cfficient than the one discussed in the previous
division. It is the one previously treated by Samuel?
Brillouin,? and Field,? although the latter two discuss
a slightly different cathode arrangement,

As mentioned previously, it is possible to eliminate
entirely the magnetic field over the uniform part of the
beam. The design cquations are derived from those
developed above for the shielded gun by letting B=0.
The effective magnetic field remains finite because of
the cathode-flux linkage. In a beam focused in this way
the charge is heavily concentrated on the inside, as
may be seen from (20).

The focusing action in this casc is analogous to a ball
spinning around the sides of a bowl in a gravitational
field. The rotation acquired as the eclectrons leave the
magnectic field structure around the cathode produces a
centrifugal force. This force and the space-charge force
are balanced by the inward clectric force due to the
negative potential difference b2—).

The practical significance of this type of focusing is
quite evident. Besides saving the power to produce mag-
netic fields, the coils and power supplies are eliminated.
The tube becomes accessible for rf connections and
mechanical alignment is no longer critical.

Table I brings together for convenient reference the
design formulas developed previously:
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TABLE 1 Experimental Results
D N Formu . i .
B — A series of experiments based on some of the special
6.9 X 10~ I cases just discussed were carried out. A few of these
AL Bait = =+ v results are presented here.
The design parameters for the beam system were:
[. {e = mro*B Inner radius ro=1.13 cm
General Outer radius rs=1.53 cm
Buy? = B — Bt = B (1 — &7 B. = aiB. Beam voltage V'=1,000 volts
e ra’ ra 3 1 Beam current I=3500 ma
o=+ 32[(1 ) in 24 gt =g — ] ; "’
' w4 ' R 2 Drift-tube length 7 inches
e ra rara 1 ra? r2 1 o L.
Gr—r=— - Bur [(ln’ ~=5 ) A (In 5 )] I'he magnetic fields at the cathode and over the rest
b a & .
gi(1 \ T2 l of the beam were independently controlled by currents
1) a o . .
2= g on = (I , ) Ix and T, respectively. In the tube using the shielded
n ~e .
' structure of Fig. § the cathode-flux linkage Y. was con-
B.=0 trolled by the current I¢.
Be* = B? The first tube was operated with the cathode in the
PR B’(h ra 1 ) uniform magnetic field assumed for Division 1 discussed
1 = ] - e ; .
’ m no 2 above. Figs. 6 and 7 show the results of varying the
ll“' a I g 2 I « 'Z ] & « = « 1 « 1 m
e T B’[(ln rora >+ ™ (ln L )] . rjuh 1l electric ﬁ(_l(l and the main .nngnctlc. ﬁel.d, respec
m 4 nry 2 Ta ry 2 tively. In these figures the following notation 1s used:
Solid Beam Collector current I,
B. =0 Inner drift-tube current /»
Loe i o ] Outer drift-tube current I,
=V -0y (on” *3 ) Gun anode current I,

Inner drift-tube voltage ¢
Outer drift-tube voltage ¢..
1. . independent of ro

Generul

The small indicated currents are averages for a pulsed
) system with a duty ratio of 0.01.
Buif? - Bz+( 4 ) be _ B The broken vertical lines in these figures represent
Tary rare the theoretically optimum values of the variable
. e B? s ry? 1 r 2
v+ ra? [ln (1 — g21> — (g2 - 1) ] parameter.
ot n ra? S The second tube employed a shielded clectron gun,
o=y =~ B ,,,z[. 2”2<|n s 4 ! >+g,z(|n” . ) and was used to check the possibility of focusing the
o i\ 2 O beam with no magnetic field outside the gun. One ol
- (]n ra _1 ) _ (h. "4 ! )] _ the results of this test is shown in Fig. 8. The maximum
RPN 2 of collector current indicates that the expected process
does indeed take place. Quantitative checks of the

$,—1000+=1012VOLTS

<
3
Inner Electrode Absent =
ra rs :
1;.,,2=m(|+ ) s
Ty, rs® (#]
I T A re (1t n? 1 fra? w
o= V=B 1 4 n ( ) ( + )] 5
m 4 ry n,z ra ? 2 ’!.z Ya d :
B =10
‘. o] 200 400 600 800 1000
B.y? ( ) é,-1000 voLTS
m™rari,
¢ fueNt/ o %c Io =1.380 AMP
e () (7)) : :
ryml (e U + 2 S Iz' Ik (.).635 AMP
e (Ve \'[ Yo 1 rq? ra 1 Be " 28
o Y[+ Ly (w2 1] | e
im \ wr, r 2 r? ry, 2 Fig. 6—Beam focusing as a function of radial clectric field.

Cathode in a uniform magnetic field.
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Fig. 7—Beam focusing as a function of magnetic field.

Cathode in a uniform maguetic field.
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Fig. 8—Beam focusing as a function of cathode-flux linkage in a
shielded gun and with no magnetic field over the beam,
theory were ditficult to obtain because of poor shiclding
of the gun and the consequent effect on the behavior of
the gun itself. The optimum drift-tube voltages, not
shown here, were in rather close agreement with the

design values.

Most of the discrepancies observed between the de-
sign values of beam current and the values obtained
appeared to be due to the inadequacy of the transition
region where clectrons cross magnetic field lines. All of
the experiments indicated that once the electrons could

OF THE LR.E. June
be made to enter the dritt space the focusing processes
were much as the theory predieted.

(CONCLUSIONS

The tests deseribed here were not as clean-cut as is
desirable since many of the factors affecting the per-
formance could not be separated. Tt does appear, how-
cver, that the qualitative aspects of the theory are very
well borne out by the experiments and that the quant
tative aspects are confirmed reasonably well. In every
case where the experiments were not successful the
cause of fatlure could be attributed with fairness to the
transition region,

A particular advantage of the analysis as presented
is the expression of magnetic ficlds in terms of flux link
ages. This integrated quantity is casy to calculate or
nicasure by mutual inductance methods, particularly in
axially svmmetrie systems,

Litde tight has been shed on the validity of the as-
sumption of noncrossing, but apparently for design pur-
poscs this assumiption is relatively safe. The design
formulas presented here are correet and useful as far as
they go, but it should be remembered that thev contain
no information about the design of the transition region
through which clectrons pass between the wun and the
main part of the beam,

Previous SUCCess 1N (h-signing solid heam svstends is
duc largely 1o the fortuitous circumstance that the
proper focising condition is obtained with the cathode
outside the wou enctic hield. Tn hollow beams, where hoth
inner and outer radii must be controlled, conditions are
more stringent. Here the transition region problem can
not be avoided as it is generally necessary to have some
flux hnk the cathode.

