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FOR HIGH FREQUENCY OPERATION to 150 Mc.
FOR GREATER EFFICIENCY

High Pervience * Thoriated Filaments
Low Filament Inductance * Specially Coated Grids *
Low Grid Lead Inductance

ESPECIALLY IN GROUNDED GRID CIRCUITS—

Minimized Filament-Plate Capacitance

FOR ECONOMY

Low Initial Cost * Low Operating Cost

NI
TYPE TYPE
501-R/5759 14  502-R/5761 ] |

Write for
descriptive
data sheets

i

AMPEREX tubes

Types
492 /5757 and 492-R/5758

(water cooled) (air cooled)

- Filament — Thoriated Tungsten -

Voltage . R 5.0 l
Current (Amps.).. 10

I Amplification Factor 2 J
Maximum Ratings —
Class “C" Telegraphy
Plate Voltage
Plate Current (Amps.)
Plate Dissipation (Kw.).

Typical Power Output (Kw.
Frequency (Mc.)
l Efficiency

l Inter-electrode Capacitances (mmf) l
Grid-Plate . 21

. Grid-Filament 30
Plate-Filament 06

Detalled characteristic sheets available onrequest
@ re-tube witk
AMPEREX

AMPEREX ELECTRONIC CORP.

In Canada and Newfoundiand: Rogers Majestic Limited
H-19 Brentcliffe Rood, Leaside, Toronto, Ontario, Conade
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The mistaken young man

who quit the patent office ...

Back in the 1880's, a young man quit the
patent office. It was a perfectly good job
except for one thing: There wasn't any
future in it. You could, as he explained,
walk through the place and see for your-
self that just about every possible thing
had been invented.

He was, of course, just as wrong then
as he would be today almost seventy years
later. In a world where nothing is impos-

PIONEERS |IN

PRAGUE

sible and many things are still unknown,
progress is limited largely by lack of
imagination.

In electronics alone, a “normal” quarter
of a century's development has been
crowded into the past half dozen years.
And patent requirements of this single in-
dustry probably equal the total work of
the patent office when this mistaken
young fellow resigned.

North Adams

SPRAGUE ELECTRIC compAny

Massachusetis

Sprague Telecaps®, the first truly proctical phe-
nolic molded paper tubulars, intraduced o new Y
ero in trauble-free small capacitor performonce,

whether under "“normal’”
fcult operating or ""shelf”

*T. M, registered

Proceevings or Tine LR/E. April, 1950, Vol. 38

21, N.Y. Price $2.2

matter, October 26, 1927, at the post office at Menasha,
provided for in the act of Fchruary 28, 1925, cmbodied in P

ELECTRIC
/

AND

ELECTRONIC

DEVELOPMENT

or axceptionally dif-
conditions,

per copy. Subscriptions United States and C

Revolutianary new dry oleciralytic capacitars to
match television’s exacting needs are another )
Sprague pioneering development, Conserva-
tively rated up to 450 valts at B5°C,, these
long-life electralytics are outstandingly stable.

No. 5. Published monthly by The Institute of Radio Engineer

anada, $18.00 a year; forcign countries $
Wisconsin, under the act of March 3,

better than, larger units.

October 26, 1927.

Sprague Subminiature Paper Capacitars,
hermetically sealed in metal cases with
gloss-ta-metal solder-scol terminals, are
designed to be as good as, ond often

s, Inc., at 1 East 79 Street, New York
S, 4 f9.00 ln year. E nl:;rc(l as ' :

L ceeptance for matiin at a special ‘rate o postage 18
aragraph 4, Section 412, P. k. and R., authorized 5 . l

Table of Contents will be found foilowing page 32A
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Wood preservation
holds down telephone costs

Poles are a substantial part of the plant
that serves your telephone; making them
last longer keeps down repairs and re-
newals that are part of telephone costs.
So Bell Laboratories have long been ac
tive in the attack on wood destroying
fungi, the worst enemies of telephone
poles.

Better, cleaner creosotes and other
preservatives have been developed in
co-operation with the wond preserving in-
dustry. Research is now being carried
out on greensalt—a new, clean, odorless

preservative. Even the products of atomic
energy rescarch have been pressed into
service —radioactive isotopes are used to
measure penetration of fluids into wood.

Treated poles last from three to hve
times as long as untreated poles. This
has saved enough timber during the last
quarter century to equal a forest of
25,000,000 trees. More than that, wood
preservation has enabled the use of
cheaper, quickly growing timber instead
of the scarcer varieties.

This and other savings in pole-line

Exploring and Inventing, Devising and Perfecting, for Continved

Improvements and Ec ies in Teleph

costs, such as stronger wires which nced
fewer poles, are some of the reasons why
Amcrica’s high quality telephone service
can be given at so reasonable a cost. It
is one of today’s best bargains.

BELL TELEPHONE

LABORATORIES

Service.
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ZERO TO
500 VLTS

200 MA

SPECIFICATIONS

OUTPUT VOLTAGES:

DC. Migh voltage. 0-500 volts (without
switching) 200 mo. monimum lood.

DC. Bios voltage 0-150 volts, S mo. moni
mum lood.

AC. Unreguioted. 6.3 volts ot 10 omps
moximum lood.

REGULATION:

M.V. Better thon Y% % from no lood to full
lood, 20 to SO0 volts; or for line voltoge,
105 to 125 volts.

Bios. Better thon 1% from no load to full
lood ot moximum output voltoge. Regu
lotion ot ony other voltoge depends on
sefting of voltoge control. Internal im-
pedance moy be os high o3 25,000 ohms.

METERS:
Current Meter, 0-200 mo. (High voltoge
onty.)
Voltmeter. 2 ronges — 0-500 ond 0-150

volts. Meter ronge moy be switched to
tocilitote reoding of high voltoge out-
put. 0-150 volt ronge moy be switched
to reod bios output voltoge.

HUM: Less thon 8 mv.

TERMINALS:

Either positive or negotive high voltoge
terminol moy be grounded. Positive ter-
minol of bios supply is permonently
connected 1o negotive high voltoge ter-
minol.

INPUT POWER:

Approximotely 400 wotts moximum of

105-125 volts, 50/60 cycles.
OVERLOAD PROTECTION:

lood ond line seporotely fused. Fuses

ovoiloble on front ponel.
MOUNTING:

Reloy Rock Ponel. Finish, -hp- grey. De-
tochoble end pieces with hinged hon-
dles for toble vse, $5.00 per poir.

SIZE: 10% " x 197,137 deep. Weight 60 Ibs.
Shipping weight 85 Ibs.
PRICE: $250.00 f.0.b. Polo Alto, Colifornio.
Dato Subject to Chonge Without Notice
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Neu bp Model 712A

HIGH REGULATION POWER SUPPLY *230

)Caminuously variable plate
and bias voltages.

“High stability,
2% regulation.

For laboratory. production work or
industrial use, the new -hp- Model
712A 1s onc of the most economi-
cal, convenient and broadly useful
power supplics you can buy. It pro-
vides continuously variable regu-
laced plate and bus direct current,
as well as a 10 ampere, 6.3 volt
aleernating current for filament
supply. 1t 1s a parucularly useful
power source for small transmitters,
constant frequency oscillators, tem-
porary set-ups or “breadboard” lay
outs. In ncarly every .nppllcatxon.

f. 0. b. lactory

'Gcnoral purpose ac filament
voltage.

! Separate voltage and
current meters.

the instrument’s casc of operation
and ability to meet many different
power fequircments saves valuable
cnginecnng time.
CONSERVATIVE RATING

The design of -bp- Model 712A is
such that tubes operate well below
manufacturer’'s rating, even under
conditions of low output voltage
and high current. Transformers are
conservatively rated and only oil-
filled condensers are employed to
insure long, trouble-free service cven
under extreme operating conditions.

For details and demonstration. see your local Hewlett-Packard
representative or uvite direct to the factory.

HEWLETT-PACKARD COMPANY

20570 Poge Mill Rood

» Polo Alto, Colifornio

Export: FRAZAR & HANSEN, Ltd., 301 Cloy Street, Son Froncisco,

Aftenvotors l
Electronic Tochometers
Microwave Power Meters
Tunoble Bolometer Mounts
Slotted Lines l
Stonding Wove Indicotors
Low Poss Filters

~hp— PRODUCTS:

VHF ond UHF Signol Generators
Voltoge Dividers, Multipliers ond Shunts
Electronic Frequency Meters
FM ond TV Broadcost Monitors
Regulated Power Supplies
Avdio Frequency Oscillators

Colif., U.S.A. Offices: New York, N.Y. ond Llos Angeles, Colifornia

Avdio Signol Generotors
Yocuum Tube Voltmeters
Frequency Stondords
Square Wove Generators
Wove Anolyzers
Distortion Anolyzers
Amplifiers
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DEVELOPED
FOR THE ARME

AVAILABLE COMMERC|ALLY.

viHF! vLF!

15 MC
to
400 MC

Commerciol equivalent of ANZURM [

A new achievement n sensitivity! field intensity measure-
ments, | microvolt-per-meter vsing rod; 10 microvolts-per
meter using shielded directive loop As 'wo-'erminol volt-
meter, | microvolt.

Commerciol equivalent of T15.587/V
Sensitivity 0% two-terminal voltmeter, (93 ohms bolanced)

2 microvolts 15-125 MG 5 microvolts 88-400 MC. Field
intensity measurements UsIng colibroted dipole. Frequency
range includes FM and TV Bonds.

HF!

150 KC
to

25 MC

Commeuiol equivolent of AN PRM-Y
Self-contoined botteries. AL supply optional Sensitivity 03
1wo-terminol volimeter, microvolt. Field intensity with 2
meter rod ontenno, 2 microvolu-pe(-me'er; rototable loop
supplied. Includes stondord broodcast bond, rodio ronge,
wwV, and communicotions frequencies.

Commercnol equivalent of AN URM:-17

Sensitivity 0% two-terminol voltmeter, (50-ohm coaxiol input)
10 microvolts. field intensity meosurements using colibrated
dipole frequency range includes Citizens Bond ond UHF
color TV Band.

Since 1944 stoddort RI-F1° instruments hove established the The rugged and reliable instruments ilustrated above serve
standord for superior quolity and unexcelled performance. equolly well in tield or loboratory. Individuolly colibroted
These instruments fully comply with test equipment require- for consistent results  using internol stondord of reference
ments of such radio interference speciﬁcoﬂom as AN-1-225, Meter scales marked in microvolts and DB obove one microvolt
ASA C63.2, 16E4(SHIPS), AN-1-24a, AN-1-42, AN-1-270, AN-1-40 Function selector enables measurement of sinusoidal or complex
ond others. Many of these specifications were written or T¢” woveforms, giving average, peok of quasi-peak volues

vised to the standords  of performance demom'vo'ed n Accessories provide means for measuring either conducted
Sroddart equipment. or radioted 1t voltages. Grophic recarder ovailable.

*Radio Interference and Field Intensity.

Precisi
recision Attenvotion for UMF !

Less thon 1
.2 VSwW
Turret A"envoqo,.R ta 3000 mC.

0, 10, 20, 30
Accuracy + .5' ;g' 50 DB.

STOD
DART AIRCRAFT RADIO
YYPRINN 3 i
TA MONICA BLV
0., HOLLYWOOD
Hillside 9294 R
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SALES OFFICES: Now York, Philodelphio,
Detroit, Chicogo, Los Angeles
EXPORT ADDRESS: 41 E. 42nd St., New York 17, N. Y., U.S. A,

PROCELDINCS OF THE LRI

@ The engineering laboratory is the alert guardian
of H1-Q quality. No componcnt can be put into
production until it has proven that it meets Hi-Q’s
exacting standards to the complete satisfaction of
these technicians. It is their further responsibility
to see that standards are rigidly maintained during
production runs. In addition, HiI-Q engineers are
always available to work with your engineers in the
development of components to meet your specific
needs. Feel free to call on them whenever and as
often as you see fit.

Don’t miss the brand new HI-Q Datalog. 1f you
haven’t received your copy, write to-day.

JOBBERS — ADDRESS: 740 Belleville Ave., New Bedford, Moss.

FRANKLINVILLE, N. Y.

Stectnical Reactance (Cort-

PLANTS: Fronklinville, N. Y., Jessup, Po,,
Myrtle Booch, S. C.

/
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MALLORY
VIBRATORS

Mallory Vibrators and Vibrapack
power supplies are based on
exclusive design and manufac-
turing methods that assure long.
trouble-free service. Send the
details of vour application. Get
Mallory’s recommendation on
the Vibrator or Vibrapack power
supply best suited to vour needs.

Mallory Vi])l'apa('ks*

Replace Costly
Power Supply System
Effect Tremendous S(wings !

In one typical case. a simple and inexpensive circuit modifica-
tion. developed by Mallory. made it possible for a manu facturer
of mobile radio receivers to substitute \ ibrapacks for a costly
and less efficient power supply svstem. The conversion saved
this Mallory customer $40.000 in the first vear! I addition.
thousands of dollars are being saved in maintenance costs.
Servicing the old system required hours of labor . . . the new
one requires only occasional replacement of the vibrator.

When you buy Mallory vibrator equipment vou benefit by 4
winning combination of dependability, economical perform-
ance and creative engineering.

That’s value beyond the purchase!

And whether your problem is electronic or metallurgical,
what Mallory has done for others can be done for vou!

Vibrators and Vibrapack Power Supplies

P.R. MALLORY & CO. Inc.

SERVING INDUSTRY WITH

Capacitors Contacts
Controls Resistors
Rectifiers Vibrators
Special Power
Switches Supplies

Resistance Welding Materials

*Rew. U.S. Par. Off

P. R. MALLORY & €O., Inc., INDIANAPOLIS 6, INDIANA

PROCEEDINGS OF THE 1 R.E
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Of Proven Performance in
the Radio and Television
fields.

Excellent for Motors,
Relays, Transmitters,
Fans, Controls, Switches,
Bobbins, and many
others.

PROCEEDINGS OF THE I.R.E. May, 1950

QUALITY . . . Plus ADAPTABILITY
CLEVELAND

COSMALITE* AND CLEVELITE* SPIRALLY LAMIN-
ATED PAPER BASE PHENOLIC TUBES

Cosmalite is known for its many years of high quality per-
formance. Clevelite is the new improved tubing designed
to meet more exacting specifications.

“Cleveland” has an enviable record of service and de-
pendability. Your orders receive prompt attention. De-
liveries are made in time for your production schedules.

For the best . . . "Call Cleveland." Samples on request.

*Trade Marks

7, CLEVELAND CONTAIN

6207 BARBERTON AVE. CLEVELAND 2,0

PLANTS AND SALES OFFICES ot Plymouth, Wisc  Chicago, Detroit, Ogdensburg, N.Y , Jomesburg, N.J.
ABRASIVE DIVISION ot Clevelond, Ohio
CANADIAN PLANT: The Clevelond Contoiner, Caneoda, Ltd., Prescots, Ontario

REPRESENTATIVES
CANADA wMm T BARRON, EIGHTH LINE, RR *), OAKVILLE, ONTARIO
METROPOLITAN
NEW YORK
NEW ENGLAND € P PACK AND ASSOCIATES, 968 FARMINGTON AVE
WEST HARTFORD, CONN

R. T MURRAY, 614 CENTRAL AVE., EAST ORANGE, N.J

7A




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 insy-
lation over the core.

8A

® o 0 0 o o

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

For high Q in a small volume, characterized by low eddy eurrent
and hysteresis losses. ARNOLD Moly Permalloy Powder Toroidal
Cores are commercially available 1o meet high standards of physieal
and electrical requirements. They provide constant permeability
over a wide range of flux density. The 125 Mu cores are recom-
mended for use up to 15 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%) over a specific
temperature range.

* Manufactured under licensing arrangements with Western Electric Company. wao 2

THE ARNOLD [NGINEERING (JoMPANY
. SUBSIDIARY OF ALLEGHENY LUDLUM STEEL CORPORATION

147 EAST ONTARIO STREET, CHICAGO 11, ILLINOIS
) W potP, |

|
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This small-sized, high-capacity fixed mica condenser
meets and beats strict Army-Navy standards. Like all
El-Menco capacitors, the CM-15 must pass severe
tests before leaving the factory. It is tested for dielec-
tric strength at double working voltage; for insulation
resistance and capacity value. You can always depend
on the tiny CM-15 to give positive product perform-
ance under the most critical climate and operating
conditions.

MANUFACTURERS WHO MAINTAIN
REPUTATIONS for high-quality

CM 15 MINIATURE CAPACITOR
Actual Size 9/32" x 4" x 3/16"

For Television, Radio and other Electronic elect rical equipm ent, demand
Applications o o

2 — 420 mmf. cap. at 500v DCw and get high-quality

2 — 525 mmf. cap. at 300v DCw °

Temp. Co-efficient =50 parts per million El-Menco capacitors.
per degree C for most capacity values.
6-dot color coded. THE

ELECTRO MOTIVE MFG. CO., Inc.

WILLIMANTIC CONNECTICUT

E I- I | I E nc u o ittombendfor
Catalog and Samples
MOLDED MICA MICA TRIMMER

CAPACITORS

FOREIGN RAOKO AND ELECTRONIC MANUFACTURERS COMMUNICATE DIRECT WITH OUR EXPORT DEPT. AT WILLIMANTIC, CONN. FOR INFORMATION.
ARCO ELECTRONICS, INC. 135 Liberty St, New York, N. Y.- Sole Agent for Jobbers and Distributors in U.S. and Caonada

PROCEEDINGS OF THE L.R.E May, 1950 A
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 ELECTRONICS '

NEW! MIDGET, HIGH-TEMPERATURE
PULSE-FORMING NETWORKS

Here's a new, extremely compact and lightweight capaci-
tor pulse-forming network that will operate at tempera-
tures up to 120° C! With a volume of 6 cubic inches, it’s
just about one third the size of o conventional network
with the same rating (6E2-.5-2000-50-P2T).

The life expectancy of this &-kv unit ranges from 3.5
hours ot 80° C ambient to 1 hour at 110°. A second
new network twice this size has a life of about 330 hours
at 100° C—9 hours at 120° C. If you want more data
on these new units, write Capacitor Sales Division, General
Electric Company, Pittsfield, Mass.

GENERAL ¢

10a
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DELAY LINES—BY THE FOOT

These G-E delay lines provide a means for delaying
signals with a band-width up to 2-megacycles for any
time interval from .25 to 10.00 microseconds. They are
available in bulk form in lengths up to 100 feet—delay
equals approximately Y2 microsecond per foot. Charac-
teristic impedances of 1100 and 400 ohms per foot are
available. Since the line is very flexible, it may be bent
into 4-inch diameter coils.

Ordering line in bulk form makes it possible for you
to cut it to the exact length required for your particular

application. For complete ratings and specifications, see
Bulletin GEC-459.

' ELECTRIC

PROCEEDINGS OF THE I.R.E. May, 1950
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MORE COMPACT RECTIFIER STACKS

csig

e

NEW! WATER-FLOW INTERLOCK

If your requirements call for compact
selenium stacks for operation in
cramped quarters, these new, higher-
voltage G-E selenium cells may be your
answer. Their 18-volt d-c output means
you can design stacks which are about
259, smaller than possible with 12-
volt cells. The improved aging char-
acteristics of these cells is made pos-
sible by a new G-E evaporation process
which deposits selenium on aluminum
with greater uniformity. Stacks are
available with rated outputs of 18 to
126 d-c¢ volts at 0.15 to 1.20 amperes
with inputs of 23 to 180 a-c volts. See
Bulletin GEA-5280.

GENL#AL ' ELECTRIC
yuid e

. e e

TIME METERS—TO CHECK TUBE LIFE

G-E time meters, with dependable
Telechron® motor drive, are especially
useful in recording the operating time
of radio transmitters or other clec-
tronic devices so that tubes may be re-
placed before they fail. They record
operating time in hours, tenths of
hours, or minutes, and are supplied
for 11-, 115-, 230-, or 460-volt opera-
tion. The case is of molded textolite
to harmonize with other G-E 3Y4-inch
instruments mounted on the same
panel. You'll find more description
along with dimensions and pricing
information in Bulletin GEC-472.

*Reg. U.S. Par. Off.

PROCEEDINGS OF THE 1.R.E
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This new G-E flow interlock provides
sure protection against overheating in
water-cooled components  such  as
tubes, transformers, and dynamotors.
Its function is to open the electrical
circuit when water flow is lower than
a preset minimum and close it when
flow is above this point.