It appears possible 1o focus beams in any of the s)e-
cial arrangements considered. Noteworthy among these
is the case where magnetic flux is required in the cathode
region only. Because of its practical significance in
cconomy of field and simplification of the entire system,
this focusing syvstem may well be a good reason in itsel
for using hollow heams in place of solid ones.

Before this method can be applied in general, how
ever, more development work s required. Fringing of
flux in the cathode region may be greatly reduced by
placing the magnetic gap well forward of the gun anode
itself. For smaller tubes it might be feasible to close the
the magnetic cireuit linking the electron gun, and to
activate this circuit, outside the vacuum envelope.
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Arrespix |
The Potential in a Uniform Beam

In the uniform hollow beam shown in Fig. 1 the charge
density p may be represented in the power series form
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0,1,2,-- forr, Er=r

x
p(r) = 2 pur™, n =

nm=0

0 for r € re and 7 > 1. (20)

Note that only po has the dimensions of charge density.
The evaluation of the average potential é consists of
integrating Poisson’s cquation,

1/ ¢ .
r = — —,

r o ar ar €
where € is the permittivity of free space, and of matching

the solution to the boundary conditions at r and ra.
To do this we follow Wang* by letting

$=¢l+¢by

where ¢, is a solution of I’oisson’s equation and ¢ is a
solution of Laplace’s equation.

The potential ¢, due to space charge alone is evalu-
ated first. From (27), integrating twice from r, out-

ward.
l -
—f J prdr | dr,
ry Ler Vo

where we have set ¢, =0 inside 7,

Before evaluating ¢ we shall have to calculate the
contribution of ¢, at the outer clectrode, ie., at ra. At
the outer edge of the beam where r=rs,

(27)

(28)

6. = (29)
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With the appropriate substitutions we obtain, for

ra érérbv
r 1 1
d=aln—+ ¢ — —~f [ f prdr] dr, (36)
n € re 7 "
where
1 & re 1 '
$2— 1+ f [pr In —+ f prdr] dr
€ r s r T
¢ = = @ . @30

In fz/fl

Equation (36) may be further simplified by integrat-
ing the last term by parts, which gives us

- r 1 r 5
é=aln—+ ¢1 — In ( prdr
r € Tav ra
1 g r
+ ( pr In — dr. (38)
€ rq Ta

Equation (38) is the required expression for the average
potential at any radius in the charge region of the beam.
If we substitute the power-series expansion of p and
perform the indicated integrations, we arrive at a gen-
cral explicit form for &, from which the corresponding
expressions for several special cases may be extracted
quite easily.

1 & 1 . + ¢ ! i s (r"*? — rg7*?)
= aln— = ottt — "
by = — f [ f pnlr] dr. (30) r ! e o (n+ 22
r €& J
‘ ‘ | G- Pn . r
Outside the electron beam, the potential ¢, is repre- + 2.. ra"** In (39
- . . N . € noo 1+ 2 fa
sented by the familiar logarithmic expression for a line
charge along the axis. and
Q o g Pn - Pn’a"+2 s
b2 — &1 + In—+ — 2 rant? — pant?) — In
’ R PR € nmo (0 + 2)'-‘( ' : € ,,Z_;u n+2 1
4 =— _— - —— (40)
In 7o/,
Q r Evaluation of a and
d” = - 1n - + ¢'b' r > Tby (31) f ’Y . - 5 5
TE Ty \When the beam is in equilibrium, 1e,, when r=rg’

where Q is the total charge per unit length in the beam.

h
Q= wa prdr.

a

(32

The potential ¢, at rp is thus

1 4] 1
f pr In + f prdr] dr. (33)
€ r ry r o« ra

a

d’z:_

Since ¢p2=¢1,+.,, we have

1 e re 1 "
b1, = &2+ f pr In + f prdr] dr;
€ a Ty r Ta

and ¢, =@ since we have set ¢,,=0. The solution for
¢ is well known:

_ S on

(34)

[P (35)

In fz/f[ ry

oL

the expression derived above for the potential ¢ and the
radial field derived from it must agree with the poten-
tial and field derived from ¢ =« In r/rot+7.

It is clear that v is just the potential & evaluated at

ro. Thus,
o 1 Ty ro

y=aln—+ ¢1 — In — prdr
ry € Ta ra

1 ro r
+ f pr In — dr (41)
€ g ’n
and
1 i + ¢ ! i o ( +2 +2)
‘y = a n D — - - - — r n oub 'un
rt ' € nm0 (ll + 2)2 !
. Pn 7o
+ ro"t2ln — = (42)
€ nz-;o n+2 ’a
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The condition on the radial eletric fickd at ¢ demands

that
a ¢
. [ - ] . (43)
ro ar J.,,
from which
1 o
a=q— f ordr +4)
€ ra
and
| I
@ =a — S (romt? — r,nt ), (45)

e o
€ =0 N+ 2

The second term on the right of these last two equa-
tions represents the charge per unit length between r,
and r,. Evidently @ must increase with ro whether it is
positive or negative, and at the inner edge of the beam
a,=a.

From (44), we have

(40)

an equation used in the development  of design
formulas.

Once tke values of a and ¥ are determined from the
design cequation, the requisite electrode voltages mayv
be determined from (41) or (42) and (44) or (45).