Adjustment can be made to actuate
the electrical contact for any flow be-
tween 1 gallon per minute and 4 gal-
lons per minute. The cut-in, cut-out
differential of the unit is 0.2 gpm. The
electrical circuit is rated at 10 amperes
at 125 volts a-c, 5 amperes at 250 volts
a-c and 3 amperes at 460 volts a-c.
Maximum water-line pressure rating is
125 pounds per square inch. The unit
is bronze with standard Y3-inch fittings
and is easy to install and adjust. For
further description see¢ Bulletin GEC-
411,

TIMELY HIGHLIGHTS
ON G-E COMPONENTS

NEW! BATTERY-OPERATED VIVM

This new G-E battery-operated elec-
tronic voltmeter combines the porta-
bility of an ordinary low-sensitivity
multimeter with the high sensitivity
and versatility of a line-voltage-oper-
ated vacuum-tube voltmeter.

Its weight is only 4 pounds (with
batteries), its size—3"x6"x8", but it
measures @-c and d-c voltage in 7 ranges
from 0-1 to 0-1000 volts, d-c current
in 4 ranges from 0-1 to 0-1000 milli-
amperes, resistance in 5 ranges from
100 ohms to 10 megohms, mid-scale
value.

D-¢ input impedance is 11 megohms
on all ranges. A-c input impedance is
0.5 megohm shunted with 20 mmf on
all ranges. Frequency response is flat
within 5 per cent up to 15,000 cycles
on all up to and including the 0-100-
volt range. More data in Bulletin
GEC-622.

1
i
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Goneral Electric Company, Section B667-5

Apporotus Deportment
Schenectody 5, N. Y.

Please send me the fallowing bulletins:

(Indicate: [/] for reference only; for planning an immediate project)
[] GEA-5280 Selenlum roctifiers

[l GEC-459 Delay lines
NAME
COMPANY
ADDRESS

| [ GEC-411 Flow Interlock
i
i

city S

L————_———_——___—

[0 GEC-472 Time meters
[ GEC-622 Electronic voltmeter

STATE . oiiiimicniisaraeamasne

L_—-——__——
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WOW-TV-Land is a Big Market

12a

Served through a Truscon Radio Tower

OawA Radio Station WOW-TV Omaha,
Nebraska, serves a market of

‘56 Miles ] 4
o |, 57 mmites ) 764,400 people with total retail
o iuic] - sales of nearly a billion dollars.

<) Miles / ‘:ow(u [T
Sl .
ra No other station covers the area

63| Miles
®. =
| AusueN

comprising the rich, urban and
rural market known as WOW-TV-
Land. For this exclusive and effective coverage,
WOW-TV uses a Truscon Sclf-Supporting Radio
Tower 392 feet high, with an RCA double antenna
for FM and TV giving an overall height of 500 ft.

® The characteristics of terrain and meteorological
conditions which are individual with WOW-Land
reccived special consideration when Truscon radio engi-
neers designed this handsome tower. Truscon offers a
world-wide background of experience to call upon in
fitting Radio Towers to specific needs. Whether your own
plans call for new or cnlarged AM, FM or TV trans-
mission, Truscon will assume all responsibility for tower
design and crection . . . tall or small . . . guyed or self-
supporting . . . tapered or uniform in cross-section. Your
phone call or letter to our home office in Youngstown
Ohio—or to any convenient Truscon District Service
Office—will rate immediate, interested attention . . . and
action. There is no obligation on your part, of course.

TRUSCON STEEL COMPANY
YOUNGSTOWN 1, OHIO
Subsidiory of Republic Steel Corporation

TRUSCON

7
SELF-SUPPORTING Lagal
R TOWERS
CROSS SECTION GUYED

TRUSCON COPPER MESH GROUND SCREEN

PROCEEDINGS 01
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GATTERY SHRINKAG
compound

There's no black magic about “Eveready’” brand radio

- batteries. They are specified by many leading radio designers
1 8 because they provide the utmost in performance.
| s SImp er and can be readily obtained by the users when replacements

are necessary.
Design your portable receivers around “Eveready” radio

-
to dQSI n th s batteries! These powerful, long-lasting batteries come
e in a complete range of sizes to fit virtually any design you
‘ may have in mind. Call on our Battery Engineering
radio aro“nd ' Department for complete details.
[ =
the battery:

“Eveready' No. 950 “A" batteries
and the No. 467 "B’ battery moke
an ideal combination for small
portable receivers.

“Eveready”, “Mini-Max", “Nine Lives”
and the Cat Symbol are trade-marks of

NATIONAL CARBON DIVISION
UNION CARBIOE AND CARBON CORPORATION
30 East 42nd Street, New York 17, N. Y.

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

— RADIO BATTERIES

PROCEEDINGS OF THE I.R.E. May, 1950
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It is Qur Privilege
to serve the Leaders

THIS FREE BOOK — fully illustrated, with performance charts and application
data — will help any radio engineer or electronics manufacturer to step up
quality, while saving real money. Kindly address your request to Dept. 16,

ANTARA. PRODUCTS
Gj.:::l:m & FILM CORPORATION

444 MADISON AVENUE
NEW YORK 22, N. v,

A &F. Carbonyl
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Manufacturers of

CARBONYL IRON POWDER CORES
( THE CORE IS THE HEART OF THE CIRCUIT )

Aladdin Radio Industries, Inc.
Chicago, llinois

Henry L. Crowley & Company, Inc.
West Orange, New Jersey

Delco Radio Division
General Motors Corporation
Kokomo, Indiana

Lenkurt Electric Co., Inc.
San Carlos, California

Magnetic Core Corporation
Ossining, New York

National Moldite Company
Hillside, New Jersey

Powdered Metal Products Corporation
of America
Franklin Park, lllinois

Pyroferric Company
New York, New York

Radio Cores, Inc.
Oak Lawn, lllinois

RCA Victor Division
Radio Corporation of America
Camden, New Jersey

Speer Resistor Corporation
St. Marys, Pennsylvania

Stackpole Carbon Company
St. Marys, Pennsylvania

lron Powders. ..

PROCEEDINGS OF THE I.R.E May, 1950
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Better Tubes
through Research in

filamentary wire

YLVANIA’S continuous research !
means better electronic tubes. For
example, with the special research
tool shown at the right the
minute stretch or “creep” of filament
wires is studied under the same
conditions of temperature, vacuum
and pressure found in electronic
tubes. Using this instrument,
Sylvania engineers have un-
covered many new facts about
filamentary alloys. From

studies such as this Sylvania

is able to give you better /
tubes of longer life and j
higher quality. /

ELECTRIC -

RADID TUBES; TELEVISION PICTURE TUBES; ELECTRONIC PRODUCTS; ELECTRONIC TES] EQUIPMENT; FLUORESCENT LAMPS, FIXTURES, SIGN TUBING, WIRING OEVICES: LIGH] BULBS; PHOTOLAMPS; TELEVISION SETS
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COMPONENTS FOR EVERY APPLICATION

LINEAR STANDARD
High Fidelity [deal

-~

HIPERM ALLOY
High Fidelity . . . Compact

ULTRA COMPACT
Partable . . . High Fidelity

OUNCER

Wide Range . .. 1 ounce

SUB OUNCER
Weight % ounce

~

COMMERCIAL GRADE
Industrial Dependability

SPECIAL SERIES
Quality for the ““Ham™

POWER COMPONENTS
Rugged . . .

Dependable |

VARITRAN
Voltage Adjustors

MODULATION UNITS
One wuoit to 100KW

VARIABLE INDUCTOR

Adjust like a Trimmer

TOROID HIGH Q COILS

Accuracy . . . Stability

TOROID FILTERS
Any type to 300KC

=

MU-CORE FILTERS

Any type Y2 ~ 10,000 eyc.

EQUALIZERS
Broadcast & Sound

PULSE TRANSFORMERS

For all Services

HERMETIC COMPONENTS

Ceramic Terminals

HERMETIC COMPONENTS

Glass Terminals

[

GRADE 3 JAN

Components

CABLE TYPE

For mike cable line

VERTICAL SHELLS

Husky . . . Inexpensive

@ b

77

REPLACEMENT

Universal Mounting

STEP-DOWN
Stock

Up to 2500W . . .

LINE ADJUSTORS

Match any line voltage

CHANNEL FRAME

Simple . . . Low cost




ANNOUNCING

¥

GENERAL CHARACTERISTICS

ELECTRICAL
Cathode: Coated Unipotential

Heater VYoltage - - 6.3 volts
Heater Current - - 1.0 amperes
Amplification Factor (Average) - 100

Direct Interelectrode Capacitances (Average)

Grid-Plate 1.95 wufd.
Grid-Cathode 6.50 wufd.
Plate-Cathode - 0.035 wufd.

Transconductance
(i,=70 ma., E, =600 v.) (Average) 22,000 umhos

RADIO FREQUENCY POWER AMPLIFIER
Class-C FM Telephony or Telegraphy
(key-down conditions, | tube)

Maximum Ratings

D-C Plate Yoltage - 1000 Max, Yolts
D-C Cathode Current 125 Max. Ma

D-C Grid VYoltage - - - — 150 Max. Yolts
Peak Positive R-F Grid Yoltage 30 Max, Yolts

Peak Negative R-F Grid Yoltage — 400 Max. Yolts
Plate Dissipation - - - 100 Max. Watts
Grid Dissipation - - 2 Max. Watts

Follow the Leaders to

v

The Power lor RF

184

EIMAC TUBE TYPE

2C39A

PLANAR CONSTRUCTION
HIGH-MU TRIODE

The new Eimac 2C39A triode is the culmination of over
five years of research and application engineering. It is
the outgrowth of earlier types 2C38 and 2C39.

Its high performance standards make it the standout
triode for VHF and UHF CW service, pulse service and
aircraft navigational systems,

As a power amplifier, oscillator, or frequencymultiplier,
this small high-mu triode exhibits excellent character-
istics from low frequencies to above 2500 megacycles.

Let us send you complete data and application notes
on the new Eimac 2C39A triode . . . then consider the
advantages it offers in the design of compact, moder-

ate power-output equipment,
*Conforms with newly issued JAN specifications.

EITEL-McCULLOUGH, INC.

San Bruno, California

Export Agents: Frazar & Hansen, 301 Clay St., San Francisco, California

Another Engineering Achievement by Eimac

PROCEEDINGS OF THE I.RE

May, 1950




PR
Diel”

to modernize your product and

to enhance its ‘‘saleability’’

Two slide switches rated
1 ampere at 125 volts DC
3 amperes
at 125 volts AC

§5-26 Snsic.ion
7 These sturdy little switches ore
ideol for opplionces, toys ond
electricol equipment requiring
3-ompere switch contoct cor-

rying copocity. Both ore Un-

derwriters opproved. Write

le- o D
:;T&li_?:,loe; for $5-26 Switch Bulletin,

LINE OR SLIDE ACTION

Dozens of Contact Arrangements

Inexpensive types are available for practically any switching
requirement and at prices that will please you. Samples to speci-
fications on request to quantity users. Write for Stackpole Switch
Bulletin RC7C.

Fixed ond Vorioble Resistors ELECTRONIC COMPONENTS DIVISION, ...ond hundreds of molded
tron Cores * Alnico il Permo- iron powder, metol, carbon
nent Mognets ... STACKPOLE CARBON CO. St Mllfyl, Pa. and graphite products.

=——___—— - -’ e el
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Sheldon LIFE

™ ‘s
&5’
3 e v “
ok
>/’ ¥ g
3 f
\; ~/)
(o ~
[y ('
§ \"' 4 ; e
=g e 4 T -
» 5 . \

TESTS Lndwre

< ‘\ ‘/.;
A ) +309
\ </ 2
=
— k
e
1 ’ ‘f ‘;
< & 2
A\ W 3

CONSISTENT PICTURE TUBE PERFORMANCE

Each Sheldon “Telegenic” Picture Tube is subjected
to 23 specific quality-control tests and inspections before
shipment. As a “guardian” over all tube production,
a percentage of Sheldon Picture Tubes are picked at
random from each “run.” They are put on life-test in

5 I thespecially-designed

cquipment shown
NATURAL IMAGE

above. Each tube is
operated under iden-
o

tical electrical and
SOFT GLOW
Pictuna Tude

6

Branch Offices & Warehouses: CHICAGO 7, ILL., 426 S. Clinton St.

FLUORESCENT STARTERS AND LAMPHOLDERS
TAPMASTER EXTENSION

CATHODE RAY TUBES
SPRING-ACTION PLUGS

SHELDON TELEVISION PICTURE TUBES
PHOTOFLOOD & PHOTOSPOT LAMPS

mechanical  conditions. The resulting, automatically-
recorded data is another aid to Sheldon engineers in
maintaining the consistentdy outstanding quality of
Sheldon Telegenic Picture Tubes.

That is why. when you specify Sheldon, vou get the
BEST in television picture tubes.

Write for Sheldon’s new
and Dimensions” Wall Chart on its complete line of 24
picture tubes . . . crystal face, velour black, round, rec-
tangular, all-glass and glass-metal types.

“General Charactertistics

SHELDON ELECTRIC CO.

Division of Allied Electric Products Inc.
8-98 Coit Street, Irvington 11, N. J.
LOS ANGELES 26, CAL., 1755 Glendale Bivd.

SHELDON REFLECTOR & INFRA-RED LAMPS
CORD SETS & CUBE TAPS RECTIFIER BULBS

-» VISIT SHELDON’S BOOTH NO. 201 & DISPLAY ROOM NO. 632, PARTS DISTRIBUTOR SHOW, MAY 22-25, STEVENS HOTEL, CHICAGO <«

204
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with new marion
ruggedized instruments

The new Marion Ruggedized meters (Hermetically Sealed) now give you an
exceptionally accurate and sensitive means for electrical measurement and
indication — under extreme conditions of Shock, Vibration, Mechanical Stress,
Strain, Weather Conditions and Climate. This whole new family of Ruggedized
Panel instruments gives you new freedom of application. You can use them
where you have never before dared use “delicate instruments.”” What's more,
they meet the dimensional requirements of JAN I-6 and are completely
interchangeable with existing standard JAN 212" and 312" types

When you nced ruggedized meters for rugged applications;
when you need special meters for special applications; when
you need better meters for any application . . . call on Marion

the name that means the mos/ in meters.

Send for your free copy of our booklet on the New Marion

Ruggedized Instruments today. Marion Electrical Instrument

Company, 407 Canal Street, Manchester, New Hampshire.

Manufacturers of

Heormetically Sealed MARION MEANS THE MOST IN METERS

Motars Since 1944
Canadian Representative: Astral Blectric Company, 44 Danfarth Raad, Taronta, Ontario, Canada
Fxport [Divisiom: A58 Broadwoy, New Yark 13, U.S.A.,, Cobles MORHANEX

i
Copr, 1950 Marion Electrical Instrument Co. I
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New-type glass for RCA television picture tubes filters unwanted light, to give sharper,

clearer images.

%7/4/0/2/ //747‘ e 073'6’4'0///'780/_ Yor beffer felevision?

Now television pictures gain still greater
contrast and definition—through re-
search originally initiated bv scientists
at RCA Laboratories.

Their discovery: That wandering light
waves inside a picture tube—and even more
important, inside the glass itself—may cause
halation and blur an image’s edges. But, by
introducing light-;n})sor})ing materials into
the glass, the wayward flashes are disci
plined, and absorbed, so that only the light
waves which actually make pictures can
reach your eyes!

Glass companies, following this research, de
veloped a new type of faceplate glass for RCA
. . . Filterglass. Minute amounts of chemicals
are added while the glass is being made, and
give it, when the picture tube is inactive, a
neutral gray tone. In action, images are sharper.
clearer—with more brilliant contrast between
light and dark arcas. Reflected room light is
also reduced.

* % %

See the latest in radio, television, and electronic:
at RCA Exhibition Hall, 36 \V. 49t St., N. Y
Admissionis free. Radio Corporation of America
RCA Building, Radio City, N. Y,

Filterglass faceplates give vou more
brilliant Pictures on todav's RCA
Victor television receivers,

RADIO CORPORATION of AMERICA
World Leacer in Radio — First /n Television




APPLIES TO

RAYTHEON

SUBMINIATURE TUBES

RAYTHEON, and only Raytheon, SUBMINIATURES
can sing that song loud and clear, as hundreds of users have
already found out to their great satisfaction and profit. Com-
pare them with their larger tube counterparts rating by
rating — performance for performance.

Quality control, unequalled precision methods and experi-
ence in the making of long life tubes account for the fact that

RAYTHEON Subminiatures do the job of the bigger tubes
just as well if not better.
RAYTHEON Subminiature Tubes simplify your design and
production problems — increase product convenience and
salability — are readily available from stock.
Here are a few of the many types:

L~

Trpe M. Pomarks

MEATES CATHODS TYPIS

CX$702 /CRL03CR Characteristics of SAKS
€X3703/CXE0ICR  Trioda, UNP Ouidlotor, Y% waMs ot 300 Me
CX5704/CRE0S0X Owxde, squivatent 1o one-haif 8ALS
CR5744/CKe) 9€X Triode, High mu.

Cx3784 Chor oeseohutics of 8ASS

3029 Simdor 1o BALS

A MPO TYPIS

1AD4 Shislded 1 Pemiode — high Gm

Cx37IAK 10 mo Floment slectrometes fube,
g = 2410 amps

Cx3571ax Tripds, Noh fequency ovtpt

Cxs74ax Shisided Pontode B} Ampiifier

Cx3672 Outpt Peniode

Cx3876 /CxII0AR Triode, UM Owllator for radic we

CR3677/CXI40AR  Trinde, UMP OwiMator for fadio wie

CX3478/CRIBIAR M Pemiode

CR 3697 /CRI70AK Wectiometor Triods Mar. orid corront
5010-1" @my

Cxs7es High veltage raciilber

YOLTAGE BIGULATORS
cx3783 Voitage refeconte tubs == Iile 3431
(434 74 Voitage regvieior

= ® " ®

Morimpm  Moximum

Dhometer
nchoe

0,400
0.400
0.313
0,400
0,400
0.20040, 400

0.30040,400
0.20340.400

0.30010, 400
0.29040.390
0.20340,383
0.30040.400
0.30040,400
0.300:0,400

0.28340,400
0,20340.400

0,400
0.400

ongth
tnches

s
1.3
1.8
1.%
1.3
1.8

H
73
3
s
¥ ]
1.3

1.23

1.6
2.08

This chort gives you ot @ glance the charnacteristles of rep

Flloment

Or Moater
Yoire Mo.
8.3 200
8.3 200
8.2 130
8.3 200
8.2 200
(] 130
1.28 100
1.2% 10
1.28 200
0.62% 20
1.2% 30
1.28 120
1.28 80
1.23 30
0.62% 20
1.2 13

Operating solfage 83, Opersting cwrent tenge 1513.9me
Opatating veltage 100, Operating curent fonge S1e23 e

Muval

Conducte  Power
ance Owput
wmho "
3000
3000

4000
2200

1.8¢

2000
374
823 80.0
1600
830
1100

1.9

Voltege Gain Batio,

Raytheon $

TYMCAL OPERATING CONDITIONS

Pate

Yoin

120

120
130a¢
230

120
1170e

4.0
10.5

90.0
2.3
67.3
133.0
1335.0
87.3

8.2

o Tubes

3.0 por caction

3.0
0.20

1.0
0.123
2.73
4.0
1.9
1.8

0.22
0.4

Screen
Yoin Me.
120 .3
120 2.3
430 0.8
2.3 0,04
87.9 1
87.3 o.48

Invorsa poat 3300 solts

o

Grid

Yoits
=200
Me210

M= 300
-1.0

3.0

-4.0

0,823

-8.23

-3.0

-4.0
[

T
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Announcing

NEW MEMBER OF THE

/V\YCN_E)\ FAMILY

9 Pin Miniature Tube Sockets

Enl ment of the new 9 (NOVAL) pin minig- Above: Complete 9 pin miniature socket.
':r:r'guebe socket. Below: Precision moldings in MYCALEX actual
size two views,

We are proud to announce the addition of a 9 pin MYCALEX 410 for applications requiring close di-

(NOVAL) miniature tube socket to the MYCALEX mensional tolerances. Insulation loss factor of .015

line. It has all the electrical characteristics of the ::]I:e::l thc)nfj.tcscomp“'cs tavorably in price with mica
ICS.

widely used MYCALEX 410 and 410 X 7 pin tube P

sockets and fully meets RMA standards. MYCALEX 410X for applications where general pur-

. pose bakelite was acceptable but with an insulation
The NOVAL is injection molded and produced in two loss factor of only .083 (at 1 MC). Prices compare

qualities to satisfy different requirements. with lowest quality insulation materials.