At ro=r, the integrals in (41) are zero, and we obtain

L

é1 = Y2 — o, In (47)

"

since a 1s just the value of « at Tay i, @ =«,. Equation
(40) may be solved for ¢ —g,,

ry Q ry
= qa,In — In

r 2me re

b2 — ¢

1 = Pn . .
+ Z (ro*? — p,nt2)

€ =0 ()l + 2)2

1 & P ry
- Z " r."* In )

48)
€ peo N+ 2 ra (
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and by differentiation

¢ « (92
e — + = — wn'ra (50)
m o r
let i
r’= R and r,* = R, (51)
Then
R =2 and R = 2ri + 2i2 (52)

Substituting (49) and (50) into (52), we obtain

00 ¢ ¢
R=[-2 a— 4 (y — l')—}--l(.lwu:l
)

n m
¢ R ‘ .
-2 aln - 40)”"/(. (D‘)
m Ky
FFor values of K close to Ry we may substitute
R R )
In — = -1, (34
Re Ko

which reduces (53) to the lincar form

k = dyp + (I|I( (;;}
where
c .
dg = [— 4 (‘y —_ l ) + 4‘..’(-0[[:'
m
= don*r?|V1+ Ka — K(y — 1)}
and

¢ «a Ka
ay = —'<4wu"'+ 2 > = — -hv”?(]—}- )
m ory? 2

We multiply (55) by 2R and integrate once to obtain

I'{‘ . -2”‘:1\) + (I)]\)"‘ + da,

Ka
dy = — Jwy Ry <1 + , )

obtained by substituting (49) into (56) and setting r=r,,
The integral of (56), neglecting the additive phase
constant, may be written

(56)
where

-

R V1+ Ka — K(y — ) V1+ Ka— K(y — 1) b Aa
_ S . + ‘ S - ]' cos <— 2wy, 1 + I). 37y
R : Ka - KNa ‘ )
+ 2 ' 2 ‘
AprpENDIX 11 H we detine
Solution of the Differential Equation of Motion V14 Ka — K(y — I’ "
From (3), expressing the radial motion of the elec- KNa =1+ 5 (58)
tron, we have 1+ 5
¢ , /] n KNa
5 - Zw —_— = 3C
= —2—aln——2—(y—1) " ; T8 (527
m 7o m .
Equation (57) mav be written
02 » R x? P
[ 2y2 ) « - i .
S~ wn’rt o+ 2 (49) R 1+ ;T A/ 1+ 4 Cus B (60)

June
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The Iterated Network and its Application to
Differentiators”

M. C. PEASEY, SENIOR MEMBER, IRE

Summary—By irduction on the Cayley-Hamilton theorem, a
convenient and compact expression for the transmission matrix of
an n-tuply iterated, 4-terminal passive network is obtained.

The resulting expression is used for the analysis of the behavior
of an iterated RC differentiating network. It is shown that such
networks are of advantage in applications requring a very short
effective time constant. The effective time constant of an n-tuply
iterated structure is shown to be 2r/n(n+1), where r =RCis the time
constant of the unit structure.

1HE PARTICULAR PROBLENM with which this
?;ﬂ: paper is concerned is the analysis of a compound

differentiating circuit formed by the iteration of
a simple RC differentiator. Such aniterated circuit is of
. advantage since the effective time constant of the as-
sembly is much less than that of the unit element. It is
of particular importance in, for example, pulse-width
discriminators where a very short time constant may be
required.

In solving this problem, however, we shall also solve
the general problem of the iteration of any passive
lincar 4-terminal network. We shall obtain a compact
and convenient expression for the transmission matrix'?
of anv interated structure in terms of #, the number of
units included, and of the transmission matrix of the
unit clement. The resultant matrix can be used in the
usual way for combining with other clements or with
the application of the appropriate boundary conditions
for obtaining the steady state or transient response.

‘The manipulation of the gencral matrix will be illus-
trated by the analysis of the iterated differentiator. In
application this circuit is terminated in an open circuit
across which the output voltage is obtained, and a pulse
is applicd to the input. In our analysis, we shall use a
unit step wave instead of a pulse. The utility of the
circuit as a differentiator is then measured by the rate
at which the output voltage decays from the initial
value. We shall define the effective time constant as that
corresponding to the rate of decay immediately after
the application of a step voltage.

A compound differentiator does not decay along a
simple exponential curve. The instantancous time con-
stant is not constant. To obtain a measure of this devia-
tion, we shall show the exact responses of the structures
compound of one, two, and three units. We shall see
that the responses of these are very nearly identical
when reduced to a common scale.

T GENERAL ITERATED NETWORK

I.et us consider as a unit a 4-terminal passive lincar
network. We shall not assume that it is lossless. We

* Decimal classification: R143. Original manuscript received by

tzl;;e I(n:satlltutv, May 18, 1950; revised manuscript received, November
, 19

t Sylvania Electric Products, Inc., 70 Forsyth St., Boston, Mass,

wish to obtain a convenient representation for the
compound network formed by connecting # such units
together.

If we consider the transmission matrix, M, of the
unit, then the transmission matrix of n-tuply iterated
structure is the mth power of M. We wish, then, to
express M conveniently in terms of M and of n. Such
an expression can be obtained by induction using the
Cavley-Hamilton theorem.

Let the transmission matrix of the unit network be

w=|4 B (1)
i sC D
where 4, B, C, and D are real (if lossless) or complex
functions of frequency.
Since the unit is passive, M is unitary, that is,

AD + BC = 1. (2)

The characteristic equation of M is obtained by in-
troducing the variable, N, and setting

A=\ jB

= 0,
jC D-=\

3
where the left-hand side is a determinant.

Expanding (3) and using (2), the characteristic equa-
tion of M is

N —2A+1=0, (4)
where we have introduced the parameter
v = (4 4+ D)/2. (5)

The solutions of (4) for N are the “characteristic
values” of M.

The Cayley-Hamilton theorem states that, if the
matrix M be substituted for N, in its characteristic
cquation (4) a valid matrix equation is obtained. It is
true, therefore, that

M?=2VM — I (6)

Now the Tschebysheff? polynomials of the second
kind and orders 1 and 2 are

Uiv) =1 O]
Uz(v) = 2. (8)
Subsequent orders are related by the recursion
formula
Un1(¢) = 2UA(p) — Una(v). (9)
Substituting (7) and (8) in (6),
M? = Us()M — U1 (10)
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et us assume that

Mr= UM = U, \(n)] (11)

I8 true up to and including a given n. It is true, cer-
tainly, for n=2. Multiplving (11) by A7 and using (10),
(8), and then (9),

Mrtr — (2‘,(/'" - Un ])41, - Unl

= Unp()M = U()1 (12)

Liquation (11), is therefore, by induction, a general
expression for the n’th power of A/,

It is a compact and convenient expression for the
n'th power of any 2-square unitary matrix (1) using the
Tschebyschefl polynomials of the second kind in the
variable » defined by (5).

RC DIFFERENTIATING NETWORKS

We shall now consider the network obtained by
iterating the usual RC difierentiator. By applying the
boundary condition to the general expression found for
an iterated structure, we can obtain the response of this
network to an arbitrary input. To study its behavior as
a differentiator, we shall consider its response 1o a unit
step input. We shall determine the instantancous rate
of decay of the response immediately after the applica-
tion of voltage, measuring this decay as an “cffective
time constant.” Finally, since no single time constant
exactly describes the response, we shall plot the exact
decay shape for doubly and triply iterated structures
and compare the response with the ideal exponential
curve. \We shall show that the approximation of the
response of the iterated structure as a single time
coustant is, in fact, sufficiently accurate for nearly all
purposes. Let us now consider an iterated differentiat-
ing RC network. The basic differentiating unit is that
shown in Fig. 1.

I

IN R

ouT

—_ —_——
Fig. 1
Tne Unit RC STRUCTURE
The transmission matrix of this unit is!
| (14 1/pr R/ pr
JI:“ ( /p7) /b ‘ (13)
1/R 1

where p=jw, the complex frequency, and 7= RC, the
time constant. Then, from (5)

v=14 1/2pr, (14)

and the transmission matrix of the n-tuply iterated
structure is given by (11).
Supposc we terminate the iterated structure in an

OF T1HIE LRE. June
open circuit. The boundary condition is that the output
current is identically zero. H 12,(p) is the input voltage
as a function of p, and F5(p) the output, then' using
the top lett-hand term of the matrix MW" as expande

accordig to (11):

J: 1..(p) ‘ (15)
o (1 F1/pr)Un(v) — Una(v) '
Ustng (9), we can write this
E(p)
Eu(p) ) (16)

Unyr(v) — U.(v)

To analyze the hehavior of this circuit as a differ-
entiator, let us apply a unit step-voltage, The time
domain input is

E) =0 if <0
1 if >0 (17)
The Fourer transform®™ of this is
Fp) = 1/p. (18)

The time-domain response to the step input is, then,
the inverse Fourier transform of

v
Unii(v) — U (v)

This can be evaluated by the usual method*® for anv
specific case.

We have, however, dehined the “cifective time con-
stant,” 7, as that operative inmu-(li:ltcly after the
application of voltage.

Fo(p) = (1v)

) d (1)
lim -
t-0+  dt

/7, (200

It is convenient to remove the discontinuity in /:(¢)
by subtracting the unit step from it,

(0 = oty — E(0). (21)
This does not alter (20)
115" (t
/1, = lim o) . (22)
—u+dl

We can now apply the limiting and differentiating
theorems of the Fourier transform, as follows:

/7, —

lim
(=04

= hm oy (p) )

{—0 +

d o,

4l FES(p) }

= lim p2/(p), (23)
[

where F-tf — 4 mecans the inverse Fourier transform.
Substituting (19) and (18) in (21) and (23),

) 1). (24)

1 1
= — lim p(
Tn =+ [J,.+|(V) - (/n(y)
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Now, as p—«x, r—1 by (14). The Tschebyschetf
polvnomial of the second kind can be expanded as a
terminating series about this point.

)

Unp) = n+ :' nin 12) (v
2
+ T nt— (= 2w = 1) 40 (25)

U sing this expansion in (24) and retaining only the
terms of the first order in (v —1),

n(n + 1)

2r

1/7n

(20)

Hence the effective time constant, 7, of a network
formed by the n-tuple iteration of a differentiator of
time constant 7 is 7 reduced by the factor 2/n(n+1)

T 2/n(n + 1))r (27)

This effective time constant cannot precisely deseribe
the behavior of the multiple structure. That it is an
accurate approximation is shown by the curves of
1ig. 2. These have been computed by the usual meth-
ods of transient analysis. They show shape of response
to 4 unit step input of single, double, and triple

To normalize the time base, we have, in each
case, used /7, as the variable. The solid line, being
the single unit case, represents an exactly exponential
case. The dashed line (= = =), representing the double
case, and the dash-dot line ( , the triple case,
are seen to deviate only slightly from this. The approxi-
mation in terms of 7, is suthiciently accurate for most
PUTPOSCS,

PROCEEDINGS

OF THE I.RE. 711

El(t)

0.5

CONCLUSION

\We have obtained a compact and convenient general
expression for the transmission matrix of any n-tuply
iterated 4-terminal passive lincar network in terms of
matrix of the unit network.