Write us today and let us quote you prices on your particular requirements. We
will send you samples and complete data sheets by return mail,

Our cngincers
are at your disposa! and would be glad to consult with you on your de

sign problems.

Mycalex Tube Socket Corporation

"Under Exclusive License of Mycalex Corporation of America”
30 Rockefeller Plaza, New York 20, N. Y.

SINCEI919

MYCALEX CORP. OF AMERICA

"Owners of '‘MYCALEX' Patents”

TRADE MARK REG.US.PAT, OFF Executive Offices. 30 Rockefeller Plaza, New York 20, K. Y.

Plant and General Offices: Clifton, N, J.
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NO. 1060 YACUUM
TUBE VOLTMETER

NO. 1140 NULL
DETECTOR

NO. 1210 NULL
DETECTOR & VACUUM
TUBE VOLTMETER

NO. 1050 UNIVERSAL
BRIDGE

NO. 1040 VACUUM
TUBE VOLTMETER

NO. 1030 LOW
FREQUENCY "Q"
INDICATOR

o S0 SN

TRANSFORMERS
& INSTRUMENTS

RRE LR R

“PRODUCTS OF EXTENSIVE RESEARCH

HIGH FIDELITY
OUTPUT
TRANSFORMERS

DISCRIMINATORS

1020 DIRECT
READING
MEGOHMETER

NO.

NO. 1162 DECADE
INDUCTOR

NO. 1010 COMPARISON
BRIDGE

’

1o
INCREMENTAL
INDUCTANCE BRIDGE

o
oo

HERMETICALLY
SEALED COMPONENTS

SUB-MINIATURE HI-Q
HERMETICALLY
SEALED

INDUCTORS

STEPDOWN
TRANSFORMERS

'ﬂl

al
FILAMENT,

TRANSFORMERS

TOROIDAL INDUCTORS

SUB-MINIATURE
HERMETICALLY
SEALED
TRANSFORMERS

’4

CHOKES

v

-

N

OUTPUT
TRANSFORMERS

SEND FOR LATEST CATALOG!

FREED TRANSFORMER GO.,

DEPT. MP 1718-36 WEIRFIELD ST., (RIDGEWOOD) BROOKLYN 2'l NEW YORK

FILTER CHOKES

@ — T
Fid

-y

HI-Q MINIATURE
TOROIDAL INDUCTORS

SPECIAL
TRANSFORMERS

>

POWER
TRANSFORMERS

AUDIO
TRANSFORMERS

ING.

" .



SMALLER THAN PREVIOUS “SMALLEST"...

PREDETERMINED ACCURACY...

REMARKABLE STABILITY...

EXCEPTIONAL CHARACTERISTICS...

T

X AEROVOX

MIGRO-MINIATURES 1

(TYPE P83Z AEROLITE* CAPACITORS)

® Smaller than a paper clip! Only 3/16" dia. by 7/16"
long! Yet rugged, accurate, stable, exceptional.

Such is the story of Aerovox Micro-miniatures (Type
P83Z Capacitors). Smaller physical size directly due
to radically new metallized dielectric—a distinct de-
parture from conventional foil-paper and previous
metallized-paper constructions. Dielectric and elec-
frodes combined in one element. Smallest capacitor
available for capacitance range.

Aerovox Micro-miniatures are particularly applicable
to radio-electronic miniaturization calling for high-
frequency and by-pass coupling.

® Try Aerovox Micro-miniotures in your miniaturized
assemblies. Write Dept. FD-450 for engineering data,
somples, quotations, and application engineering aid.

F E A T v R I N G +« < e

One size lor all ratings —3/16" dia. by 7/16"
long.

Hyvol K impregnated in humidity-resistant
molded thermoplastic cases.

Operaling temperature range from —15°C.
to +85° C. without derating.

Power factor less than 1% when measured
at or referred to frequency of 1000 cps and
ambient temperature of 25° C.

‘capacitors

26A

CAPACITORS -«

Insulation resistance of 25.000 megohms or
greater, measured at or referred o tempera-
ture of 25° C. Insulation resistance at 85° C..
500 megohms or greater.

Very high self-resonant frequency. due to
remarkably small length of unit.

Life test: 1000 hours at 1.25 times rated voli-
age in ambient temperature at 85° C,

VIBRATORS

AEROVOX CORPORATION, NEW BEDFORD, MASS., U. S. A,

Meets humidity resistance requirements of
RMA (REC-118. section 2, paragraph 2.38) for
Paper tubulars.

Meets RMA heat resistance test at 85°C.
(REC-118, section 2, paragraph 2.39).

In 400 VDC (.0005 10 .003 mfd.) and 200 VDC
(.005 and .01 mid.)

Other capacitance and voltage ratings will
be made available in near future.
*Trade-mark

TEST INSTRUMENTS

s Sl il Sudiliiet, ot

« Sales Difices in AN Principat Cities

Export: 17 E. 42nd St., New York 17, N.Y. « Cable: AERDCAP. N Y < In Canada AERDVOX CANADA LTO., Hamitton, Dnt

PROCEEDINGS OF THE I.R.E



This is what it takes

to make good

electronic equipment . . .

Welding aluminum by the inert
arc method. Modern processes that
save time and at the same time assure
better construction. By these means
savings are made and passed on in
the form of high quality products.

The Collins main plant in Cedar Rapids
consists of modern structures containing
240,000 square feet of floor space. It is
designed for the most efficient office, engi-
neering and manufacturing operation. The
Collins management, organization and
facilities are devoted entirely to the de-
signing and manufacturing of radio com-
munication equipment.

COLLINS RADIO COMPANY, Cedar Rapids, lowa

11 West 42nd St., NEW YORK 18

Checking tolerances on produc-
tion machined parts. Precision test-
ing at every step of manufacturing to
be sure each part meets specifications
and will perform at top efficiency in
the finished product.

2700 West Olive Ave., BURBANK

Console Assembly. Skilled work-
manship that is assured by having
experienced employees, trained to
build equipment just one way — the
very best.

Taking performance data on an
airborne navigation receiver.
Final test of the complete product
using the latest and best apparatus
known. This assures the finest overall
performance.

PROCELDINGS OF THIE LRI May

1950




7HE ONE 3-imeH Tuse

Y 4
Z- combining these modern features...

for “HAIR-LINE” performance

# Here is the modern achievement in a com-
pact, three-inch cathode-ray tube providing
the brilliant, “hair-line” trace long desired
for best performance of portable oscillo-
graphs and industrial cathode-ray monitoring
devices.
With performance at the highest premium,
the special features of the DuMont Type
3RP-A have been combined 1o make high sen-
sitivity compatible with short overall length;
and 1o obfain a fine trace free from the distor-
tions usually found in short tubes as sensitive
as the Type 3RP-A.
Because of the new, ingenious design of
the vertical deflection plates of the Type
3RP-A, the position of the cathode-ray beam

does not affect deflection sensitivity, thereby .

substantially eliminating pincushioning and ‘f?»
frapezoidal distortions.

New production techniques are applied

for the first time to the commercial produc- f
tion of three-inch cathode-ray tubes 1o obtain
a flat face which provides more ‘usable screen

area, eliminates parallax distortion, and car-
ries through the high performance standard

set by the advanced design of the Type 3RP-A
electron gun.

’
4
’
’
4

l

COMPACT DESIGN ., ,.
Maximum length of 9% inches
plus high sensitivity.

BALANCED DEFLECTION...
For uniform spot focus maintained
over the entire trace.

CURVED DEFLECTION PLATES . . .
For uniform deflection sensitivity.

FLAT FACE...

For more usable screen area with mini-
mized parallax distortion.

“HAIR-LINE” TRACE...
Provided by small spot and fine focus.

Electrical Data
Heater Voltage... . .. ... .. . . . . 6.3 Volts
Heater Current ... .. . . 0.6 +10% Ampere
Focusing Method .
Deflecting Method

........ Electrostatic

ORI L~ oo Electrostatic
r 4 Phospheor Pl
Huorescence 'vi. ... ., . LS nhaet=g Green
Persistonce 00 1L OISR Medium d
E-
i
Typical Operating Conditions ‘
For Anode No.2 Voltage of ... .. .. . . . 1,000 2,000 Voits
Anode No. 1 Voltage for focus. . . . . .. 165 to 310 330 to 620 Volts
Grid No. 1 Voltage. .. ...... . ... —22.51t0 —67.5 —45 ta — 135 Volts
Deflection Factors:
oo 27 L TR e R 73 to 99 146 to 198 Volts D-C per Inch
BBDANE L e 521070

104 to 140 Valts D-C per Inch
..................... 16.5% to  31% of Eb2 Volts

QY e o0 o S 2.25% 10 6.75% of Eb2 Volts
Anode No. 1 Current for any operating condition .., . . =15 to 4-10 Microamperes

Spot Position (Undeflected) ........... ... . Within 15 Millimeters square

Grid No. 1 Voltage

© ALLEN 8. DUMONT LABORATORIES, INC.

ALLEN B. DUMONT LABORATORIES, INC.., INSTRUMENT DIVISION, 1000 MAIN AVENUE,

CLIFTON, NEew 313134
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RUSH

SERVICE

ON SPECIAL
ORDERS, TOO

257 Ancversary

Be Right with OIRIMI T IE
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News—New Products

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

Ceramic Coil Forms

I'wo new ceramic coil forms, designed
to fit into small or difficult places, have
just been announced by Cambridge
Thermionic Corp., 456 * Concord Ave.,
Cambridge 38, Mass.

=

S.S.WHITE FLEXIBLE SHAFTS
PROVIDE FEATHER-TOUCH "
TUNING OF VARIABLE ELEMENTS

Coded LS-5 and LS-6, these forms are
silicone impregnated ceramic. LS-5 i
1% inch in height (mounted) } inch in
diameter; 1.S-6 is 13/16 inch in height and
5/16 inch in diameter. Ring terminals are
adjustable. Both have a spring lock for the
slug, and are available with high-, medium
or low-frequency slugs

"PROVE 1T YOURSELF "

Make this convincing test of
the smoothness and sensitivity
of S.8.White remote control
flexible shafts. It’s called the

GGL T .9’
oop Test Two New Regulated

Power Supplies
I'wo new MNodels 1110 and 1110-A\

Take an S.S.White remote
control shaft—the type that’s

commonly used to connect regulated power supplies, able to deliver
variable elements to their control knobs in electronic and ra- 3 kilowatt dec maximum, are being man
: : ST s factured by Furst Electronics, 12 S
dio ipment, : i )
equipment. Loop it in the manner shown at the right. Then, lefferson St., Chicago 6, 111

with the loop resting on a flat surfuce, rotate the shaft with the
fingers.

Note how smooth and easy it turns. This responsive jump-
free action tells the story of the sensitive, accurate tuning you
get with S.S,White flexible shafts. The reason, of course,
is that these shafis are engineered and built specifically for re-
mote control with deflection and backlash held to 2 minimum.

SEND FOR BULLETIN 4501 S =7
It gives basic facts about flexible /";'."-"'7 /
shafts and their selection and appli- [ e

cation. Write for free copy today. [ i

B | Output varies less than § volts for line

WHITE \'olhagc variations between 105 and 125

~ R ”STR’AL volts ac. Internal unpedance is 10 ohms
IND DIVISION

THE S. S. WHITE DENTAL MFG, CO. or less. ‘I'he ac ripple is less than 20 mv.

DEPT. G 10 EASY 40th ST, NEW YORK 16, N. Y. e | Model 1110 delivers 175-1,000 volts at
FLEXIBLE SHAFTS AND ACCESSORIES [ 0.20 ampere. AModel 1110\ delivers 175-
MOLDED PLASTICS PRODUCTS—MOLDED RESISTORS" 1,500 volts 0.33 amperes

One of Amenicas AAAA Tndustrial Enterprises

Continurd on p
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*Patents applied for

® VSWR less than 1.2 at all frequencies to 3000 mc.

® Turret Attenuator* featuring “Pull — Turn — Push”
action with 0, 10, 20, 30, 40, 50 DB steps.

Inquiries are

ERERNERE e ing ® Accuracy * .5 DB, no correction charts necessary.
single pads and turrets
having other characteristics ® 50 ohm coaxial circuit. Type N connectors.

STODDART AIRCRAFT RADIO CO.

664l SANTA MONICA BLYD., HOLLYWOOD 38, CALIFORNIA
Hillside 9294
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The tubes illustrated, and described in
the adjoining columns, are a few of the
more recent types designed by RCA engi-
neers. Each represents a distinct advance-
ment over previous comparable types . . .
either hy virtue of its improved perform-
ance or its contribution to the simplifica-
tion of circuit design.

These tubes . . . and other new RCA
tubes like them . . . provide wide design
latitudes . . . aid in reducing equipment
manufacturing costs. They can be used
with confidence in new circuit designs.

In the future, as in the past, the vast en-
gineering resources of RCA  will be
directed toward the development of tubes
best suited to meet the cost and per-
formance requirements of equipment
designers.

32a
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The Fountainhead of Modern Tube Development is RCA

DEVELOPED BY RCA oo

symbols of RCA’s engineering leadership

RCA-6CB6 Sharp-Cutoff Pentode, A mim
ature type, designed for use as an i-f amplificr
operating atfrequencies in the order of 40 Mc.,
or as an r-f amplificr in vhi television wners,
Its transconduciance is 6200 micromhos.

® RCA-6CD6-G Morizontal-Defection Ampli-
fler. For 16GPP4 systems, and for other
similar wide angle systems, it makes possible
the design of cfhcient horizontal-deficction
circuits in which the plate voltage for the tube
is supplied in parc by the circuit and in part
by the power supply.

RCA-654 Vertical-Deflection Amplifier. A
high-perveance miniature triode of the heater-
cathode type. In suitable circuits it will defleer
fully 0 16G P4 or similar kinescopes having a
deflecuon angle of 70 degrees and employing
an anode voltage up 10 14,000 volrs,

RCA-5879 Shorp-Cutoff Pentade. Of (he
9-pin miniawre type, the SH79 s designed

for a-t applications where reduced micro-
phonics, noise, and hom are essenrial. 1o s
especrally useful in theinput stages of medium
Lan amplifiers.

RCA-5675 "Pentil-fype" Triode for UMF,
Employs double-ended coaxial-clectrode
structure, for use in krounded-grid circuits
As a local oscillator, it will deliver 475 milli
witls at 1700 Mc. and about 50 milliwatts
at 3000 Mc,

RCA-5794 Fixed-Tuned Oscillotor Triode.
Designed for Radiosonde Scrvice, the 5794
€Mploys (wo resonators integral with the tube
he outpur resonator as wined 10 1680 Mce
by means of an adjusting screw. The useful
bPower outputis in the order of SO0 milliwats

for doto on ony of the tubes described obove,
write RCA, Commerciol Engineering, Section
E47R, Horrison, N, J.

RADIO CORPORATION of AMERICA

ELECTRON TUBES
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Chicago Section 25th Anniversary— Officers

E. H. Schulz (A’38-SM'46), chairman of the electrical
engincering department of the Armour Research Foun-
dation, was born in I.ockhart, Texas, on October 30,
1913. He was graduated from the University of Texas
with the B.S. degree in electrical engineering in 1935
and the M.S. degree in 1936. He received the Ph.D. de-
gree from the Illinois Institute of Technology.,

Dr. Schulz taught electrical engineering at the Uni-
versity of Texas from 1936 to 1942. In 1942 he joined the
staff of the Illinois Institute of Technology, where he
taught senior and graduate courses in radio engineering
and was connected with the war training program. He
transferred to the Armour Research Foundation in 1946
as assistant chairman of the electrical engineering de-
partment, and later was appointed chairman. He was
responsible for industrial and government projects on
clectronic instrumentation and control, communica-
tions, vacuum tubes, and electrical machines and de-
vices.

Kipling Adams (A'41-11"46), Chicago District office
manager for the General Radio Company, was born in
Haverhill, Mass., on December 19, 1908. He attended
Massachusetts Institute of Technology for about three
years, and took special courses at Harvard University.

Joining General Radio Co., at Cambridge in 1934,
Mr. Adanis started in their Standardizing Laboratory.
He was made assistant service manager in the service
department in 1936. After a three weeks’ service visit
to Chicago in 1945, he was appointed Chicago District
office manager, and moved to Chicago in January,
1946. His responsibilities include both sales and engi-
neering, and his territory covers thirteen states.

Mr. Adams was active in the Boston Section of
the IRE before 1946. He has expanded his activities
since joining the Chicago Section and has served
on the Membership, Arrangements, Publicity, Program,
Ways and Means, Engineer Status and the Silver

LeRoy Clardy (.\'44 M'50), head of the Instrumen-
tation Division of the Research Laboratories of Swift
and Company, was born on July 16, 1910, in Fort
Worth, Texas. IHe received the B.S. degree in 1931, and
later the M.S. degree from Texas Christian Univer-
sity.

Mr. Clardy was a chemist in the Chemical Laboratory
of Armour and Co., Fort Worth, Texas, from 1934 until
he joined Terrell's Laboratories as chief chemist in 1936.
He joined the Research Laboratories of Swift and Co.
in Forth Worth in 1937, and transferred to Chicago to
the Physics and Physical Chemistry Division in 1943.
He was made head of the Instrumentation Division in
1949. He is responsible for research in the application of
electronics and electronic devices and in the develop-
ment of instruments for the meat packing industry.

E. H. Schulz, Chairman

Anniversary  (Com-
mittees.

Mr. Adams was
Vice-Chairman of the
Chicago Spring Con-
ference in 1947, Re-
cording  Secretary
during 1947 1048,
Secretary-Treasurer
in1948-1949 andnow
is Vice-Chairman. He
is actively associated
with  the National
Electronics  Confer-
ence, having served
on the Publicity and
Exhibits Commit-
tees.

LeRoy Clardy, Sec.-Treas.

Co-author of the
book, “Experiments
in  Electronies  and
Communication En-
gineering,” and  au-
thor of several tech-
nical  papers,  Dr.
Schulz has served on
a number of Chicago
Section Committees,
including the Chair
manship of the Meet
ings and  Papers
Committee. Ie
served on the RIS
Committee on IZdu-
cation for three years
Heisa member of the
ATLEL and Sigma Xi.

Kipling Adams,
Vice-Chairman

He has served as
Chairman of the Ar-
rangements Commit-
tee, and was Chair-
man of Procedures
Committee during
the period in which
the Procedures Man-
ual was written, In
addition to his asso-
ciation with the IRE,
he is a member of
ISA, ACS, and is a
Registered  Profes-
sional Engineer in
the State of Illinois.
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Technically skilled people have brought to the world a myriad of new devices and operations. These |
have had a profound influence on the life of man. Usually that influence has been helpful. But sometimes
it has been alarming, or even menacingly destructive.

Engineers have been trained to think clearly, comprehensively, and dependably within their special )
ficlds. Can they transfer their thinking ability to social, political, and economic realms? If so, great good
might result.

"This question is ably discussed in the following guest editorial by an engineer and editor of long and '
successful experience, who is a I’ast President of The Institute of Radio Engineers and a present member
of its Editorial Administrative Committee—The Editor. ‘

Thoughts on the Humanitarian
Responsibilities of Engineers
DONALD McNICOL

\When accredited columnists who have wide coverage of news through the daily press devote
space to criticism of engineers and scientists, it is obvious that, even though obscure, a question
is posed. The most profound of the columnists take issue with the expressed views of scientists
(for instance, such as those given at the United Nations first science conference in 1949) that
humanity, rather than the scientists themselves, should answer for “the danger and immorality
of the irresponsible behavior that has marked the conduct of international affairs.”

Columnists reason that the race for the control of raw materials, lacking which scientific prog-
ress must slow down, is a primary cause of war, and one prominent columnist declares, “] have
never yet heard a scientist advocate that it would be better to slow down technological progress
in favor of peace and humanity. To suggest anything of the kind induces howls from the scien-
tists that humanity is standing in the path of progress.” And thoughtful editors ask: “Progress
toward what?” Conscientious news writers wonder whether scientists are not becoming an iso-
lated segment of socicty, and if so whether this is due to predilection, or to force of circumstances.