We have applied this to the iteration of an RC
differentiator. We have shown that such a compound
differentiator is useful in that it has a very short effec-
tive time constant compared to that of the unit struc-
ture. In fact, if RC=r, then 7, the ceffective time con-
stant of the n-tuply iterated differentiator, is 2r/n(n+1).
For even small values of i, thisisa large reduction from 7.
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The Approximation with Rational Functions of Pre-
scribed Magnitude and Phase Characteristics”

JOHN G. LINVILLY, ASSOCIATE, IRE

Summary—A successive-approximations method is applied to
the selection of network functions having desired magnitude and
phase variation with frequency. The first approximation, the first
set of pole and zero locations, can be selected on the basis of known
solutions to similar problems or through use of a set of curves. In
succeeding approximations the pole and zero locations are adjusted
to decrease the deviation of the earlier approximations from the
desired characteristics. The process adjusts the magnitude and phase
characteristics simultaneously. Its flexibility permits accommodation
of practical constraints not possible with other methods.
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A. INTRODUCTION

YHE APPROXIMATION PROBLEM is the prob-
VI lem of selecting a rational function, identifiable
as the response function of a realizable network,
which approximates prescribed magnitude and phase
characteristics within tolerable limits. The method of its
solution presented here is one of successive approxima-
tions, and it has a number of features of practical value.
Constraints on the form of the function to be obtained
can be imposed easily. As a result, one can accommodate
practical design constraints not possible with other
methods. One chooses the complexity of the approxi-
mating function (the number of poles and zeros) at the
outset, and successive adjustments always leave the
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number of poles and zeros unchanged. One can ap-

proximate to magnitude and phase characteristics si-

multancously (not over the whole frequency spectrum

with minimum-phase functions, of course). He can ob-

tain functions which fit the prescribed characteristics

more closcly over some regions of frequency at the ex-

pense of poorer fits in other regions.

The method of selection employed consists of a pre-
liminary choice of pole and zero positions followed by
successive adjustments of these positions. The first ap-
proximation can be made on the basis of known solu-
tions to similar problems which are roughly suitable to
the given problem, or it can be made purcly on the basis
of a sct of curves. One locates poles and zeros to con-
forn to any constraints which are prescribed. Ordinar-
ily, the preliminary function chosen, or first esti-
ate, only roughly approximates the desired character-
istics. The successive adjustments, specified in terms of
shifts in pole and zero locations, are made to reduce the
deviation of the trial characteristics from the desired
characteristics. At the beginning of the adjustment pro-
cedure, simple calculations, based on curves presented,
effect rapid improvement in the approximation, In
many practical cases the simple adjustment procedure
is sufficient to obtain a satisfactory approximation.
Final adjustments, if they are necessary, are made on
the basis of a much more powerful, but also more com-
plicated, algebraic technique.

B. Tue FIRST APPROXIMATION

Any response function of a lumped-element network,
being a rational function of frequency, can be expressed
as

G+ ar+ - a\m

bo+ BN+ - -« + ban

BN = M)A = Aoz) -+ - (X = Aow)
= AN = Ap) - (A= )

F(N)

(M

The quantitics Noy, Aoz -+ + Aom are the zeros of the func-
tion and Ny, N2 -+ - N, are the poles. The response
function is apparently specified within a constant multi-
plier by specification of the poles and zeros of the fune-
tion, and it is the pole and zero locations on which at-
tention is directed in the following.

When a designer uses the solution of a similar prob-
lem in the sclection of the first trial positions of the
poles and zeros, wide experience and ingenuity lead to a
better first estimate and effect a saving of labor in the
subsequent adjustment procedure. The well-known
Tschebyscheff and Butterworth approximations'-23 (g
theideal low-passfilter characteristicare typicalexamples
of approximations which suggest suitable first estimates

I'S. Darlington, “Synthesis of reactance four poles,” Jour. Math.
Phys., vol. 18, pp. 257-353; 1935,

?S. Butterworth, “On the theory of filter amplifiers,” Exp. Wire-
less and Wircless Eng., vol. 7, pp. 536—41; 1930.

*G. L. Ragan, “Microwave Transmission Circuits,” McGraw-
Hill Book Co., Inc., New York, N. Y., Chapt. 9; 1918,
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for related problems, The characteristics obtained with
these functions are sketched in Fig. 1. The maps of pole
locations in the complex plane for the two types of func-
tions (of (if th order) are given in FFig. 2. In both of these
types the function has no internal zeros. The geometric
figure on which the poles shown in Fig. 2(a) lie is an
ellipse. The cut-off frequency is only slightly less than
the value of w at the intersection of the ellipse and the

M

i .
AM P\\,_/\
t

wo W -

o) TSCHEBYSCHEFF CHARACTERISTIC (b) BUTTERWORTH CHARACTERISTIC

Fhe Tachebyschetf and Batterworth approsimations

Fig. 1
for low-pass tilters,

A-PLANE A- PLANE
Im OR jw Aio+w ImOR jw
x-POLES OF
RATIONAL
FUNCTION F
}— Re OR O ReOR o

(o) TSCHEBYSCHEFF MaP {b) BUTTERWORTH MaP

Maps of poles for Tschebyvscheff and Butterworth
approximattons,

1
M)A = Ap) - - - (h-

Fig. 2

O N

axis of imaginaries. Simple relationships exist between
the level and tolerance of | F| of Iig. 1(a) and the size
of the minor axis of the cllipse of INig. 2(a). IFor present
purposes, it is sufficient to state that as the minor axis
of the ellipse is decreased (the poles brought nearer the
imaginary axis always along lines paraliel to the real
axis), the level of Fin the pass bawgl increases as does
the tolerance. Increasing the number of polest increases
the level of | F| for a fixed clipse and the number of
cycles of variation of | F| in the pass band while it de-
creases the tolerance,

From Fig. 2 it is apparent that the Butterworth ap-
proximation is a degencrate form of the Tschebyschetf
approximation in which the cllipse becomes a circle. One
observes from Figs. 1 and 2 that small shifts in the posi-
tion of the critical frequencies of a function cause
marked changes in the characteristics of the function.
This fact suggests the

'

study of the relationship hetween
changes in pole positions and changes in the function
characteristics. This study and a method of successive
approximations arising from jt constitute the results
given in this paper.

A5 . . .
* For odd numbers of poles, one always lies on the negative real
axis; for even numbers of poles, none lie on the real axis,

!
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The analogy between a two-dimensional field and the
logarithm of a rational function has been exploited in
connection with the approximation problem.®® The se-
lection of poles and zeros of a rational function whose
magnitude has a certain variation along the real-fre-
quency axis is equivalent to the selection of charged
positive and negative filaments which generate a cor-
responding potential along a line which can be identi-
fied with the real-frequency axis. Physical intuition
based on the analogy is helpful in selecting the first ap-
proximation in the method presently described.

Asexplained in the next section, one employs normal-
ized curves to compute the magnitude and phase char-
acteristics of the successive trial functions. These
curves mav also be employed as a guide in the selection
of the first approximation.

. COMPUTATION OF PITASE AND MAGNITUDE
CHARACTERISTICS FOR SPECIFIED POLE AND
- 7ZERO PosITIONS

Normalized curves are used for the computation of
the characteristics of the successive trials. The same
curves may be used as a guide in the choice of the first
approximation. The process of normalization is easily
understood by considering the logarithm of F [F is de-
fined in (1)].

F|+jArgrl (2)

InF =In

In|F|=1Ink+ DIn | A= Ni| — Sin | =l )

f=1 =1

i Arg (N — hi) — Z": Arg (A — ).

[ vl

Arg F (+)
The consideration of the logarithm of F is convenient
in that it makes the contribution of cach pole and zero
scparately evident. One observes that the sums in (3)
and also in (4) are really made up of only two kinds of
terms, terms corresponding to conjugate complex criti-
cal frequencies (poles or zeros) and terms correspond-
ing to real critical frequencies. The distinction between
zeros and poles is merely the distinction between plus
and minus signs associated with the components in the
sum.

For the complex critical frequencies, one may write
the following from (3) and (4)7

In [ F.| =1In|XN—=X||N=A (5)
and
Arg F. = Arg (N — N)(N — A), (6)
in which
A = o+ juw.. ()

S \V. W. Hansen and O. C, Lundstrom, “Experimental determina-
tion of impedance functions by use of an clectrolytic tank,” I’roc.
LR.1.., vol. 33, pp. 528-534; 1945,

s |, G. Linvill, “An Experimental Approach to the Approxima-
tion Problem for Driving-Ioint and Transfer Functions,” S. M.
I'hesis, M.1T,, Cambridge, Mass.; 19435,

7 1n the following, F. will always represent the product of a pair
of factors with complex conjugate zeros, Ao and A,
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If one divides F. by w.? and replaces N by jw, as he is

ordinarily interested only in real frequencies, (5) and (6)

may be written
| Fe|

In =In
w2

([
| Jw O |
Ry

| we W, |

(8)

and

. Jw g, \ [Jjw g, :
ArgF. = Arg( — - ])( = + ]). 9)
We we We We

Clearly In | F,| and Arg F. are easily found as functions
of w for any X, if one has simply plots of In| F.| /w.? and
Arg F./w.? as functions of w/w, for appropriate values
of the parameter o./w.. Fig. 3 gives sketches of families
of curves corresponding to (8) and (9).% An accurate set
of curves is given in R.L.E. Report No. 145 corre-

[Ked o -
LOGIF,| # LOGIA-ActIA-Ac]
Atjw
Log Fil
we? o
—t
we o

1

30
w
We
180 ™ -
-q
T‘-O.l
-0
U‘-OG
ArgFe 0, i
s
_ We
Fot (A=A A= Ae)
At oy tjwe
A jw
0 | —_—
0.2 1.0 30
w o

We

Fig. 3-Log | F./w?| and Arg F. sketched as functions of w/w
for a range of values of —a./we.

sponding to Fig 3 as well as sets of curves correspond-
ing to Figs. 4, 7, 8, and 9. Through use of the curves one
can readily obtain plots of |n| I",I and Arg F. as func-
tions of w for any complex value of \.. Fig. 3 1s instruc-

* All logarithms in the curves are to the base 10 and all arguments
are given in degrees. In the text, log refers to the base 10 and In
refers to the base ¢; Arg is the angle in radians unless specifically
stated otherwise.

? {. G. Linvill, “The Selection of Network Functions to Ap-
proximate Prescribed Frequency Characteristics,” Technical Re-

rt No. 145, Rescarch Lahoratory of Electronics, M.LT., Cam
ridge, Mass.; March 14, 1950,
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tive in connection with the approximation problem. It
is apparent that critical frequencies close to the imagi-
nary axis in the complex frequency plane cause much
more violent changes in the magnitude of the function
for nearby real frequencies than do critical frequencics
removed a considerable distance from the imaginary
axis. Accordingly, if one is choosing a function which is
to exhibit abrupt changes in magnitude at some range of
frequencies, the suggestion is definite that critical fre-
quencies with small displacement from the imaginary
axis be placed near the range of jw where the change is
desired. From Fig. 3, also, it is clear that such critical
frequencies cause rapid phase shift at the same time
they cause an abrupt change in magnitude. This situa-
tion is a manifestation of the implicit relationship be-
tween magnitude and phase.

The second kind of terms mentioned in connection
with (3) and (4) is that representing a critical fre-
quency falling on the real axis of the complex frequency
plane.!?

In |F.[=Mn|x—-gq, (10)
where g, is real.
Argl, = Arg (A — 0,). (11)
If one divides F, by —a, and sets A =jw, the result is
F,.| Jw
In|—|=1In|— +1 (12)
Gy — 0,

and
I"' . .
Arg —— (= Arg F', if o, is negative)

.
= Arg <]w + l>.

— o,

(13)

‘The sketch of Fig. 4 indicates the form of variation
of ]nIF,I and Arg F, for any real critical frequency, o,.
‘The sketches of Figs. 3 and 4 are given for critical fre-
quencies in the left half-plane. The same curves are use-
ful for critical frequencies in the right half-plane since
the logarithm of the magnitude of F, or F, is unchanged
if the sign of o. or o, is changed, and only the sign of
the argument of F. or F, changes when the sign of ¢, or
g, is changed.

D.