It is but common sense to state that scientists and engineers in their own minds understand
that they are identifiable with “humanity” as are non-scientists and non-engineers. Because of
what has come to pass during the past half century in the way of science and invention, some
thinkers conclude that the pace has been so swift that science has been elevated over philosophy
and religion. If it has come to pass that the world now is in the hands of those who know ““how”
but not “why,” caution suggests that a mental pabulum be sought after and prescribed which
might be expected to divert the often-feared headlong flight of mankind, away from any abyss
imaginable. In the early decades of the present century general literature abounded in optimism
and confidence, and the belief that mankind could resolve life’s problems through the powers
of reasoning. Beginning a few years ago the front pages and the microphones have chronicled a
miscellany of alarms, truths, half truths and “I predicts” which, certainly as a by-product,
have served to invalidate the adequacy of reason.

In earlier years, the daily rcading fare consisted mainly of news about day-to-day domestic
affairs. Now the press and radio deal with world problems, and with domestic problems mainly
as these are determined by world problems.

The present writer believes that no other segment of society is better qualified to contribute
toward desirable solutions to most of the difficulties which harass mankind than are the scien-
tists and engineers. As have numerous others, I gather from pronouncements from Government,
from educators, from industry, from labor, that a cry is being sounded for help: help of the order
envisioned in the words of an American statesman of international prominence, expressed late
in January, 1950:

“ .. the greater tragedy is that seemingly our national ideals

no longer inspire the loyal devotions needed for their defense.”

T'o conclude: The times call for patriotism and for realism, with perhaps less of the Machiavel-
lian practices. Engineers of experience and accomplishment could, to national and international
advantage, be substituted for appointees of limited experience and academic schooling only.

.




CHRESA IR e B

—dee . i &

e L e

468

PROCEEDINGS OF TIIE I.R.E.

May

The Radio Technical Commission for Aeronautics—
Its Program and Influence”

Summary—This paper describes the work of the
Radio Technical C i for Aer (RTCA)
as of March, 1949, the time of its presentation before
the 1949 IRE Convention. The author's regponse to
the word *‘influence" in the title given him is simply
that the influence of an organization is proportional to
the gervice it renders. As the RTCA exists solely to
render servi e, it does have po.ential influence. The
paper explaing something about the service which the
organization provides.

VIATION RADIO is a complex
field, both in respect to the meth-
ods and devices used and in respect

to the interests affected. The RTCA is a
means of dealing with both types of com-
plexity. To bring about true co-ordination
and assure harmonious progress, this body
was created with representation from all
interests concerned. It is thus a means of
unifying the thinking and planning of all
interested agencies, both government and
nongovernment. My purpose is to tell you
how it is organized and something of the
work it does. I hope I can aid you to envisage
the role which it plays in promoting progress
along such lines, for example, as are dealt
with in the other papers of this symposium,

It was originally established in 1933,
when the Department of Commerce invited
all United States agencies, both within and
without the government, concerned with
the development, application, and use of
radio in aeronautical operations to form an
organization for the co-ordination of effort.
The organization was to have no enforcing
authority of itself but would be effective
through including enforcing agencies in it
membership. It was promptly established
and has continued to function as originally
envisaged. It is the only body which includes
and gives a voice to, all organizations con-
cerned, both within and without the govern-
ment.

It operates through four subsidiary en-
tities: the Assembly, the Esecutive Com-
mittee, the Secretariat, and the Technical or
Special Committees.

The Assembly is composed of United
States organizations identified with aero-
nautical telecommunication. The Assembly
directs the RTC.\ through the establishment
of broad policies and operating procedures.
It meets twice a year, ordinarily in Washing-
ton, D. C.

The Executive Committee comprises
one representative from each of the follow-
ing: the Departments of State, Treasury
(Coast Guard), Army, Navy, Air Force, and
Conunerce (CAN), the Federal Communica-
tions Commission, Civil Aeronautics Board,
and Aeronautical Radio, Inc., Aircraft
Owners and Pilots Association, Air Line

* Decimal classification: R00S XRS520. Original
manuscript received by the Institute, January 11,
1950. Presented. Symposium on Radio Aids to Navi.
gation, 1940 National IRE Convention, New York.,
N. Y., March 9, 1949, .

1 Radio Technical Commission for Aeronautics,
Washington, D. C.

J. H. DELLINGERY, FELLOW, IRE

Pilots Association, Air Transport Associa-
tion of America, and Radio Manufacturers
Association; and a Chairman, Vice-Chair-
man, and Secretary. The Executive Com-
mittee meets monthly and manages the
affairs of RTCA in conformity with the poli-
cies established by the Assembly.

The Secretariat includes an Executive
Secretary and assistants. The costs are de-
frayed by prorated assessments among the
member organizations represented upon the
Executive Committee. In general, the gov-
ernment organizations contribute oftices,
office furniture and equipment, supplies,
and personnel who are assigned 1o the Secre-
tariat. The nongovernment organizations
contribute funds required for part of the
personnel and the defrayment of operating
expenses.

The technical work of RTCA is per-
formed by Special Committees which are
established by the Executive Committee.
Each Special Comniittee is given a specific
directive and is dissolved upon the accept-
ance of its report by the Executive Coun-
mittee. The procedure of designiting Special
Committees to handle specific problems
rather than the allocation of general prob-
lems to standing committees has evolved
from experience. It has contributed greatly
to the expeditious handling of the work of
RTCA for the following reasons: (1) It per-
mits the appointment to Committee mem-

bership of persons who are especially quali- )

fied to deal with the specific matter under
consideration, and (2) it imposes the mini-
mum hurden upon the time of the Commit-
tee members.

As RTCA has a wide membership, the
members of Technical Committees are prin-
cipally from its member organizations. How-
ever, in any specific study, the RTCA in.
vites the participation of persons from all
agencies known 10 be affected by the con-
clusions reached. In most cases, despite the
difficulties and complenity of many of the
subjects, unanimous agreement is attained.
This is only possible in many cases as the
result of long and hard work. Apparently
the combination of real work and participa-
tion by all interested agencies is a formula
capable of solving refractory problems.

In general, a Special Committee is ap-
pointed for each problem the RTCA is asked
to handle. The prolilems come to RTCA
both from its members and from other or-
ganizations. Examples of sources of requests
to make studies and recommendations are
the Air Co-ordinating Committee, the Tele-
communications Co-ordinating Committee,
the Civil Aeronautics Administration, the
military establishment's Aeronautical Board,
State Department, Radio Manufacturers
Association, Air Transport Association, and
Federal Communications Commission.

After a recommendation is finally ap-
proved by the Executive Committee, it is
sent to each agency, government or other-

wise, concerned with its subject matter.
These agencies include the ones listed above,
the various member agencies of RTCA,
special commissions or boards formed by
the President or other authority for particu-
lar tasks, and Congress. The recommenda-
tions arc in some cases used by the State
Department as a basis for the position taken
by United States delegations in interna-
tional conferences.

During the recent World War, RTCA
was  necessarily inactive; comprehensive
planning had to give way to the immediate
tasks of all personnel in their war activities.
At the end of the war the member agencies
made a careful and specific determination
that RTCA should be reactivated and
streamlined for efficient action. Also, early
in 1940, the Acronautical Board, a policy
body of the Departments of War and Navy,
took cognizance of the need for complete co-
ordination of the installation and use of
electronic aids to air navigation, communi-
cation, and trathe control, and requested the
R1CA 10 udapt its organization to the es-
peditious determination of combined civil
and military programs of aids to navigation
and traftic control,

RTC\Nagreed 1o undertake the discharge
of these responsibilities and immediately
ook ~teps to revise its Constitution, making
it more speciiic and workable; also a full.
tine, paid secretariat was established.

About this same time (1946), pressure
was developing from many directions for
the formulation of a national program of aids
to air navigation, traffic control, communi-
cation, and landing. I do not need to descrite
t this audience the conditions which cry
out for such a program. The seriousness of
the disorganization of air services by weather
is common know ledge. The presidents of all
the airlines wrote 10 the RTCA requesting
a study of the problem, particularly a deter-
mination of what could be done soon. The
l’r.cs!'dcnt appointed an Air Policy Com-
mission. Congress appointed an Aviatjon
Policy Board. Military committees were
formulating the problem.

It finally became clear that the RTCN
could function in this situation when, on
A_Dnl 28, 1947, the government's Air Coor-
dm‘aling Committee formally requested the
RTCA 1o undertake a study and develop a
recommended program for the safe control
of the expanding air traffic. In compliance
with this request, the RTCA immediately
established jts Special Committee 31 (8C31)
to tackle the whole problem of air traffic
control, including necessary communication
and navigation and landing aids, and pre-
pare a cqmplelc program for a national sys-
tem, taking account of the requirements of
every type of flying. Before the work was
done, over 10,000 man-hours of the best
type of co-operative committee work had
been completed. It was necessary to draft
the best brains in many technical fields, and

-
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the list of participants in the SC31 achieve-
ment is a Who's Who of aviation radio. The
report was issued in final form on May 12,
1948. That the planning job was successful
is clear from its unanimous endorsement by
such bodies as the Air Co-ordinating Com-
mittee (ACC), the military’s Research and
Development Board (RDB), the Presi-
dent's Air Policy Commission, and the Con-
gressional Aviation Policy Board.!

The planned system is called the “com-
mon system” because it provides for those
needs which are common to all users—air
transport, military, private flying, etc.

A special organization has been set up to
implement the program. It includes a new
government body, the Air Navigation De-
velopment Board (ANDB), closely co-or-
dinated with the Air Navigation Panel of
the ACC, and with the military’s Research
and Development Board. All these bodies,
and the various other agencies concerned,
take the SC31 program as a guide plan but
not an inflexible directive. We thus avoid
the trap of a fixed, unchangeable program
which would ignore the realities of progress.
\We visualize an orderly development from
what we have today to the completely auto-
matic navigation and traffic control system
envisaged for about 1963, for which only
objectives are stated at this time. These
objectives flow from a severe but inesca-
pable set of requirements. The system will
make full use of such advances as occur in
radar, television, electronic computing ma-
chines, and other technical fields. Some of
the devices required for the ultimate system
are not yet in existence, as Mr. Rentzel has
said, but are known to be realizable. Some
do exist and are in use now.

The program makes full provision for
orderly transition from the practices of to-
day to the ultimate system of fourteen years
hence. In particular, in order to make a large
portion of the benefits of the ultimase sys-
tem available as soon as possible, it was de-
cided to proceed in two steps. The first step
will be the “transition program,” which can
be brought into general use by about 1953.
For this the devices are in considerable
measure already available. The supply and
utilization of the devices has begun. The full
implementation of the transition program
awaits the making of money available, com-
pletion of development on some parts of the
system, and delivery of equipment in the
necessary quantity. The transition program
is so planned that much of it will be pre-
served for smooth incorporation into the
ultimate system.

The principal initial task of SC31 was to
choose between many possible means of
constructing a basic system. This was ac-
complished by first working out a realistic
statement of the requirements of an ade-
quate system. The set of requirements
pointed the way to the nature of the required
system. It was found also that substantial
benefit would accrue through such partial
realization of the system as would be possi-
ble in five years; thus, the transition system.

Facilities on the ground and in the air-
plane are to supplement and check one an-

1 On January 10, 1950, the President presented the
Collier Trophy, symbolizing the greatest achieve-
ment in aviation in America during 1948, to the
RTCA for the establishment of this program.

Dellinger: Radio Technical Commission for Aeronautics

other. The essential navigational data are
primarily air-derived while the data for
traffic control are primarily ground-derived.
The system provides identification of all
airplanes, provides means for collision pre-
vention, and includes a private communica-
tion line between each airplane and the
ground. The system is of the polar co-or-
dinate or R-theta type.

The transition system, now being imple-
mented and to be completed by 1983, in-
cludes:

1. Omnirange stations; giving courses
in every direction extending radially
from the station.

2. Distance measuring equipment
(DME); providing a dial indication
of distance from the airplane to the
ground station.

3. Automatic course line computer; by
which any desired course, not lim-
ited to the radials from the station,
is continuously indicated.

4. Instrument landing system (ILS);
by which a crossed-pointer instru-
ment gives guidance horizontally
and vertically for blind landings.

5. Improved approach lights; guiding
the final phases of low approach and
landing.

6. Precision approach radar; to comple-
ment and monitor the instrument
landing system.

7. Radar surveillance; giving a continu-
ous indication on a radar screen, to
air traffic controllers, of the position
of all aircraft.

8. Vhf communication equipment; for
two-way voice communication.

9. Airborne transponder and private
line; to give the airplane’s identifica-
tion and altitude and to exchange in-
formation and traffic control signals
between ground and air.

All of these elements, improved, will be
carried over into the ultimate system, esti-
mated to be in operation throughout the
country by 1963. ‘The ultimate system will
comprise additional features such that all
airplanes, after filing their flight plans, will
be automatically assigned a flight path and
time, and will have full information for all
details of flight at every instant from takeoff
to completion of landing. Specialized traffic
control equipment and specialized airspace
separation equipment, utilizing automatic
computing devices, will watch over the air-
space at all times to eliminate collision haz-
ards and to inform all pilots of any needed
changes in course or speed. These aids will
reach the pilot via a map-like picture on his
instrument panel which will enable him to
monitor the traffic in his vicinity and check
his navigational data.

This program represents the major proj-
ect handled by the RTCA to date. While
comprehensive, there is no thought that it
closes the book on aviation radio progress.
It just happened that the need had grown
so serious, and the prospective investment
was so large, that an agreed basic program
for a considerable number of years ahead
was necessary. But there is no thought of
neglecting the facts of rapid technological
movement and obsolescence. The program
itself has this vividly in view, and indeed has
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the very objective of stimulating, rather
than freezing progress. The way is left open
for full utilization of all our cumulative re-
sources of science, inventiveness, and indus-
trial eficiency

To round out the picture of the role of
RTCA, I will mention briefly a few of its
recent and current projects other than SC31.

In accordance with a request from the
War Department in 1946, Special Commit-
tee 1 studied the relative merits of simplex
and crossband communication in the 108 to
132-Mc band. The recommendations of this
Committee are now recognized as standard
communication procedures by all United
States aeronautical organizations.

Special Committee 4, upon request of
the Federal Communications Commission,
was assigned the problem of studying fre-
quency allocations in the 108- to 132-Mc
band for the various classes of aeronautical
services such as air navigation aids, air
traffic control, emergency, airport utility,
approach control, and air carrier and non-
carrier communication. The frequency al-
location plan developed by this Committee
is now incorporated in the Rules of the Fed-
eral Communications Commission.

Following recommendations of the mili-
tary's Aeronautical Board and the Air Co-
ordinating Commitiee, Special Committee
8 in 1946 formulated a basis for United
States policy relating to air navigation,
communication, and traffic control. The re-
port of this Committee established the
United States position at the meetings of the
International Civil Aviation Organization
COT Division meetings in Montreal during
October-November of 1946. To a major
degree, this policy was accepted by the COT
Division for international standardization
of radio aids to air navigation, communica-
tion, and traffic control.

Special Committee 10 studied problems
relating to air-sea distress communications.
The findings of this Committee were utilized
in the Third International Conference on
Safety of Life at Sea held in London in 1948,

Special Committee 15 reviewed proce-
dures for the reduction of precipitation static
interference inaircraft. Itanalyzed the prog-
ress in this field and recommended proce-
dures which had been found to be most ef-
fective.

Upon request from the Radio Manu-
facturers Association, Special Committee 20
developed standards relating to radio equip-
ment form factors. These standards have
been generally accepted by all United States
operating and manufacturing agencies.

Special Committee 21, in conformity
with a State Department request, developed
performance specifications for 1,000-Mc
distance measuring equipment. These speci-
fications were accepted by all United States
agencies and, later, by Great Britain, These
specifications were considered for interna-
tional standardization at the ICAO COM
Division meetings which began in Montreal,
Canada, on January 11, 1949.

Special Committee 22, in accordance
with a request from Aeronautical Radio,
Inc., developed a plan for the pairing of
localizer, glide slope, and vhf omnirange fre-
quencies. This plan has been accepted by
the Civil Aeronautics Administration and is
currently in use for the assignment of fre-
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quencies employed by lucalizer, glide slope,
and vhf omnirange facilities throughout the
United States,

Special Committee 24, in accordance
with a request from Aeronautical Radio, Inc,
developed a standard nomenclature of ajr
navigation terms and the elements of air
navigation systems.

Special Committee 27, in accordance
with a request from Air Transport Associa-
tion of America, conducted a study of acro-
nautical frequency allocations above 400
Mec. With minor modilications, the fre-
quency assignments recommended by this
Special Committee were adopted by the In-
ternational Telecommunications Unjon Con-
ference held in Atlantic City in 1947,

Upon request of the Federal Communica-
tions Commission, Special Committee 29
developed equipment standards for ajrdrome
control stations.

Special Committee 30 prepared a de-
scriptive resume of United States planning
In air navigation, traffic control, communi-
cation. This is primarily an educational
document and has been given wide distribu-
tion both nationally and internationally.

Upon request of the Telecommunica-
tions  Co-ordinating Committee, Special
Committee 33 conducted a study of long-
distance 2ir navigation aids in the North
Atlantic with particular reference to the
operation of standard l.oran. The recom-
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mendations of this Commitiee were utilized
atan international conference on navigation
aids in Geneva, Switzerland, in January,
1949,

Upon request of the Air Co-ordinating
Committee, Special Committee 34 studicd
simplex versus crossband operation as ap-
plied 1o international acronautical air-
ground communications. The recommenda-
tions of this committee were accepted as the
United States position at the 1CAO COM
Division mectings of January and February,
1949, past, in Montreal, Canada.

Upon request of the Civil Aeronautics
Administration, Special Committee 40 pre-
pared standardized test procedures for the
1,000-Mc Distance Measuring Equipment
and detailed specifications regarding the
operating characteristics of the DMIE sy
tem. The United States has submitted thes
specilications for international standardis.-
tion through 1CAQ.

Special  Commitiee 45 developed  air
traftic control procedures for use during the
transition period when both vhf omniranges
and If /mf four-course ranges are in oper.a-
tion. The procedures developed by this Coni-
mittee have been accepted by the Civil
Aeronautics Administration with initial ap-
plication to the New York-Chicago airway.

Among subjects pending at the present
time in Special Committees are the follow-
ing:
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Development of test procedures and
standards for airborne If, mf, hf, vhf,
and pulse technique types of airborne
radio equipment,

Radio Instrumentation.

Automatic Flight Control.
Standardization of Adjustment of In-
strument Landing Systems and Visual
aural Range Facilites.
Standardization of Nircraft Equipment
Control "ancls.

Investigation of Television Station In
terference to Marker Beacon Receivers
Study of PPerformance Specifications of
Vutomatic Course Line Computers,

CONCLUSION

I think I can do no better than conclude
Ly expressing my admiration for the sincer-
ity and enthusiasm with which the many
prople and organizations concerned are <o
operating in carrying on this work. It is no
casy matter to find common ground among
many conllicting requirements and interests.
The great need for, and inherent difficulty
of, the solutions of these problems haye
evoked the determination to make the work
asuccess. With continued co-operation of all
concerned, we are assured that RTCA will
continue to serve as a mechanism for prog-
ress on our common problems in aeronau-
tical radio,
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The appearance of this paper in
I.LR.E. is the result of the activities

sional Group.

Summary—This paper lists the essential design features that

the I’ROCLEDINGS OF i
of the IRE Audio Profes-

pean countries. The purposes of this paper are, first, to

should be incorporated into a broadcast studio, and illustrates the
manner in which certain European broadcasting houses have ex-
pressed these design features architecturally. The paper is comprised
of five principal parts: I. Introduction; II. Design Criteria; III. Studio
Shaping; IV. Control of Reverberation Time and Diffusion; and, V.
Reduction of Transmitted Sound. Included in the text are curves of
preferred reverberation times for studios, preferred reverberation
time versus frequency characteristics, and means for providing neces-
sary diffusion and absorption of the sound in a room.

I. INTRODUCTION

N TIHIE PAST two decades broadcast and recording
studio design has undergone rapid development,
due to basic research in room acoustics and the prac-
tical experience of industry, Recently, the author had
the opportunity to study studio design in several Euro-

* Decimal classification: R613.11, Original manuscript received
by the Institute, September 2, 1949; revised manuscript received,
February 13, 1950, Presented, 1949 [RE National Convention, New
York, N. Y., March 7, 1949,

The information reported here was made possible through funds
provided by the Office of Naval Research.

% Acoustics Laboratory, Massachusetts Institute of Technology,
Cambridge, Mass.

state the essential design features that should be incor-
porated into a studio, and, second, to show how Furo-
pean broadcasters have met these acoustical design fea
tures architecturally,

I, Diston CRITERIA

A broadeast studio shoul fulhll two major require-
ments: (1) It should form 4 good acoustic link between
the microphonc or microphon.
or music. (2) It should
noises.

These requirements are almost equal in importance.
The first criterion is the more difficult to meet. In order
to illustrate the procedure necessary 1o achieve good
microphone-source coupling, let us anahvze the situation
in a small, rectangular studio. 7

A room is simply a cavity re

s and the source of speech
adequately exclude external

sonator of fairly large di-
mensions with many resonant (normal) frequencies.

I'hese normal frequencics are w idely spaced at low fre-

quencies, but become progressively more bunched at

higher frequencies. We shall assy me a rectangular studio
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with the dimensions 25X 15X 10 feet. This ratio of di-
mensions, 5:3:2, is one of several considered “optimum?”
in room acoustics. In the frequency range between 40
and 100 cps, calculations show that there are 20 possible
resonant conditions (normal modes of vibration) for this
room. Of these 20 modes, there are seven cases in which
two or three modes of vibration have almost the same
resonant frequencies. That is, there are actually only 11
resonant regions. For any given position of the source in
the room, however, only a few of the normal modes of
vibration will respond to the source, and the microphone
will not be actuated by a particular mode of vibration
unless it is located near a pressurc maximum of that
mode. As a result, only eight or nine resonant frequency
regions couple the source to the microphone between 40
and 100 cps.

Within these frequency limits there are 17 keys on the
piano, and of these only 12 fall within two cycles of a
normal frequency. Therefore, less than half of the piano
notes in this frequency region receive room support and
some of the remainder will actually be suppressed. The
situation will be even worse if the ratios of any two di-
mensions are integrally related. A major design require-
ment, therefore, is to increase the supporting effect of
the room at the lower frequencies.

The avoidance of “booming” effects at the lower fre-
quencies is another problem of major importance. Or-
dinary acoustical materials and scats do not absorb
sound efficiently at low frequencies. Hence, if they are
used to reduce the reverberation time, a very nonuni-
form response-versus-frequency characteristic will re-
sult. Some materials which absorb sound more ecfh-
cientlv at low than at high frequencies must be intro-
duced into the room.

At the higher frequencies, the normal frequencies of
the studio are so closely spaced that any note on the
piano will excite a resonant mode of vibration. In this
frequency region we must deal with a different effect
called “flutter echo.” The flutter echo is a transient vi-
bration produced by reflection back and forth between
two parallel walls. This effect is annoying to a listener
because it imparts a rasping sound to speech and music.
Ience, all parallel surfaces of any appreciable arca must
be eliminated.

The remaining criteria that must be established and
met are (a) the shape of the sound decay curve at any
given frequency, (b) the reverberation time at a refer-
ence frequency, and (c) the reverberation time versus
frequency characteristic. In regard to item (a), the Brit-
ish Broadcasting Company concludes that when the
studio is excited by a short (0.1 sec) pulse of a given fre
quency, the echoes from that pulse should reach the mi-
crophone at close regular intervals of time, and should
be of such amplitude as to give an exponential decay.!
The reverberation time in the reference frequency re-
gion, 500 to 1,000 cps, should be approximately that

! Research Department Report No. B. 035, British Broadcasting

Company, Engineering Division, 42 Nightingale Square, Balh
SW 12 England; October 14, 1048, 1 Teae SAUATE: e

Beranek : Developments in Studio Design

471

T 11T T TTTH [

T«REVERBERATION TIME FOR STUDIOS

) ——— NEW RECOMMENOEO CURVES (500 70 1000 ||
CPS REGION)

2 wmem- NBC OPTIMUM CURVE (1936)

3. DANISH AND NORWEGIAN BROADCASTING NOUSES
o MUSIC $TV0I08

e ‘ ] o sPEECH 3TUOI0S A
X} 4 @ O00N-LEE STUDIO (1940) g
| T 1 T W 1% e |
[ ‘ T I l l ‘ 4 e
+—t1+1+1+ P =5
LU L L L erdee-1 H
1 1 13 T 1
o | ““3‘:"‘/—’./ 1] l |
Lo L LD
_—-_—{__dfrv‘v —= v—ﬁ I' 1
LYY T L1 b G ! — 447'»‘
I s'flL.w__{_ L L LLLIY
, [T HEIIRE
2 3 “« 38T 2 3 4 38709 H] 3 4« 3 8T00
000 10,000 100,000 000,000
YOLUME OF ROOM N CUBIC FEET
Fig. 1-—Solid lines show recommended curves for reverberation time

in studios with normal furnishings and occupancy. Dashed curve

shows curve published by Nationa! Broadcasting Company in

1936. Points show conformance of recent studios to these design

criteria.
shown by one of the solid lines of Fig. 1.2% The upper
solid line applies for studios in which music is to be
plaved; the lower solid line applies to studios for speech
or drama. The small datum points plotted on this graph
are for various studios of the Danish and Norwegian
Broadcasting Svstems and of the Don Lee Mutual
Broadcasting System. Fig. 1 also shows a dotted line
that represents the reverberation time recommended
some vears ago by the National Broadcasting Com-
pany.* The solid-line curves are based on controlled
listening judgments made in the Danish and Don Lee
Studios, and appear to be the best established curves
available at this time.

There have been differences of opinion regarding the
shape of the reverberation time (T) versus frequency
(f) characteristic. It is generally agreed, however, that
for speech the characteristic should be flat and the stu-
dio should be relatively dead. For music, the range of T
versus f characteristics shown in Fig. 2 have been advo-
cated. The most recent determination (curve 3) was
made in the Danish Broadcasting House,? using three
studios in which the reverberation characteristics could
he varied over a wide range of shapes. Trained musicians
listened to several types of orchestral compositions
played over a loudspeaker and voted their preference.
The unexpected result of this particular study is the
hump in the curve at around 2,500 cps. Roop® and Bolt®
show that for a room of 3,000 cubic feet the transmission
irregularity is a maximum at some frequency below 800
¢ps. It may be that the ear has a preference for a more
uniform curve of transmission irregularity versus fre-

2\, W. Carruthers and D. P, Loye, “Building to the acoustical
optimum new Mutual-Don Lee broadcasting studios,” Jour. Acous.
Soc. Amer., vol. 21, p. 428; July, 1949.

3P, V. Brel, “Lydisolation og Rumakustik,” Gumperts Forlag,
Giateborg, Sweden, Fig. 240, p. 232, 1946.

4 R. M. Morris and G. M. Nixon, “NBC stud’'o design,” Jour.
Acous. Soc. Amer., vol. 8, p. 81; October, 1936.

. *R. W. Roop, “Frequency response fluctuations in rooms. I.
Experimental investigation,” Jour. Acous. Soc. Amer., vol. 19, p. 728;
July, 1947,

*'R.H. Bolt and R. W. Roop, “Frequency response fluctuations
in rooms. 1. An approximate theory,” Jour. Acous. Soc. Amer., vol.
19, p. 729; July, 1947.
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Fig. 2—Various recommended curves of reverberation time versus
frequency for broadcast studios. (1) MacNair—1930; (2) Morris
and Nixon—1936; (3) Danish Broadcasting studios for music: (4)
Richmond and Heyda—1940; and (5) Békésy and others for
speech studios. Curve 3 for music and the flat characteristic S for
speech are recommended.

quency, and that greater absorption in the 500-cps re-
gion is a means of achieving this uniformity. Until con-
trary evidence is presented, the Danish reverberation
characteristic for music studios will remain the most
carefully determined. For speech studios, a flat charac-
teristic is recommended.

In large broadcasting studios consideration must be
given to the acoustical environment for the musicians.
Experience in the United States, as well as in three
European broadcasting houses, indicates that musicians
desire audible reinforcement of their own music. Also,
musicians in one part of an orchestra like to be able to
hear the music of those in another part. Some type of
low-ceilinged enclosure over the orchestra is necessary
to achieve this result in large studios.

The isolation of a studio against external noise should
at lcast meet the standards laid down by Nixon.” Nixon
says the National Broadcasting Company has found
that the maximum tolerable noise in studios, as meas-
ured by an American Standards Association sound level
meter, is 25 db when rcad on meter scale A, 35 db on
scale B and 45 db on scale C. Between any two studios
an attenuation of 64 db or more should be provided.
Some broadcasters, particularly in Norway, plan for
noise levels 5 db lower than those just quoted and for
attenuations greater than 75 db.

The studio should also be designed to reduce noise
transmitted through the structure. In the case of pianos
or other musical instruments that rest on the floor, a
significant amount of sound will travel through the hard
structure from one studio to another. To eliminate such
transmission, a floating floor, and sometimes a com-
pletely floated studio, is necessary. Even airborne sounds
will tend to enter the walls and travel through the struc-
ture to adjacent studios. If an attenuation in excess of
65-70 db is desired, the entire studio must be floated.

II1. Stubio SuAPING

To provide for better coupling between the micro-
phones and the source of sound at low frequencies, the
studio should be shaped so that no two walls are paral-

7G. M. Nixon, “Acoustic problems in NBC studio design,”
Electronics, vol. 21, p. 85; May, 1948.
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lel. Nonparallelism is accomplished by simply splaying
or slanting the side walls and the ceiling. One design of
this type is shown in Fig. 3. A similar floor plan is found
in the Norwegian Studios in Oslo. In these studios, no
parallel walls exist. In the case of some of the Norwegian
studios, nonparallelism is achieved by slanting the side
walls so that the room is narrower at the ceiling than at
the floor.
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Fig. 3—Plan view of the Copenhagen Broadcasting House.

Splayed or skewed walls tend to shift some of the
normal frequencies upward and some downward from
their values in a simple rectangular room. In most cases,
this shifting results in spreading the normal frequencices
and gives a more even distribution along the frequencv
scale. Also, beats are produced when a number of modes
of vibration die out simultancously. A vibrato effect
results. A string instrumentalist or a vocalist always
strives to produce this effect. If the spacing of the modes
of vibration along the frequency scale is uniform, the
vibrato effect will be more uniform for different tones.
There is another desirable effect. Skewed walls introduce
more randomness into the distribution of the sound ficll
in the room. IHence, fewer positions exist in the room at
which extreme sound pressure variations occur as the
frequency is varied. Therefore, the difficulties of finding
a good location for the microphone decreases
room becomes more and more irregular in shape.

The most desirable amount of splaying has never
been determined. The answer (o this question is partly
cconomical and partly psychological. It is common prac-
tice to splay a wall by not less than one foot in cach
twenty feet of length. The Scandinavian studios in Fig.
3 are splayed considerably more than this in many cases.

Additional fine scale irregularity on flat splayed walls
is also desirable. This may be accomplished either by
obvious “bumps” of a variety of sizes or by choice and
arrangement of the acoustical absorbing materials nec-
essary in the room. In the Norwegian studios in Oslo
this fine scale irregularity has been introduced as part
of the absorbing panels. This treatment will be dis-
cussed further in the next section,

'l“lle ceiling and floor of the room should be nonparal-
lel, if possible. If this cannot he done, then a number
of triangular splays or polycvlindrical diffusers of a
variety of sizes may be placed on the ceiling. Another
solution is to build a number of box-shaped reflecting

boards with sloping surfaces, arranged to face in random
directions.

as the
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1V. CONTROL OF REVERBERATION TIME AND
DIFFUSION

The reverberation time in a studio is controlled by
the introduction of absorbing materials. As mentioned
earlier, an audience and materials, such as carpets and
seats, absorb far better at high frequencies than at low.
Plywood panels, either flat or curved and backed by an
air space, provide reasonably large low-frequency ab-
sorption. In some cases absorbing blankets are intro-
duced into the air cavity. Panels used by Volkman® and
Boner® consist of one or two sheets of thin plywood
formed into convex, cylindrical surfaces. The plywood
is backed by a wooden framework that breaks the panels
into sections of various sizes, each having a different res-
onant frequency. When these panels are used in a room,
a large number of different radii are chosen for the
cvlindrical elements in order to provide comparable dif-
fusion over a wide range of frequencies. The diffusing
effect of a cylinder is maximum when its diameter is
roughly equal to one-half wavelength. Plywood panels
appear to have an absorption coefficient as great as 0.5
at frequencies from 50 to 150 cps, decreasing to values
as low as 0.05 above 1,000 cps. The 0.5 figure is obtained
with two thin plywood layers, separated by small tufts
of felt impregnated with glue. Flat sheets will absorb
low-frequency sounds as effectively as curved ones, but
they do not diffuse the sound at the higher frequencies.

The solutions to the low-frequency absorption prob-
lem employed by the Scandinavian broadcasting houses
are particularly interesting. To provide this type of ab-
sorption, a number of forms of resonant absorbers are
introduced into the studios. One type has the form
shown in Fig. 4. Here, wall panels are constructed from
a perforated facing backed by enclosed cavities. These
cavities, and the holes into them, form Helmholtz
resonators. In some cases the cavities are filled with
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Fig. 4—Helmholtz acoustic resonators used in studios. The 8ix
resonators shown here have uniformly spaced resonances in the
frequency region extending from 90 to 300 cps.

¢ E Volkmann, “Polycylindrical diffusers in room acoustical
desugn‘," Jour. Acous. Soc. Amer., vol. 13, p. 234; January, 1942,

* C, P. Boner, “Performance of broadcast studios designed with
convex surfaces of plywood,” Jour. Acous. Soc. Amer., vol. 13, p. 244;
January, 1942,
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glass fibers or other absorbing material to broaden the
resonance curve and to make the units absorptive over
a wider frequency range. The six resonators shown in
this figure have uniformly spaced resonances in the
frequency region extending from 90 to 300 cps. In the
case of the large studios of the Danish Broadcasting
House, 250 plaster resonators, tuned to various fre-
quencies below 100 cps, are distributed over the ceiling.
Another type of acoustic unit for absorbing sound at low
frequencies is shown in Fig. 5. Narrow slots are formed
in a wood panel in front of an air space that contains
an absorbing blanket. The absorption reaches a maxi-
mum that may be varied by adjusting the space behind
the slot in the panel.
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Fig. 5—Resonant structure and absorption curve for it. The structure

is made of parallel slats separated slightly to produce resonance.

o
100

In the Norwegian Broadcasting House the panels are
made of thin sheets of plywood which have narrow slots
3 inches long and 0.04 to 0.12 inch wide. There is one
slot for each 1.6 square inch of the plywood board. The
distance between the wall and the plywood panel varies
from 2 to 12 inches in different parts of a studio. In the
concert studio spacings up to 30 inches are used. With
these absorbing surfaces placed at random positions on
the walls, and with an appropriate choice of back spaces
and slot widths for each studio, the No. 3 optimum re-
verberation time characteristic of Fig. 2 was approached.
In some of the studios where higher reverberation times
were desired, some of the panels were unperforated and
the depth of the air space behind them was selected so
as to vary the resonant frequency over a range from 50
to 150 cps.

Still another type of resonator is one which the Nor-
wegians describe as a “pocket-resonator.” Pocket reso-
nators are tubes made from wood or wall board. They
have cross-sectional dimensions of about 8 X20 inches,
and vary in length from 32 to 120 inches. The opening
of the resonator which faces into the room, is filled with
an acoustical blanket. The resonators act like damped
organ pipes. Lengths are chosen to tune the resonator to
particular frequencies where absorption is needed. When
installed, they are placed behind a slotted panel and,
hence, do not affect the over-all appearance of the room.

It is generally desirable to provide flexibility in the
acoustical treatment to permit detailed tailoring of the
reverberation time-frequency characteristic after com-
pletion of the studio. Two arrangements for doing this
were used in the Danish Broadcasting Houge in Copen-
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hagen, and are shown in Fig. 6. ‘There we sce a hinged
perforated panel that is backed with a thin layer of
absorbing material. The pancl may be moved forward
so that the right-hand edge is flush with the front of the
box, or it may be moved backward so as to climinate the
air space behind it completely. The variation in the
absorption characteristic is indicated by the two curves
benceath the sketeh. The solid line is for maximum air
space behind the absorbing laver,
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Fig. 6—"wo structures for producing variable degrees of absorption.
Cur es of absorption coeflicient versus frequency are shown below
for the extreme positions of adjustment.

The arrangement on the right-hand side of Fig. 6 in-
cludes a series of adjustable shutters in front of an
absorbing blanket. When the shutters are closed, only a
small slit remains between adjacent louvres, and the
absorption characteristic shown by the solid line be-
neath the sketch is obtained. \When the shutters are
opened, the absorption characteristic shown by the
dotted line is obtained.

All such absorbing areas, whether adjustable or fixed,
should be located in random positions on the walls and
ceiling of the room. To enhance the appearance of the
room an acoustically transparent facing mav be pro-
vided.

Examples of the interior finishes and shaping de-
scribed above are shown in Figs. 7 and 8. These photo-
graphs show studios 19 and 24, respectively, of the
Norwegian Broadcasting House. The perforated facings
in the rooms are illustrated. A splayed ceiling is shown
in Fig. 7, and splayed ceiling and side walls are seen in
Fig. 8. The pleasing appearance of the perforated facings
is evident.

V. REDUCTION OF TRANSMITTED SOUND

No less important than the acoustic characteristics of
the enclosure is the need for freedom from unwanted
sounds. The most satisfactory procedure for achieving
this effect is to build walls that have sufficient trans-
mission loss to provide the necessary isolation for air-
borne noises, and to float the studio on resilient mount-
ings to eliminate vibrations which might otherwise be
transmitted through the structure. The idea of a float-
ing studio is not new. Elaborate details have been
worked out by several manufacturers in this country
for floating the interior of small broadcasting studios.*
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Fig. 7— Large-sized studio for music in the
Norwegian Broadcasting House,

Fig. 8—Small-sized studio for speech and drama in the Norwegian
Broadcasting House. ‘I ne stair has three types (acoustically) of
tread and the removable panels expose a gravel walk, a wood sur-

face for tap dancing, and a marble surface for producing the sound
of footsteps.

In the Norwegian Broadeasting House in Oslo cach
studio is made from poured concreteand rests on strips
of live rubber. Canvas sleeves are used to break the
continuity of the ventilating and cable ducts,

Doors to the studios preferably should be of a type
which seal tightly around the edges. In the Danish
studios an unusual door typeis used. Around the cdges
of a 4-inch thick door, there
wide and three inches deep. This cavity is filled with
glass wool and covered with perforated facing. The
width of the slot hetween the door and the jamb is held
to less than 0.04 inch. Sound traveling through this slot
is absorbed in the glass wool lining. Best results are ob-
tained by putting an offset in the jamb so that the sound
will have to round a corner in traveling from the out-
side to the inside of the room.

1s a cavity three inches
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Linear Amplifiers”

M. A. SCHULTZ{,

Summary—The problems in the design of linear amplifiers are
presented from the point of view of the radio engineer. Equations are
given for the noise generated in the input circuits of these amplifiers
for ideal cases. Typical amplifying circuits are presented, and the
solutions of the design problems are illustrated by the circuit dia-
grams and performance of a commercial linear amplifier.

INTRODUCTION

ZTTYHE RADIO ENGINEER with his newly found
(J[ knowledge in radar and television might look upon

the nuclear instrumentation field as a logical one
in which to employ his talents. This step follows be-
cause the nuclear field employs to a considerable extent
the same pulse techniques that were exploited so suc-
cessfully by the radio engineer during and after the war.
One of the purposes of this article is to point out wherein
the techniques and the experiences in the two fields are
similar, yvet different.

Obviously, the radio engineer must obtain some back-
ground in the nuclear field before he can successfully de-
sign apparatus for it. The linear amplifier is one nuclear
device which the radio engineer can design and improve,
once he understands the conditions under which ‘the
amplifier is to be used. First then, what is a linear am-
plifier to the nuclear physicist and engineer? A linear
amplifier is an alternating-current amplifier intended for
the amplifications of pulse signals which arise in detec-
tion instruments because of the disintegration of radio-
active materials. These pulses, like the disintegrations,
are completely random in time and usually random in
amplitude. Instruments which detect these disintegra-
tions can be built so that the output voltage from them
is a measure of the energy of the disintegration. There-
fore, the amplifier which receives its input from the de-
tecting devices must not change the amplitude relation-
ship of the various signals which enter it if the output of
the amplifier is to be a true measure of the nuclear disin-
tegration energy.