To illustrate the choice of the first approximation, a
function of the form

AN ILLUSTRATIVE EXAMPLE

1
N+ a\? + @

+ ao
1

e (14)
A = o)A — 02 — jw2)(N — 02 + jws)
will be chosen. The characteristics to be approximated

1 In the following, F, will always represent a factor with a single
real zero, o,.

June
|

OF Tl LRI

/
/
04' /
|
Fe /
Lo6 |- -
‘ // Feah-g,
L .
%2 o S _s;?
.
60| e
argf, | -

F, :A-0,
A jw
oL o
02 1.0 30
i
)

Fig. 4—Log F,/a,l and Arg F, sketched us functions of w/—a,

are described in Fig. 5. It will be required that the ap-
proximating function have three poles, have approxi-

LOG, IF! - -ArgF
¥
301

] (

) i
- .

o —_— —_— ———— —_—_—_——
. oz o 10

Fig. 5—Partial specification of requit ements for illustrative example

mately a lincar phase shift over the range0=w=1,and |
have a logarithm of magnitude which decreases lincarly
(approximately) with frequency such that EF: atw=1
is half of IFI at w=0. The magnitude of the argument
of Fat w=1is immaterial so long as its variation with
frequency is linear. The level of logie | F| is not speci-
fied. A large number of functions of the form represented
in (14) will have characteristics of approximately the
nature indicated in Fig. 5. Some of them approximate
the magnitude characteristic well and the phase char-
acteristic badly; some approximate the phase character-
istic well and the magnitude characteristic badly;others 1
fall between these classes, approximating both phase
and magnitude reasonably well. Before a final choice of
approximating function can he made, some measure of
quality of the approximnation must he formulated. Such

a measure of quality is given at a later point; at this
point it is necessary only to choose any function of the
form of (14) which has roughly the characteristics de-
sired and to proceed from it as a starting point.
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Knowledge of the functions used for Butterworth
filter characteristics suggests that a function with
poles distributed on a semicircle as in Fig. 2(b) will give
roughly the kind of characteristics desired. Hence a first
approximation is

1
F(N)= : = > - (15
(A 1.00) (A +0.50+ 70.866) (A40.50 — j0.866)
Fig. 6, which is a plot of log | F| and Arg F for (15),
indicates that the first approximation shows a too

ArgF
DESIRED CHARACTERISTIC
50
A PLANE
- i
3
// 08, ¢
/ -
| - 7 L0
7 ‘
>
50 /// N x
iy
- \ MAP OF POLES
5 y ~
P \
ol - SN
[+] 02 [} 06 08 10 —=

Fig. b—Log IFI and Arg F for the first approximation to
the prescribed characteristics of Fig. §.

slow dccrease in magnitude with frequency. Hence
some motion of the poles from their semicircular dis-
tribution is desirable. The choice of the first approxima-
tion is quite arbitrary, and different first approxima-
tions will lead to substantially the same end result. A
close first approximation shortens the adjustment proc-
¢ss, which is the next step in the procedure.

k. SUCCESSIVE ADJUSTMENTS

Once the first approximation is chosen, attention is
shifted to the problem of determining the changes in
pole and zero positions required to effect the desired
changes in the approximating function. Onc observes
that the number of variable quantitics which may be
adjusted is equal to the total number of poles and zeros.
In the illustrative example above, these are three ad-
justable quantitics, a1, o3, and w,. In that instance onec
wishes to choose the combination of values for Aay,
Ads, and Aw,, which together change the characteristics
from those of Fig. 6 to characteristics much nearer those
of Fig. 5. A study of the influence of elementary shifts of
the critical frequencies, Aay by itself, Aoy by itself, and
Awz by itsclf, is an enlightening guide to the choice of
the combination. This fact suggests the study of

dlog | I IAg I

dlog | I

day da, e

and so on since

S g log | F 729 log ll"
Lo+ [ S
f "’”l . + J oy o

00’2
der glog | IF
0 Owa

Alog | F
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9d log I F l
= (for small changes) =L St Y
()0'1
dlog |F alog | F
— Aoz + g‘l A, (16)
60? a(J)2
Similarly,
g Arg I
A ArgFF == (for small changes) s Ray
ad’l
d Arg F d Arg I/
2 g + g Aws. (17)
do, dws

Fortunately, the use of the logarithm of F has sepa-
rated the influence of individual critical frequencies as
indicated by (3), and one has, for instance,

—dlog | N — ay (18
= ’ )
00’1

dlog | I
(”0']

From (18) it is apparent that the derivative functions
can be normalized and presented in curves just as was
done for the logarithm and argument curves in section
C. Further discussion of the use of the derivative curves
will be given subsequent to the statement of expressions
for the derivative functions.

F. NORMALIZATION OF THE DERIVATIVE FUNCTIONS

From the foregoing, one appreciates that the func-
tions which it is sufficient for all cases to consider are

dlog |F.| alog | F. | a log | I",! dArg ',
9. @ e, de,
J Arg I, Jd Arg I,
- y and -
ow, da.

[see (5), (6), (7). (10), and (11)]. Evaluation of the de-
rivatives is an elementary exercise when one employs
the relations

In I Fc(k) Ik—iw . % In I"C(X)I"c(—R) Ix-w (]9)

and

1 I\
Arg I'.(N) IA..,‘., = Ir )

Jn . (20)
25 Fo(=N) lamjo

Carrying through the steps of differentiating and nor-
malizing gives for  log | F.| /da,

AVEAS w\?
+1+ ()]

B 2 w, W, We
da.  2.305 ’ v,

J log | F,
We

- (21)

2

|w2

A sketch of wdlog |I"¢|/(')ac as a function of w/w, for
various values of the parameter g,/w, is given in Fig. 7
This figure reveals that shifts in the displacement from
the imaginary axis of poles or zeros influence the mag-
nitude of the function most in a frequency range ncarest
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the critical frequency being shifted. Through use of ac-
curate charts corresponding to IYig. 7 one can predict

-dL0G Ircl 2% .02
— )W (]
O :
——
03 1.0 w_, 8
w

we DLOGIF | 2% .02
dwe

Fig. 7—Sketches of

dlog | Fey 9 log | Iy
We ———— —_—

and  we

do. Owe

as functions of w/w, for various values of o./w..

accurately the influence of a shift of a critical frequency .
Alternately, one has suitable information for prescrib-
ing what kind of shift and how large a shift is necessary
to obtain a required change in the magnitude character-
istic.