The problem of designing an amplifier for use with
random pulses is different from that usually encoun-
tered in the communications field.! In television or radar
work, discrete numbers are usually associated with repe-
tition rates of pulses or pulse widths. These discrete
numbers tie into considerations of frequency response
and signal-to-noise ratios of receivers and amplifiers.
The linear amplifier on the other hand might be called
on to handle pulses having peak amplitudes anywhere
from 10 microvolts to 50 millivolts. The impedance level

* Decimal classification: R363.141. Original manuscript received
by the Institute, January 16, 1950.
t Westinghouse Atomic Power Division, Pittsburgh, Pa.
YW. L Jordan and P, R. Bell, “A general purpose linear am-
plifier,” Rev. Sci. Instr., vol. 18, pp. 703-705; October, 1947,
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at which these pulses are generated is usually extremely
high in the order of many megohms. The width of these
pulses might vary from 10~? seconds to 10~? seconds,
and any of these possible combinations of pulses may
occur at a random time. The amplifier must then be ex-
tremely flexible in order to handle these pulses satisfac-
torily.

Fig. 1 shows a typical laboratory setup in which a
linear amplifier might be used. An ionization chamber,
proportional counter, or scintillation counter is used to
convert the nuclear energy into pulses. All of these de-
vices are similar in that pulses are generated at a high
impedance level. These pulses are then amplified faith-
fully in amplitude by the linear amplifier system. The
system usually includes a preamplifier and a main am-
plifier. The cutput of the amplifier then feeds an operat-
ing device or circuit.

— — j e
PARTICLE
MAIN OPERATING
DETECTION PREAMPLIFIER
{ DEVICE AMPLIFIER OEV.CE

Fig. 1—Typical experiment using linear amplifier.

These operating devices may be of several types, all
of which might affect the design of the amplifier. The
most common circuit employed following a linear am-
plifier is a pulse height discriminator. In simple terms,
this is merely a circuit for passing all signals above a
discrete amplitude. A pulse height discriminator is fre-
quently built on the same chassis as the linear amplifier.

Other operating devices which are used are:

1. Oscilloscopes

2. Pulse height analyzers (for seclecting only those
pulses whose amplitudes lie between two discrete
levels)

3. Time-coincidence or anti-coincidence circuits

4. Integrating circuits

5. Counting rate meters.

These circuits will be fully described in the other
articles in this series.

Before attempting to lay down the requirements of a
linear amplifier, it becomes necessary to examine closely
the origin of the pulses and their form.

Fig. 2(a) shows a typical detector such as an ioniza-
tion chamber connected to the grid of a vacuum tube.
The ionization chamber contains a large number of gas
molecules, and the passage of an energized particle
through the chamber ionizes many molecules. Sufh-
ciently high voltages are placed across the plates of the
chamber to collect most of these ions. The charge which
is liberated upon the collision of the energized particle
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with the gas molecules is collected then on the chamber
plates and produces a minute voltage step across the
capacitance of the chamber. The input capacitance of
the vacuum tube is effectively in parallel with the ca-
pacitance of the chamber, as is the grid leak resistor. In
order that the maximum voltage should appear at the
trid of the input tube, the grid leak resistor is made very
large so that no charge leaks away during the time of
ion collection. '

PLATE
CIRCUT

=CILE

- 1§
VOLTAGE * -

DECAY AT TIME
CONSTANT R(C+Cypp

T

ONIZING
EVENT

c

HY BIAS
(a) (b)

Fig. 2—(a) Detector input circuit. (b) Pulse shape at input grid.

When the chamber is filled with gases, such as argon
or carbon dioxide, the negative ions are electrons. These
electrons are collected by the chamber quite quickly, in
the order of 1 microsecond. However, when gases such
as air or chlorine are used, the negative ions are charged
molecules. These molecules are collected slowly in the
order of 100 to 1,000 microseconds. The electron collec-
tion case is the most frequently used at present.

During the pulse formation, the amplifier input ap-
pears to be capacitive, and the pulse shape appears as
shown in Fig. 2(b).

OVER-ALL AMPLIFIER REQUIREMENTS

The requirements of the linear amplifier are deter-
mined then by the input pulses and the output operat-
ing devices. A good amplifier should meet certain re-
quirements in the following categories.

A. Stability

Because it is desired to maintain a linear relationship
between the energy of the input ionizing particle and the
output voltage pulses from the amplifier, the stability of
the gain of a linear amplifier is more important than the
gain itself. The two principal causes of amplifier insta-
bility are, first, variation in the power supply voltages
and, second, variation in components and tubes with re-
spect to time and temperature. The variation of gain of
power supply voltage can be minimized to a great extent
by using highly regulated power supplies in both plate
and filament supply. Stabilizations in the order of one-
half per cent are commonly used. Negative feedback is
used to offset the change of component values with time
and temperature, and the more feedback that can be em-
ployed, the stabler the resulting amplifier. The types of
circuits used to obtain this feedback will be described

later.
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B. Input and Output Voltages

The wide range of input voltages from 10 microvolts
to 50 millivolts means that care must be taken to pre-
vent the amplifier from overloading under large signal
conditions. One type of experiment which is performed
is to measure the number and heights of a series of large
pulses originating from alpha particle or fission fragment
disintegrations in the presence of a large number of
smaller gamma-ray induced pulses. In this instance the
larger pulses must not be blocked by the smaller ones
building up.

Conversely, one might wish to measure small pulses
in the presence of large ones. For example, in measuring
the energy of beta rays, one would like to measure down
to very low cnergies, hut at the same time large pulses
(high energy ones) overload the amplifier and may cause
multiple small pulses. This condition limits the ampli
fier gain or the minimum setting of a pulse height selec-
tor,

Because the output of the amplifier must feed so many
different types of circuits, it is desirable that the output
impedance of the amplifier be as low as possible, yet the
voltage output also be high. These two requirements
cannot be met simultancously without using large vac
uum tubes. Commercial amplifiers have adopted the
expedient of having two outputs. One output might be
a low voltage low impedance output of about § volts at
50 ohms, and the second output might be at a higher
voltage and impedance level of 100 volts at 1,000 ohms.

C. Gain

The gain of the lincar amplifier depends on the meas-
urement performed. This measurement will usually
specify the bandwidth required. Typical gain figures of
a commercial amplifier might he as given below:

10 to 100
2,000 to 20,000.

1. Preamplifier gain
2. Main amplifier gain

As the techniques of improving these amplifiers with
respect to signal-to-noise ratio become better known,
the desire for more sensitivity on the part of various ex-
perimenters will conceivably push the over-all gain re-
quirement to 3,000,000 to 4,000,000.

D. Linearity

The linearity of the amplifier amplitude response is
particularly important. The operating device shown in
Fig. 1 might be a multiple channel pulse height selector.
In this case, the more channels that are used the better
the linearity of the amplifier must be, in order to prevent
a false output indication. Linearitics of 0.5 per cent or
better are often required.

It is usually possible to operate the early stages of the
amplifier on a linear portion of their characteristics, but
it is the output stages which cause most of the nonlin-
earity difficulties. If the amplifier js designed and used
so that a discrete polarity of pulse can be made to occur
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at a given output stage, this stage can be biased to ob-
tain a maximum linear range. Negative feedback again
is used to combat nonlinearity.

E. Frequency Response

The frequency response of the amplifier must be ad-
justable. This response may be determined by the sig-
nal-to-noise ratio or by other conditions, such as resolu-
tion. In discussing the response of an amplifier of this
type, it is more customary to discuss the rise and decay
time of pulses, rather than the frequency response, as
the amplifier's main function is to amplify pulses. In
general, the amplifier must be capable of passing fre-
quencies from 30 cycles to 5 Mc. In the pulse notation
the amplifier might have rise times adjustable from 0.1
microsecond to 20 microseconds and decay times of 50
microseconds to 0.2 microsecond. These rise times and
decay times are obtained by manipulating a front panel
selector switch which chooses a frequency response and
corresponding gain of the amplifier. The parameters are
occasionally adjusted so as to keep the noise output
nearly constant.

F. Prevention of Spurious Counting

In operating devices such as pulse height discrimina-
tors, the amplifier should not introduce appreciable
sources of error. These errors might be broken down into
three main types, i.e., extra pulses, loss of pulses, or dis-
tortion of pulse amplitude.

1. Extra Pulses. In working the amplifier with low
amplitude pulses, it is conceivable that noise bursts may
arise which are greater in amplitude than the pulses be-
ing measured. These noise pulses may originate either
externally or internally with respect to the amplifier.
Microphonics are particularly good sources of extrane-
ous counts in these wide-band high-gain amplifiers, em-
ploying high g tubes with small element spacing. Some
manufacturers actually shock mount the tube sockets of
the first few tubes of the circuit in an effort to reduce
microphonics.

Insulator noise is also a common source of extraneous
counts. Some of the insulators in the preamplifier are
subjected to moderately high voltages and very small
corona discharges can take place, especially at high
humidities. Special care must be taken to coat these in-
sulators. High voltage connectors from the preamplifier
to the ionization chamber must also be designed for low
noise output.

Electric motors and other sparking devices cause
spurious pulses both by direct radiation into the ampli-
fier and by conduction through the power lines. For ac-
curate work, a power line filter is a necessity; and radio-
frequency chokes should be built into the power supply
leads of the amplifier, Direct radiation effects can be re-
duced by complete shielding of the amplifier.

Multiple ground connections between detector, pre-
amplifier, main amplifier, and operating device are to be
avoided whenever possible.
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Another source of spurious counting in the output
circuit may be caused by background pulses piling up.
In some cases radiations of smaller energy than those
which are being measured may be present in many times
the quantity of the desired radiation. Occasionally, the
probability of a large number of these random pulses
piling up to give a pulse which could be recorded by the
amplitude discriminator occurs. This effect may be
minimized by using pulses of short duration. Electron
collection in the ion chamber is a popular means of ob-
taining these short pulses.

2. Loss of Pulses. The amplifier must also not sup-
press any of the pulses which it is desired to measure.
It is conceivable that a noise burst could come along in
the proper phase to cancel out a desired pulse. This
possibility and the possibility mentioned above of a
spurious pulse entering the counting circuit usually can
be eliminated by having large signal-to-noise ratios. A
signal-to-noise ratio of about five to one is usually suf-
ficient to eliminate this source of error. Another source
of pulse suppression is due to the overloading of the am-
plifier. If an extremely large pulse comes along, it is
possible that the large pulse might block one of the last
stages of the amplifier, and thus one of the smaller nor-
mal size pulses might be lost during the time in which
the amplifier is blocked. This condition can also be min-
imized by proper design, and circuits to prevent block-
ing are presented later in this article.

3. Distortion of Pulse Amplitude. If the pulse shape is
distorted by the amplifier, then it is conceivable that a
wrong output amplitude may operate the discriminator
circuit. Noise riding through on top of a pulse might
cause the discriminator to operate, even though the
pulse itself is not large enough. Another type of distor-
tion which may occur is a ringing overshoot following a
large pulse which may or may not overload the ampli-
fier. The ringing will appear as many small pulses.

PREAMPLIFIER

The preamplifier design is similar in philosophy to
those used in radar equipments. It is usually mounted
very closely to the radiation measuring device, and it is
connected to the main amplifying section by means of a
low impedance cable. Many special nuclear require-
ments may be asked of the preamplifier which might
cause its physical shape to differ radically from radar
preamplifiers. For example, it may be required to work
in a high radiation field; or if it is being used near a nu-
clear machine such as a cyclotron, it might be required
that the preamplifier operate in a high magnetic field.
Generally speaking, though, the preamplifier is an im-
pedance changing device to carry the pulse information
from its high impedance source to the low impedance
input of the amplifier proper.

The high voltage supply lead for the detecting device
is usually brought in through the preamplifier. Voltages
below 1,000 volts are handled in this manner; higher
voltages might require separate connections.
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The capacitance of the input signal lead from the de-
tector should be kept as tow as possible. The magnitude
of the input signal is inversely proportional to the input
circuit capacitance, and only a few feet of low capaci-
tance coaxial cable can be tolerated.,

The gain of the preamplifier is again a function of the
measurement to be performed. When proportional count-
ers or ission chambers are used as the detector clement,
very large pulses can-be realized in their outputs. Then
the preamplifier can have a gain of roughly one and be
merely an impedance changer. For other types of detec-
tors a gain of as much as 100 may be desirable.

The noise tigure of the entire amplifier is governed by
the circuit and components of the first few stages of the
preamplifier. The design of these input circuits for low
noise output is one of the fundamental problems in
lincar amplifiers. This problem difiers somewhat from
the problems in radio receiver work. A broad statement
can be quoted from the radio engineers’ bible,? “The ul-
timate limit of signal-to-noise ratio is obtained when the
recciver bandwidth has the minimum possible value,
and all the noise in the receiver output is caused by
therma! agitation in the input circuit to the first tube.
et us examine the input circuit of the first stage of a
lincar amplifier to see how the receiver criterion holds
for linear amplifiers.

From Fig. 2 the input circuit mayv be represented as
shown in Fig. 3(a).
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Fig. 3—(a) Input circuit. (1)) Thermal noise equivalent circuit.
(c) ldealized frequency response of amplifier having a discrimina-
tor circuit.

From the standpoint of thermal noise, this circuit
may be considered as shown in Fig. 3(h).

The noise 17, is the root-mean-square thermal noise
voltage originating in the resistor R, This voltage has
been shown? to he

V. = V4KTdfR, (n

*F. E. Terman, “Radio Lngineers Handbook,” McGraw-Hill
Book Co., Inc., New York, N. Y., p. 648; 1943,

2 J. B. Johnson, “Thermal agitation of electricity in conductors,”
Phys. Rev., vol. 32, p. 97; July, 1928,
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where K is Boltzmann's constant and 77 is the tempera-
ture in degrees kelvin, The thermal noise output voltage

I'wwe then hecomes

Vo =1 (2)

but in order to obtain the maximum signal from the
ionization chamber, RC must be very large compared
with the pulse width. Then if Cis fixed and R>(1/w()
at any frequency within the pass hand of the following
amplitier, 7(1/wC) can be neglected in the denominator,

|
7
w( VARTdf 1
Fout iy — / ’ 14’
R V'R w(’

As noise power is an important quantity for signal-to
noise considerations, the mean-squared voltage is of sig
nificance

. HARTdy 1
[ sut’ : (4}

R Wi

Integrating this quantitn  over 1he amplifier pass

band
L. KT 1 1
’ ] tut" ‘/’ ( ).
J RCm\f g,

and in wide-band amplifier work 1/f:<1/f,.
Iherefore, the average thermal nojse power over the
amplifier bandwidth hecomes proportional to

U

KT
— (6)
RC:xf,

This result is significant in that the proper value of R
tor use with an ionization chamber has been previoush
shown to be very large: and from the standpoint of
thermal noise reduction R should also be made very
large. In fact because of this fortunate circumstance, R
can be made large enough that thermal noise usually
does not enter as a factor in the design of lincar ampli-
ficrs. In the case of very slow amplifiers, that is, ampli-
fiers for wide pulses having a low value of fi, the ther-
mal noise can become appreciable and must be consid-
ered.

As will be shown later, most amplitiers employ a dif
ferentiating network somewhere in the circuit. In the
ideal case this differentiator modifies the over-all fre-
quency response to appear as shown in Fig. 3(c). With a
pass band of this type the thermay) noise becomes

KT (fn i
RC*x? Ja? ’

(5a)

-
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which reduces to
_i\_I.‘ _1_, (6a)
RC?*n? fo
when f.>>fi. It is interesting to note that the noise de-
termining parameter has now become f, rather than fi.
Thermal noise, however, is still comparatively unimpor-
tant as long as R is large.

It is necessary then to examine briefly the other
sources of noise voltage in an input circuit. These other
noises are the familiar shot effect noise, grid current
noise, and flicker noise.

Shot noise arises from the fact that the electron emis-
sion from a cathode is in a large number of discrete units
which are random in character. The plate current of the
tube will therefore have superimposed upon it a random
noise.

It has been shown* that this noise voltage can be de-
fined roughly by

_ 2.5
l’shl’)t‘Z = 4KT—_ (f? - fl)1

gm

(7)

for the conditions generally found in a linear amplifier,

where K = Boltzmann's constant
T=290°K
f»=upper frequency cutoff
fi=lower frequency cutoff
¢n = transconductance of the tube.

The factor 2.5 arises as an empirical space-charge re-
duction term.

From equation (7) it can be seen that in choosing a
design, the highest g, tube should be used. The shot
noise also increases with the bandwidth of the amplifier;
or from (7), the noise is a function of the upper fre-
quency of the amplifier, as f; is usually very much larger
than fi. It can also be shown* that triodes give less shot
noise than pentodes, provided that the Miller effect can
be tolerater.

For the case of the amplifier with the ideal triangular
pass band caused by the differentiating network, the
equation for the shot effect noise becomes

2.5(f23 —fﬁ)

gn [
Grid current noise arises from a superimposed random

electron flow on the grid current. Grid current noise for

the lincar amplifier, ionization chamber input circuit
combination may be shown to be roughly

2irli 2 ( fll - }) '

¢ A. BB. Gillespie, “An Introduction to AC Amplifiers for Nuclear

i’(hl);sics Research,” United Kingdom Atomic Energy Report AE-
{1010,

l

'

KT (7a)

Vll'xol.2 =

sz (8)
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The corresponding differentiated case becomes
elg (fz_— fi )
e\ f )

e = electronic charge =1.59X107!* coulombs
I,=the grid current
C=the total input capacitance of the chamber and
input circuit.

[/‘ ”2 - (8;1)

when

This equation indicates that a tube with low grid cur-
rent should be used for lowest grid noise. Also the low-
frequency cutoff point should be made as high as possi-
ble. Grid current refers to the total ionic and electron
currents. It is usually desirable to bias the tube at a
point where the ionic currents predominate as the elec-
tron current rises quite sharply as the grid approaches a
positive voltage operating region. Tubes with very high
vacuum, of course, would have low ionic grid currents.

Flicker noise is assumed to be caused by random vari-
ations in the cathode emitting surface giving rise to
fluctuations in the anode current. This effect is usually
not very large and can be given roughly by*

J2

V2= 10"%1n"—, 9
1
and for the amplifier with the differentiator
2 2
V=10 la(fz _,fl—). (92)
S

Here the noise is dependent only on the ratio of f2 to
f1, and not on the position of the band in the spectrum.
Obviously, this ratio should be kept as small as possible.

In order for the reader to obtain a feel for the order of
magnitude of these noise voltages, the following example
is presented. Let us assume a lincar amplifier working
with an ionization chamber. The input tube is to be a
6AKS5 having a ga of 5,600. The total chamber and in-
put capacitance is to be 30 puf; the grid current= 108
amps, fi=10 ke, f2=1 Mc. Then using equations (7),
(8), and (9),

Vehor = 2.67 microvolts
1",e = 3 microvolts
17, =0.68 microvolts

Vi = 4.1 microvolts (noise voltages added in quad-

rature).

AMPLIFIER

The preamplifier connects directly to the main por-
tion of the linear amplifier by means of a low impedance
cable, and all of the bandwidth considerations can be
made in the main amplifier.

The bandwidth of the amplifier again is a function of
the type of experiment to be performed. In general, four
considerations are apparent in the selection of the am-
plifier bandwidth. These are:
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. Signal-to-noise ratio

. Resolution of pulses

. Constancy of gain with particle collection time
. Pulse background.

W N =

A. Signal-to-Noise Ratio

The approach to the problem of obtaining a good sig-
nal-to-noise ratio from the standpoint of reducing noisc
has just been treated in the preamplifier section. The
reduction of noise calls for a reduction of bandwidth and
naturally this bandwidth reduction affects the signal
amplitude adversely. Methods for obtaining the opti-
mum signal-to-noise ratio are complex*?® and beyond the
scope of this paper. For experiments in which the pulse
rise time is known, a general rule can be laid down which
will result in the amplifier having a good signal-to-noisc
ratio close to the optimum one. First, the shot noise and
the grid noise should be made approximately equal by
methods other than juggling the bandwidth. To reduce
shot noise, the input tube g, might be increased. If the
grid current noise is too large, proper selection of tubes
and bias voltage can be helpful in causing a noise reduc-
tion. Define T as the pulse rise time, T as the time con-
stant corresponding to a low-frequency RC band pass
determining network, and T as the time constant cor-
responding to a high-frequency RC band pass determin-
ing network. These relationships are shown in Fig. 4.

< R

o 2
weor T Finrmire o
PULSE BANDWIDTH = TR
AMFLIFIER 2
Ry i) C— —J T,* R,C,
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Fig. 4—Bandwidth reduction constants.

Then if these time constants are set so that I'=05T
and 71/T,=2, a good signal-to-noise ratio will result.

B. Resolution of Pulses

Good resolution permits high counting rates and also
reduces the pile up of pulses. Short resolving time is im-
portant to separate the pulses completely from each
other. This permits high counting rates and enables one
to count, say, alpha particles or fission particles in the
presence of a large gamma background. In coincidence
experiments short pulses reduce the random coincidence
rate, but leave the time coincidence rate unchanged. It
is evident that the narrower these pulses are, the more
accurate will be the time coincidence counting rate.
This fact calls for the amplifier to faithfully reproduce
the edges and top of the pulse. The condition is analo-
gous to the similar problem in radar receivers when it is
desired to separate one echo from another. It has been

8 W. C. Elmore, “Electronics for the nuclear physicist,” Nu-
cleonics, vol. 2, pp. 16-23; March, 1948,

shown® for maximum signal-to-noise ratio that the fre-
quency response for the radar receiver should be the in-
verse of the pulse width. However, for better resolution
radar reccivers are built with bandwidths 1.5 to 10 times
this value. A similar condition exists in linear amplifier
design. In order to obtain good resolution the band-
width should be made as wide as practical at the ex-
pense of signal-to-noise ratio.

C. Constancy of Gain with Particle Collection Time

The time of collection of ions in an ionization chamber
will vary somewhat. This means that the rise times of
the output pulses will not all be the same. The amplifier
bandwidth again must be adjusted at the expense of
signal-to-noise ratio to eliminate variations in ampli-
tude as a function of rise time. An attempt should bhe
made to eliminate variations in rise time by properly
designing the geometry of the detecting chamber. If this
cannot be done, a compromise must be made with sig-
nal-to-noise ratio. The best bandwidth is usually found
by experiment.

D. Pulse Buckground

It has been mentioned that certain experiments call
for the measurement of large pulses in the presence of a
multitude of small ones. The background pulses will, in
general, have the same time of rise and pulse width as
the desired pulses. The probability of the smaller back-
ground pulses building up to a large pulse depends upon
the width of the background pulses, assuming that the
background pulses occur at a given mean rate. The am-
plifier then must not broaden the pulses, and conse-
quently, it should again have as large a high-frequency
cutoff as is consistent with a usable signal-to-noise ratio.

The past few paragraphs have indicated the operating
procedure in sctting up the bandwidth for use with a
particular experiment. It should be peinted out also that
in some instances it becomes desirable to reduce band-
width from the indicated optimum because of micro-
phonics and external noises. ere the procedure is to
raise the low-frequency cutoff. Amplifiers which do not
pass frequencies below 100 ke are usually not troubled
with microphonics.

DIFFERENTIATING NETWORKS

The ionization chamber and its associated networks
are essentially an intcgmting device. In order to obtain
some semblance of the original pulse of ionization, it is
usually necessary to differentiate later in the circuit.
The use of a differentiating network is familiar to radar
engineers. In radar receiver work, a circuit known as
FTC (Fast Time Constant) is switched into the video
circuit in an effort to remove objectionable large block-

J s Alndrcw V. Haeff, “x\lini;num detectable radar signal and its
epencence upos parametersof radar systems. ” >
o hes Rovember: fo30) ystems,” Proc. LLR.E., vol. 34,
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ing echoes. In linear amplifier design, a similar differen-
tiating network is used.

The differentiation network is usually inserted be-
tween the preamplifier and the main amplifier. One
might insert the differentiating network at the input of
the preamplifier. This step would mean placing a small
resistance across the detecting device. As has been
shown previously, the low resistance is not desirable
from the standpoint of signal to noise ratios. A loss in
this ratio of abcut 20 db might result from the use of
this low resistance. On the other hand, if the differ-
entiator were placed near the output, the pile up of
pulses might be so large that it would be most difficult
to design circuits which would not overload. The junc-
tion of the preamplifier and the main amplifier then be-
comes a logical place to insert this network.

Differentiation is customarily performed in one of two
manners; either a simple RC coupled circuit is used, or
delay line coupling may be employed. Fig. 5 shows the

I~ AL
Qs P b
l\:/ 3

: o]

ue L 4

(a) (b)
Fig. 5—(a) Elementary circuit for RCdifferentiation. (b) Elementary
circuit for delay line differentiation.

clemental form of these circuits. The time constant of
the RC network is usually of the order of magnitude of
the rise time of the pulse. The input pulse to the dif-
ferentiating network appears as is shown in Fig. 6(a).
The output pulse looks similar to that of pulse B in Fig.
6. The advantage of delay line coupling over RC cou-
pling is that the output pulse is a little steeper on the

(d)

Fig.,6—(a) Typical input pulse. (b) Typical differentiated pulse.
O] Gracefully overloaded pulse. (d) verloaded pulse from con-
ventional amplifier circuit.
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rear edge and is of constant width at the base. Certain
types of pulse height discriminators are susceptible to
variations in pulse width, and for accurate work with
these discriminators, delay line coupling is required.
Another advantage of the delay line coupling is that it is
usually possible to obtain slightly better resolution, that
is, to detect pulses closer to the rear edge of a preceding
pulse. One disadvantage of the delay line type of cou-
pling is that the noise output is increased a small
amount. This comes about inherently in the method of
production of the differentiated pulse. The delay line
operates so that a pulse is sent down the line, and a re-
flected pulse is obtained from the line. This reflected
pulse is added to the original pulse out of phase, and the
sum of these two pulses forms the resulting differen-
tiated pulse. However, the noise from the reflected
pulse adds up in quadrature with the noise from the di-
rect pulse.

The advantage of the RC differentiation is usually its
simplicity. Only two circuit elements are involved, and
the value of these elements can be changed easily to
match the high-frequency cutoff of the amplifier. These
functions are usually ganged in commercial amplifiers.

AMPLIFIER CIRCUITS

It now becomes of interest to examine the types of
circuit configurations that are used in these amplifiers
to obtain voltage gain. Simple direct circuits are rarely
used in linear amplifiers because of their nonlinearity,
instability, and tendency to overshoot. Conventional
video-amplifier type of circuits with shunt or series
peaking for high-frequency compensation are also sel-
dom used. The types of amplifying circuit which appear
most frequently in laboratory and commercial linear
amplifiers are shown in Fig. 7. Circuit 4 of Fig. 7 shows
a cathode-coupled amplifier-type of stage which is pos-
sibly the simplest circuit used. This circuit is familiar to
radio engineers as an input circuit for oscilloscopes. In
the linear amplifier usage, pairs of these tubes, as shown
in the diagram, are coupled together to form a complete
amplifier. The cathode-follower half of the amplifier has
a low input capacitance, and the frequency range of the
first gain producing tube can be extended. The total
capacitance loaded onto the first tube plate circuit can
be further minimized by the use of miniature twin triode
tubes, such as the 12AX7. The connection from the
plate to the grid can be made directly across the tube
socket, and very little extra wiring capacitance intro-
duced. These capacitance effects in this circuit are so
small that the triode tubes can be used to frequencies of
4 and 5 Mc. The rise time can be made extremely fast
as no large amounts of feedback are present. The dif-
ficulty with this amplifier lies in the fact that it soon be-
comes nonlinear; and although its stability is better
than that of the single stage conventional amplifier, its
stability does not compare with some of the more com-
plex feedback type of circuits.
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Circuit B of Fig. 7 shows a schematic diagram of a
feedback pair type of amplifier section. This type of
circuit will give better over-all performance than that
of the previous amplifier at the expense of a little more
complication. Previous circuits may he designed so that
negative signals appear at the input terminals of the
pair. The constants of the pair may then be adjusted so
that, without too much loss in gain, the positive signal
appearing at the second grid is limited to a value that
does not cause grid current to flow. In addition to this
effect, feedback reduces the overshoot of the interstage
coupling circuit by a considerable factor from what it
would be in the absence of feedback.? A reduction of six
times in the amplitude of the overshoot is quite possible.

8+ ’80

(a) INPUT " I \—~/
é o ———~oureur
B
S -+
v ‘Y‘ - ~8+
. 13
AAAAA- + ~=OUTPYT
/J
= (===%4
) f {‘\;/'
g P
§ 0§ = =
L4 .
———— - 4B+
H H
i‘ '] l\f' 1
i 1 1 -
g Y T
(c) weur ' \¢ > T1 /7 _
% u,% T Gureur
1
R
-g- ANy —_
e
Cs

Fig. 7—Amplifier sections used in linear amplifiers. (a) Cathode-
coupled. (b) Two-tube feedback pair. (c) Three-tube feedback
pair.

By far, the most popular type of amplifier circuit for
this service is the three tube feedback pair shown in Fig.
7(c).! This circuit has the advantages of high stability,
good linearity, and reasonably fast rise time. The gain
of the pair depends on the amount of feedback from the
third cathode to the first one and is ordinarily adjusted
to be between 20 and 100, It will be recalled that in
feedback amplifier design, the gain=u/14uB where M
is the gain of the system. Where ug is large compared to
one, the gain is determined solely by 1/8. This condition
usually holds for this type of feedback pair and in Fig.
7(c) the gain is determined to an accurate degree by
(Rs+ Ry /Rs.

The design factors for stability of feedback amplifiers
of this type are well known 89 and it is sufficient to sayv

7G. E. Valley, Jr.,and H, Wallman, “Vacuum Tube Amplificers,”

McGraw-Hill Book Co., Inc., New York, N. Y., pp. 135-136; 1948,
8 H. Nyquist, “Regencration theory,” Bell Sys. Tech. Jour., vol

11, p. 126; January, 1932,
* See pages 395405 of footnote reference 2.

PROCEEDINGS OF T'HE LRI

May
that good stability results when the gain falls off at hoth
ends of the frequeney range at a rate of 6 db/octave.
This can be accomplished in this feedback pair by mak-
ing R;Cy=R;Cy in IFig. 7. In this manner the gains and
phase shifts of these networks can be halanced and leav-
ing the time constant of K,Cy to determine the low-fre-
quency cutoff. As a single RC network fortuitously has
an_approximate 6 db/octave dropoff, the stability
criterion 1s realized,

Actually a 6-db/octave dropoff on the high-frequency
end of the band does not give the sharpest rise time with
the smallest overshoot. 1t has heen shown!® that a gitus
sian frequency dropoff, with the phase linear over the
pass hand, gives a very fast rise time with an overshoot
of less than 2 per cent. The capacitor Gy is adjustable so
that the best rise time with the smallest overshoot man
be obtained from a given circuit. In lincar amplifier
practice this capacitor is usually adjusted by means of a
good pulse generator and sy nchroscope. The adjustment
of this parameter does not usually disturh the circuit
stability.

It will be noted that 180° of phase shift is ultimatels
reached on the low-frequeney side of the band bee {use
of the RC coupling networks and on the high-frequency
side because of input, output, and stray capacitance. As
the Nyquist® eriterion calls for the gain to drop helow
unity before 180° phase shift is rcached, the circuits as
shown are quite stable. However, this stability can cas-
ily be upset by improper B4 decoupling networks, or
by improper loading of too much capacitance on the
output.

If the pulse polarity can he specihed, it is possible to
bias the tubes in the PAir in an asymmetrical manner
and thus achieve a larger lincar operating range for the
pair. This step is taken for pairs used in the last stages
of the amplifier,

AMPLIFIER Qv RLOAD

The problem of amplifier overload is a serious one.
Very wide pulse height distributions must be handled.
The very large pulses will overload the amplifier if the
gain is made large cnough to examine the smallest
pulses. These overloads produce large overshoots which
obscure the smalter pulses. The overshoots are usually
caused by grid current somewhere in the amplifier. Some
form of overshoot occurs in amyoac amplifier because of
the necessary coupling clements, The overshoot, of
course, can be reduced by having large time constant
coupling circuits, and can e made single valued by
making one of the coupling circuits have a much shorter
time constant than the others, This step is taken by the
differentiating network., Double differentiation, as in
radar FTC circuits, can he avoided by making one other
time constant of the circuit at least 100 times the short-
est one. Then all of the rest of the time constants shoull
be large compared to this sccond one. If no precautions

1% Sce page 80 of footnote reference 7,
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are taken along this line, the amplifier will have over-
shoots which will cross the baseline as many times as
there are coupling circuits in the amplifier.

The manner in which a pulse overloads is of impor-
tance. Pulse C of Fig. 6 shows an overloaded pulse which
has overloaded gracefully. By overloading gracefully is
meant that the portions of the pulse near the base within
the operating range of the amplifier are amplified suc-
cessfully, and no additional wiggles or overshoots are
introduced. Pulse D of Fig. 6 shows an overloaded con-
dition which might exist in simple amplifiers. Here the
overshoot crosses the base line and might possibly bein-
terpreted as an additional pulse. These spurious over-
shoots, which are caused by grid currents charging up.
coupling condensers, can be avoided only by special care

The simplest method which may be employed is not
to permit the amplifier to draw grid current under any
conditions. In certain amplifiers it may be possible to
operate the last tubes in the circuit in such a manner
that the large overloading pulses cause the grid to go
negative. Series and shunt diode clipping is often em-
ployed to prevent the pulse peaks from becoming too
large. Fig. 8 shows a simple type of shunt diode clip-

Fig. 8—Shunt diode clipping circuit.

ping. The pulse appears as a positive signal on the grid
of the tube. The variable resistor is used to set a posi-
tive bias on the diode. When the pulse amplitude exceeds
the bias level, the diode starts to conduct and load down
the plate circuit of the previous tube. As the diode for-
ward resistance is usually low compared with the pre-
vious plate circuit resistance, pulses of amplitude above
the bias height are flattened off.

Another scheme, which is commonly used in radar
receivers to prevent blocking, is to adjust the param-
eters in the plate and grid circuits so that the grid cur-
rent cannot seriously affect the time constant. Fig. 9
shows two circuits which have effectively the same gain
and the same time constants. Fig. 9(a) has the possibil-
ity of grid current flowing, charging up the coupling
capacitor, and completely blocking the stage. Fig. 9(b),
on the other hand, can have the 1 K resistor completely
shorted, and yet only change the time constant by S per
cent. Grid current blocking is then prevented. The dis-
advantage of the circuit of Fig. 9(b) is that the plate re-
gistor must be held to a reasonably low value, hence the

Schultz: Linear Amplifiers
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coupling capacitor must be very large if a large time con-
stant is to be achieved.

Another method of reducing charging current in the
coupling capacitor is simply to eliminate the coupling
capacitor and to direct couple some of the offending
stages. One or more of these devices is used in the prac-
tical laboratory amplifier.

én( 20K
. A
o 4 ( ) 1 -)
) o] ‘O " J
Mo o 31K
;’lMEG
(a) (b)

Fig. 9—Coupling circuits. (a) Conventional constants. (b) Constants
to prevent grid current blocking.

OurtpuT CIRCUITS

‘The requirements of an output circuit are that it have
good linearity, low input capacitance, low output im-
pedance, and a high output voltage. The cathode-fol-
lower circuit basically meets all of these requirements.
Linearities of 1 per cent can be achieved with a carefully
designed circuit. The input capacitance of a triode cath-
ode follower circuit is Cin= Cgp+ (1 —G)Cqr where G is
the gain of the circuit, Cg, the plate to grid capacitance,
and Cg the grid to cathode capacitance. This capaci-
tance can be made to be in the order of 1.5 uuf, which is
quite satisfactory. The output impedance of the triode
cathode-follower circuit is approximately Rix/(1+gmRs)
where Ry is the cathode load resistance. This impedance
is usually between 50 and 100 ohms. Output voltages of
100 volts are achieved in commercial amplifiers.

)
-105V.

-300V.

Fig. 10 —Direct-coupled three-tube feedback pair output circuit.

In case one desires greater linearity of output at a
lower impedance level than is obtainable from a cathode
follower circuit, there are several other output circuits
which may be used. All of these other circuits are multi-
tube ones having none of the simplicities of the cathode
follower. Fig. 10 shows the schematic diagram of a dc
coupled three-tube feedback pair which has been used
successfully for a fixed experiment requiring excellent
lincarity at a low impedance output. This circuit has a
frequency response from 0 to 200 ke, and is used for
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slow rising wide pulses. The 1,000-ohm potentiometer
in the circuit is adjusted for an over-all circuit gain of
one. Fig. 11 is a curve showing the linearity of this cir-
cuit. It will be observed that for input pulses in excess
of 4 volts, the output follows faithfully to within 0.3 per
cent. Although the circuit may be adjusted to make the
lincarity better at lower input voltages, the low inputs
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Fig. 11—Linearity of dc feedback pairasa
function of input voltage.

are usually unimportant as they are masked by noise
and are cut out by the discriminator.

Fig. 12 shows the internal impedance of this pair as a
function of input level. Again, for signals above 4 volts,
the impedance is always under 8 ohms, and for the
higher voltages, impedances of a small fraction of an
ohm are exhibited.
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COMMERCIAL AMPLIFIER

Manv of the principles just discussed are embodied in
the commercial design of linear amplifiers. It is generally
necessary for the commercial amplifier to be an ex

remely versatile instrument to fulhill the experimental
uses to which it is put. Figs. 13 and 14 show the sche
matic diagrams of a typical commercial preamplifier
i i 1 The instrument described
is hased on the original Al amplifier described by Bell
and Jordan. The amplifier is equipped with a pulse-
height discriminator and has a high degree of stability
'ront pancl controls are provided which permit the

1 a

t ( the differentiating network to be varied
from 0.16 to 16 microseconds. The rise time of the am
can be varied from 0.2 to 2 microseconds. The

T | ion varies hetween 1,600 and 9,000,
depen the choice of input time constant and rise

[hirty db of gain control is provided by means of

The preamplifier consists of a three-tube feedback
£ 1 111

pai a cathode-follower circuit. Means
provided to supphy a de voltage for the detecting cle-

. abe AR o L i ——

Fig. 15—Photograph of preamplifier.

Figs. 15, 16(a), and 16(b) show photographs of the
preamplifier and amplifier, giving an idea as to the care
that must be taken in the layout of the components. The
units in their cases are completely shielded to avoid ra-
diation pickup. Fig. 17 shows the linearity which may be
obtained from this type of circuit. The nonlinearity is in
the order of 1 per cent.
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(b)
Fig. 16—(a) Top view of linear amplifier.
(b) Bottom view of linear amplifer.
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The Magnetron-Type Traveling-Wave Amplifier Tube?

R. R. WARNECKE, FELLOW, IRE, W. KLEENY

Summary—This
dynamic behavior of
tube.

The preliminary experimental models of the tube whose charac-
teristics are to be reported here involve the principle of the crossed,

static electrical and magnetic fields.

H casts, frequency-modulated radar, radar jom-
mers, and other equipment will probably re-

quire, in the near future, high-power microwave ampli-

frer tubes with large bandwidths.

The principle of the travehng-wave tubes of the
“Kompfner-Pierce” type suggests their use for amplify-
ing signals occupying a wide frequency range, but the
cticieney of the ordinary designs of tubes of this type is
relatively small, of the order of the ratio of the real to
the imaginary part of the propagation constant of the
amplified wave.

In the helix structure of the traveling-wave tube, the
current carried by the beam which can pass through the
helix grows with the tension 17, applied to the helix; con-
sequently, the real part of the propagation constant in-
creases while the imaginary part decreases with Vy.
With a radius of the helix corresponding to the maxi-
mum efhciency, the corresponding efficiency is approxi-
mately proportional to (A217)¥3 and, for instance,
about 10 per cent at A=10 cm, 1"y =2,500 v, and about
25 per cent at A=40 cm, 14 =8,000 v. These values are
only first theoretical approximations, but the efficiency
is effectively restricted because of the fact that only an
¢nergy corresponding to a relatively small difference
between the velocity of the electron and the phase
velocity of the wave is converted into electromagnetic
energy.