Through a similar procedure one can obtain

AN w\?
ylog [F.| 2 [l+<’>-(~>]
d f)g |7c We 7“’: . (22)

305 I35

w,?

We ;
Ow, 2.

Equation (22) and the corresponding sketch in Fig. 7
indicate the influence on the magnitude characteristic
of a shift parallel to the imaginary axis of a conjugate
pair of critical frequencies.

After a straightforward manipulation, one has for
d Arg F./do.

d Arg I (degrees)

wWe
o,

PROCEEDINGS OF T IR I

200}
» |
AcgF,
we 9k
do,
o] e
—
N\\\
400
- we dargF,
du,

June

Through a similar procedure

57.3 X 3
) Arg I, (degrees) we W, _
b O - — (24]
Jw, | I, )2
we?
Fig. 8 shows skcetches of  w (0Arg  F./de) and

w(9Arg F./0w:) for various values of the parameter
o./w.. Figs. 7 and 8 give complete information on the
influence on magnitude and phase characteristics for
any shifts of a conjugate pair of complex critical fre-

quencies.

I

{
B———
0 : - —
[+]

os i6

~

Fig. 8 — Sketches of w.(d Arg Fe/doc) and w(d Arg F./dwe) as functions
of w/w. for various values of o/ we.

In an analogous manner to that just indicated for
conjugate critical frequencies, the corresponding de-
rivative functions for real critical frequencies can be
determined.

J log [ I, | =
Tr = = — (25)
do, w\?2
z..ms[n +(*) ]
g,
wf
S
d Arg I, —
= Or B (20)
do,
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Fig. 9 presents sketches of —o.(dArg F./de,) and

—0,(d log | F.| /da.).
—
.04
N
,,[ 2106} h
da,
G
0 . 1 = 1
C 10 1.5
w
=
03}
.o, DAargF,
o0,
/
/
4 L
o] 05 1.0 fs
s

Fig. 9—Sketches of —ar(0 log | Fr /da;) and —a, (3 Arg F./da,)
as functions ol @/ —ar.

(;. 1LLUSTRATION OF THE FIRST STAGE OF THE
ADJUSTMENT I’ROCEDURE

‘The preliminary step to stating what changes should
be made in the pole and zero positions is the sketching
of the derivative functions for the case at hand. A
convenient medium to illustrate the process is the il-
lustrative example of section 1). One observes that the
deviation of the magnitude characteristic from the de-
sired is much more serious than that of the phase char-
acteristic. Accordingly, it is appropriate for the first

OLOGIF| d106/F
oa, b0,
04 -08} /
L dLo6lFl
dw,
o L — . o —
W w -
ves1Reo A Lo6 IF} *OB[=

k

(eever oF A Loo IF)
1S ARBITRARY)

W -

J

Fig. 10—Derivative curves and desired change in magnitude
characteristic for the example of Fig. 6.
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adjustment to base the choice of changes on the devia-
tion of the magnitude characteristic alone. Fig. 10 shows
plots of the desired change in the magnitude character-
istic and the derivative functions. On the basis of Fig.
10 the size changes to be used to give the desired
changes in the magnitude characteristic can be esti-
mated. For instance, it is clear that any positive incre-
ment in ¢, will cause an improvement since the first
estimate gives insufficient amplification in the low
range. Rough calculations suggest the values A =0.2,
Aor= —0.2 and Awr= —0.1. Fig. 11 shows the second
approximation corresponding to these changes. As long
as it is obvious, without a more precise method, how to
obtain improvement in the characteristics, one con-
tinues to use this simple method of adjustment. Fortu-
nately, for many problems, specifications allow consider-
able tolerance and sufficiently close approximations can
be arrived at without going to a more accurate method.

LOGIFI ArgF
oolol $0 ---OESIRED CHARACTERISTICS s
« X APPROXIMATING FUNCTION 7%
S y A- PLANE
[ X Pid -0.7,0766
~ o P x
oool 100 S e
~ 7z
. -
| ~ ——
[ | 27~ 08,0
010} | » =
1 } d
50 > ~g x
. ~
‘ 7 <
o020} | .- ~s
| L~ ~ MAP OF POLES
025 o — —
o o2 04 06 08 B
Fig. 11—Second approximation to the characteristics of Fig. 5.

Actually, as the present example illustrates, the simple
procedure carefully applied leads to a very nice ap-
proximation. After a few more adjustments of the na-
ture of that illustrated above, one arrives at the char-
acteristics of Fig. 12.

The method of adjustment illustrated in the forego-
ing paragraphs becomes ineffective in complicated situa-
tions. FFor instance, the derivation of the characteristics
at one frequency may indicate one shift of a pole, while
the deviation at a different frequency may indicate an
entirely different shift. In such a situation it is difficult
to prescribe appropriate shifts of the critical frequen-

argF

OESIREO CHARACTERISTICS
150} X APPROXIMATING FUNCTION

L0G |F
o:«)l 7N
!
l g A* PLANE
/I
100 > i
o020/ e
- 7
P
Ay
9i0{ 50 . .
a 7
rd =
//
000 ok T & MAP OF POLES
[+] 0« 04 06 o8 10 ‘—‘O

Fag. 12 .\ppr:_;xim.llinn to characteristics of Fig. 5 obtained by the
first stage of the adjustment procedure

cies. If one tries to prescribe the shifts by the simple
procedure illustrated, he finds himself in the predica-
ment of one trying to solve a set of simultaneous equa-
tions one at a time. A further defect of the simple meth-
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od of adjustment lies in the fact that one stops the
procedure when further improvement camnot he ob-
tained. He may be uncertain as to whether or not some-
one clse can obtain a better approximation by stumbling
upon a more appropriate combination of critical-fre-
quency shifts.

At this point a more precise method of adjustment is
illustrated which will handle the difficult cases. More-
over, it gives the designer a very strong signal when he
has arrived at the “best” approximation (he will have
had to define a criterion for “best,” however).

H. FINAL ADJUSTMENTS o THLE POSITIONS OF
PoLiEs AND ZEROS

The problem which must be solved more adequately
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