It is apparently possible to get a somewhat higher
efficiency compared to the values given above. For
example, consideration has already been given for a
long time to improving the energy exchange between an
clectron beam and the retarded wave of a helix by de-
creasing the pitch of the helix to conform with the de-
crease in the electron velocity as the energy is picked
up from the stream:! but, as far as the authors are
aware, it does not appear that this suggestion of de-
celerating the electrons to the highest possible degree in
the radio-frequency field of the delay circuit has ever
led to appreciable practical results. The reasons for this
failure are, no doubt: the difficulty of introducing a

paper deals with the design and the static and
a new, high-efficiency traveling-wave amplifier

I. INTRODUCTION
IGH-DEFINITION and color television broad-

* Decimal classification: R339.2. Original manuscript received by
the Institute, January 31, 1950,

t Centre de Recherches, Compagnie Generale de Telegraphie
Sans Fil, Paris, France,

' N. E. Lindenblad, United
tion May 4, 1940.

States Patent No, 2,300,052; applica-

, A, LERBST, 0. DOHLER®, axn 11, HUBERT

suitable change of structure; the difficulty of assod lating
such a structure with the terminal elements of the cir-
cuit, which, in practice, are most unsuitable for obtain-
ing large bandwidths; and also the reduced effic ieney
of the method when applied to high density beams of
wide diameter, in the interior of which the electrons
have appreciably different velocities in a same CrOss
section,

Analternative method of inereasing the efficiency of a
traveling-wave tube of the Kompfner-Pierce” (v pecon
sists in using a collecting anode materially separate from =
the helix and raising this anode (o a potential 17
than the helix potential 1y if the current caught hy
the walls of the retarding line is small,
the relatively small deceleration of the

lower

on account of
clectrons by in
teraction with the wave, it is possible to
small potential to the collector, which
creases the total efficiency,

apply a rather

naturally
For a given helix potential,
the deerease of anode potential is imited, primarily, In
the return of the electrons from the beam 1o the helix,
which forms a virtual cathode due to the space charge,
and also by the arrival in the helix field of the
clectrons emitted by the anode
Nevertheless, this method

n-

secondary
and caught by the helis,
can lead to appreciable
results. The efficiency can he considerably increased,
particularly where the current carried by the heam has
a relatively 10\}' density, According to the authors’ ex-
periments, for example, with a tube operating at 3,000
Me, a beam current of 100 ma and a helix potential of
3.500 v, it is possible to obtain an cfficiency of the order
of 20 per cent for Vo< Uu instead of about 10 per cent
with I, = I'”.

Another way to increase the efficieney consists in us-
ing “hybrid” structures incorporating features of hoth
the traveling-wave tube and velocity-modulated tubes.
In these deviees, clectron bunches are formed by a delan
circuit acting as a distributed huncher upon an clectron
beam. This bheam is then caused to vield s kinetie
Cnergy to a resonator.? NDeviees '
cficiencies than the ordinar
However, in spite of having greater bandwidths than
the classical amplifier klvstron, their practicability is
limited by an unavoidable selecive circuit.

In 1946, it was broposed hy
Lerbs, that using the
beams moving through
ficlds and a traveling-w

of this kind have greater
“Kompfner-Picree” tube.,

one of the authors, A.
interactions between  electron
crossed magnetic and electric
ave with an artificiallv reduced
phase velocity would result in g highly efficient travel-

R, Warnecke, W' Kleen, O Dishler
ment életronique dans tube )
d'un organe a onde pProgressive,
vol. 22‘),.]). 048; October, 1049

Application for French Patent No, 533,328, April 21, 1947,

. md H. Huber,
L modulation e
Compt. Rend.

“Groupe
VILESSC uu moyen
Acad. Sci. (Parivy,
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ing-wave amplifier tube.? The result of this suggestion
was the construction of the traveling-wave magnetron
amplifier tube, the theory and early experimental be-
havior of which are described in the following account.

I1. Tie SysTEM

Fig. 1 is a schematic cross section of an idealized
tube. Two conductors, 1 and 2, of an artificial line are
so designed as to guide the wave in the direction +y
and to retard its velocity below that of light. These
conductors function as electrodes. Conductor 1 is called
the cathode plate, and conductor 2 is to be referred to as
the anode of the discharge space. That is, conductor
2 is positive with respect to 1. An clectrostatic field E is
applied between 1 and 2 and a constant magnetic field
with a flux density B is applied in direction z.

Q 2
y ‘/_ . . -
} 2
® £ 4 g
-------------- T E ] e
. -~ NS4 2
Z Y
Z

Fig. 1-—Schematic cross section of an idealized
traveling-wave magnetron tube.

A ribbon-shaped electron beam 3, emitted by cathode
4, travels between 1 and 2 in a direction perpendicular
to both fields E and I (see Section 1V). Cathode 4,
negative with respect to 2, need not necessarily be at the
same potential as clectrode 1. At the output the beam
is caught by collector 5. At the input the delay line is
coupled to a generator by means of lead 6. The excited
wave propagated towards +y is amplified by its inter-
action with the beam, and its power is yielded to the
load coupled to the output line 7.

The similarity of this arrangement to the magnetron
is obvious. If conductors 1 and 2 were to be incurved, if
the line were closed, and if the surface of clectrode 1
were coated with an emissive material, the system would
represent a magnetron fitted with a delay line. It would
behave in a manner quite similar to the multicavity
magnetron.

The traveling-wave magnetron amplifier tube
(TWMA), compared to the magnetron oscillator, is dis-
tinguished by the provision of special elements designed
to eliminate feedback oscillations. Overreaching of the
output end by the electrons and wave, and reflections
back to the input end are avoided by proper shaping
and screcning and by the use of an attenuation in the line.

Quite simply, the TWMA is an amplifier magnetron
in which oscillations are suppressed by eliminating the

feedback that exists unavoidably in a magnetron oscil-
lator.

*See R. Warnecke and P. Guénard, Ann. Radioelec., vol. 3, p.
259; 1948, for a brief, early account of the theory of this tube.
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I11. Ting PRINCIPLE OF INTERACTION BETWEEN THE
WAVE AND THE ELECTRON BEAM

The operational principle of the TWMA is the inter-
action of the electron beam with the transverse and
longitudinal electric vectors of the traveling wave.
The fact that the transverse vector is functional repre-
sents a considerable difference between the TWMA and
the Kompfner-Pierce tube in which the transverse elec-
tric vector generally plays a negligible part and where
amplification is practically due only to the longitudinal
vectors. In the TWNM A, consider the process of electron
bunching and of cnergy transfer from the beam to the
wave. (See Fig. 2.) It is assumed that steady-state,
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Fig. 2—Diagrammatic view showing the process of the electron
bunching and of the energy transfer from the beam to the wave.
“The electrodes are numbered as in Fig. 1. (a) Plot of the electric
lines of force inside the interaction space. (b) Shape of the beam
acted upon by the wave.

straight trajectories run parallel to y. In the orthogonal
fields E and B, the electron moves in a direction per-
pendicular to both fields at the mean velocity

B _E ()
Vy, = Vg = — = -
v g B

(E in v/em, B in v/em?= 108 gauss).

According to (1), any disturbance in the transverse
field E, results in a variation in the velocity v, while a
disturbance in the longitudinal field E, leads to a dis-
placement of the clectron in direction x. A retarding
field brings the clectron closer to the anode; an ac-
celerating field brings it closer to the cathode plate.

In Fig. 2(a) are plotted schematically the electric
lines of force of the wave in the interior of the interac-
tion space. The eclectron beam F travels at the same
speed as the wave. The electrons located in a phase of
the wave between 4 and B are in a transverse electric
field that is directed towards the anode. They are there-
fore accelerated in direction y. Electrons between B and
C are decelerated. Consequently, a bunching in the
neighborhood of point B is effected in a radio-frequency
field which has the direction —y. The electrons around
B then approach the anode and are brought to a higher
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dc potential, their velocity remaining that given by (1). the cathode. The clectron motion is governed by the

An examination of the shape of the beam when acted
upon by the wave shows (sec Fig. 2(b)) that the width
is increased at B, where bunching occurs, and decreased
at 4 and C where the number of electrons is reduced,

Figs. 2(a) and 2(b) show qualitatively some very
important properties of the TWMA and differences be-
tween it and the normal traveling-wave tube. These are:

A. In a linear traveling-wave tube the transfer of
cnergy from the beam to the wave occurs only when the
electron velocity is greater than the phase velocity of
the forced wave. In the TWMA this transfer takes
place when the two velocities are cqual. This condition
is of considerable importance,

B. In the ideal case, the energy transfer from beam
to wave is accomplished by the displacement of clectrons
from a lower to a higher potential without altering the
kinetic energy of the electrons. In the normal traveling-
wave tube, electronic efficiency is determined by the
deceleration of the electrons within a limited range of
excess velocity. Electronic efficiency in the TWMA is
not determined by that factor. In fact, the electronic
efficiency may approach unity if, when no radio-fre-
quency field is present the dc electron velocity is far
smaller than the velocity corresponding to the anode
voltage.

C. From the above description and from Fig. 2(b), it
is seen that the beam cross section is alternately larger
and smaller in accordance with the periodicity of the
wave-length A in the guide. This cross-section variation
is in phase with the current variation. This leads to the
assumption that in the TWMA there is at least a partial
compensation for the repulsive forces developed by the
hf space charge and for the debunching. That means the
alternating components of the current density and the
space charge are much smaller than the radio-frequency
current.*

In view of the classical traveling-wave tube’s serious
efficiency loss due to the debunching caused by Cou-
lomb’s forces, the TWMA would seem to have another
marked advantage.

It must be pointed out however, that the above infer-
ences are made after examination of only a simply de-
signed TWMA. The presence of a ribbon-shaped,
straight beam in the absence of a radio-frequency field is
assumed. This assumption requires further investiga-
tion as to whether it is feasible for practical purposes or
which modifications must be made in the simple concep-
tions because of the limits set by the actually possible
electron paths.

IV. SURVEY OF STEADY-STATE ELECTRON
TRA)JECTORIES

Consider the electron trajectories in homogeneous
crossed fields while assuming there is no space charge.
The negative plate is at a potential V1=0 relative to

¢ More accurately, the hf space-charge density is always zero—
even in higher order approximations.

differential equations

¢
x (12 — By) (2)
m
and
p
¥ - BX (3)
m
whose solutions are with x=0at (=0
= — {(coswnl — 1) + x4 (4)
and
I . B
y = L= {sinwut -+ y, (5) -
B
where
£
B p
=+ ) wn = — B, (0)
Wi m
After differentiation we have
I 7
= — (W, COS Wpl. )
y P {

The first term, E/B, gives the well-known relationship
for the mean velocity vg of the electrons in crossed fields.
Two limiting cases should bLe distinguished. These are:

A £=0 and =0, straight-line beam, ideal optical
system (sce Fig. 3(a)); According to the relationships in
(4) to (7), it is then required that

Yo= /B Xo = (),
V; 20 vV, >0
—_— — T
d T -
Vp>0= === momemeee R e d /.,,. \/
.................. '?___'i',,_“v.o BRI SUR SR R VAr
| _t e
vi<0 vi<o !
(a) (b)

Fig.3—(a) Diagram of an ideal optical system referring to the case of

a strqight-line_ beam. (b) Diagram illustrating the limiting case of
cycloidal motion of the electrons,

In order to obtain a beam of the shape considered, there-
fore, the beam should enter the system parallel to elec-

trodes'l and 2 (see I'ig, 3(a)) at a point where the
potential is

V- m (/:’)2 (8
2e\ B3
i.e., at
Vo
Xy = ;2 (d - a) $2)
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For a given tube the value of Vo is predetermined by the
propagation velocity of the delay line. Hence, the mini-
mum values of 12 and B that would enable operation
of a tube with an ideal optical system are

r2,min(') = I'0 (108.)
1 2m .
_ s — Vo
T S m - 1 2 €
min - /‘/ 2e 0 d o - d — 4
1
S -—2— I{cri( (lOb)

where B..i. denotes the magnetic field of a plane mag-
netron with the anode voltage V2= V.

Under the conditions of (10a) and (10b) an electron
beam that moves directly in front of the anode is ob-
tained. Zero efficiency is then to be expected for the
tube.

B. The other limiting case of clectron trajectories is a
cycloidal motion as found in a plane magnetron. (See
Fig. 3(b).) In this tube the electrons lcave the plane of
cathode potential inside the interaction space with
=0, =0 at points x=0 and y=0. The crest of the
trajectory is at

8m
—Vo .
d — a) (13“)2 ‘ (11)
to=d—a)f —)=—7—"
’ B B

In flight the electron reaches its maximum energy at
x=%,,0. This maximum value is

E 2
le.x = el'max = 2”1 (;;) = 4e1”0. (12)

I"s denotes the voltage equivalent to the phase velocity
of the line, and V.. is increased by a factor 4 with
respect to Vo for a straight beam. (See (8).)

By comparing the minimum value of 1, and By™
(the index m referring to a system with trajectories as
found in a plane magnetron without space charge) to the
corresponding values Ve min® and B.in® found in the
ideal system, (10a) and (10b), it follows that

V2,min(m) = 41/2."“"(-') = 4"0

Bmln(m) = 4”,,,;,,(').

In the casc of an ideal system, the values of the voltage
and the minimum magnetic field are 4 times smaller
than for the magnetron optical system.

By plotting the anode current /, against B/Be (the
value of Be: derived from (10b)), we are provided with
a crude method of evaluating the trajectory shapes. By
checking the value of B/Bew when I, =0, we have a
rough evaluation of the quality of the gun used. For a
straight beam when 7I,=0, the value of B/Bean=1/2.
For the magnetron optical system, B/ Berin=1. The cut-
off of the characteristics may even be located at values

of B/Beit>1 when velocity components § <0 are to be
found at the input of the tube.

In this discussion, however, only the limiting cases in
a plane system are being considered. It should be borne
in mind that space charges have been assumed to play
no part in the processes of the TWMA. This hypothesis
is justified as the current in the TWMA is dependent
on the performance of a cathode that is located outside
the interaction space. The construction is distinct from
that of the magnetron. The views concerning the po-
tential distribution and electron trajectories will very
probably have to be modified when the influence of
space charges exists at very high currents.

V. SMALL-SIGNAL THEORY

The small-signal theory was established® under the
following assumption:

Wm = f—B))ij-I—I"vol
m
where

I' = —jk is the propagation constant of the wave in

the direction of the beam

w = the angular frequency

9o = clectron velocity.

It was found that two waves are excited that are
propagated in the direction of the beam. The imaginary
parts of their propagation constants are equal and the
real parts are equal but opposite in sign. One wave is
attenuated, the other is amplified. The propagation
velocities of the two waves are the arithmetical mean of
the electron velocity vo and the velocity of the free wave
v,—that is, the velocity of the wave in the absence of
the beam. When o=, each wave receives half the in-
put field produced by the generator. The gain can be ex-
pressed

Ga = 8.79L + A, (13)

where L =tube length; one finds 4 = —6db when v;=v,
and the line is without attenuation. Under optimum
conditions, the expression

N kodR,,(xl) coth (koxl) 22
Foor = |~ :

7, (14)

is obtained with
d = clectrode spacing (Fig. 3)
ko ) w/'llo
o = current
Zo= Vz— V]/[o(V]éO)
x, = the distance between the beam and the negative
plate in the ideal optical system.
When considering systems having trajectories such as
are found in the plane magnetron, and with the negative

plate at the cathode potential, we must substitute for x;
in (14)

¢ J. Brossart and O. Déhler, “Ies tubes A propagation d'onde 2
champ magnetique,” Ann. Radiotlec., vol. 3, p. 328; October, 1948.
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+ xr,O
Yy =
2

(see Fig. 3b and cquation (11).)
Ry(x1), the coupling field impedance at point x,, is defined
by
S (Y Je KL
Ry = BN (s)
2r

where Ey*(xy) is the complex conjugate of the longi-
tudinal field E, at v, and P is the power guided by the
line. R,, a function of xy, is determined by the dimensions
of the delay line. (Approximate results are given in
footnote reference 5)

The gain therefore, is proportional to I,/ and,
given ko it is inversely proportional to (15— 1))1/2,

The maximum value of ¥, as function of ked, is oh-
tained when kud~2. This yields the order of the re-
quired magnetic field

for a

2,700(1 — V)

Buaues ™~ o
when
Vo — Vi = 41,
A= 22cm.

B is of the order of 500 gauss.
At operating conditions other than the optimum, the
relation ¥/% opv=f(u), is given in Fig. 4 with

[ ky
w=11-= Sl
1/ Yo
The gain variation with M, which is the variation in

voltage around its optimum value, is independent of the
sign of u.

A
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Fig. 4—Ratio of the propagation constant (real part) to the optimum
value versus normalized value of the ratio of the beam velocity
to the wave velocity for various line attenuations.

Ilig. 4 also shows the influence of an attenuation
in the line, y=s¥oe <0. In first approximation,
inserting an attenuation Y <0 results in decreasing
Fope by [¥]/2.

If the condition w,>> ,jw-{-l‘m, is not satisfied, two
supplementary waves having their amplitude unaltered
along the beam appear in addition to the two amplified
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and attenuated waves. The initial conditions then, re-
main practically unchanged,
VI. ErecrroNic EFFICiENCY

The evahiation of the efficiency is based on energy
considerations as in a preceding publication® for the
magnetron. The merits of this viewpoint are further
substantiated by a more accurate theory which will he
published later.

The energy transter to the wave is due to the ap-
proach of the electrons to the anode without variiation
in their speed, It follows that the electronie ctheiency is

l'2 - l'mux

e (]())
! "

where 17515 the anode potential and 1., is the maxi-
the electrons along their
the ideal,

mum potential reached In
steady-state trajectories. In the case of
straight beam optical svsten,

. . m g Io\* R
e h(l;) .

while for the magnetron system (see (12))
[ = (18)

The ideal svstem has, accordingly, a higher electronic
cthiciency, If, for example, the line delay is vo/c=1/20
with 19=625 v and ¢ = the velocity of light, and a value
of 2,500 v is assigned to s, an efficiency of 75 per cent
is found for the jdeal system and an efficiency of zero
per cent is found for the magnetron, This comparison,
however, is not fully justified hecause the gain in the
ideal system is smaller than that for the magnetron
trajectories, the reason being that in the magnetron
optical svstem the average trajectory is closer to the
anode. If the two cases were referred to the same gain,
2 and B would decrease in the ideal system and the
value found for the cfficiency would be smaller than 75
per cent, but certainly greater than 50 per cent. \n
exact solution requires a hetter knowledge of R, =f(x1).
These figures show how signiﬁv:mlly the trajectory
shapes affect cetficiency.

This energy point of view is only an approximation
and would require a large-signal theory for its justifica-
tion. Onc such theory laid down by Brossart and
Déhler, shows that the clectrons of 4 straight beam are
not caught by the anode at
corresponding to 17,

a speed and with an energy
but rather to

I‘:I (. e ': ¢ 2
Vol = V,.[<1 + (1)> +<I"(1)>]
I E

where £, and L, are the
anode  surface. \We have

This small contribution made
when it is seen that the
the electrons to the anode

(19

radio-frequency fields at the
(E(d) ) E) S(2Fopi/ ko) K1.
by £, becomes obvious
bunching and the thght of
takes place in a very small

s 0. l)_y('ihlcr, “Sur les propriéiés des tubes a champ magnétique
constant,” Ann, Radioelec., vol, 3. p. 169; July, 1948,
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transverse field. It can further be shown that (E,(d)/E)*
is a negligible quantity compared to unity.

The above remarks, however, are valid only in the
case of a straight beam in the steady state. It is not yet
possible to judge the corrections that must be made for
beams with epicycloidal trajectories. Intuitively it seems
that the rotational energy of the electrons would in-
crease in a radio-frequency field, resulting in a higher
kinetic energy of the electrons at the anode and, con-
sequently, in a lower efficiency.

This aspect of efficiency based on an energy viewpoint
leads to valid results only with certain assumptions:
The beam must enter the system in a region of a trans-
verse focusing field at the input. The longitudinal field
must be kept as small as possible at this point. If the
beam were shot in toward the vicinity of the anode in a
strong longitudinal field, the fraction of the electrons
that finds itself at the input in an electric vector phase
directed toward +7y, would gain energy in the radio-
frequency field and would move to the negative plate
to be eventually caught by it. In order to avoid such
an efficiency loss, the beam should enter the system
at a point far from the anode. In this connection,
some improvement might be brought about by arrang-
ing a variable delay line so that the radio-frequency
ficld would be transverse at the input and longitudinal
at the output.?

The large-signal theory shows that when clectron
absorption by the anode is neglected, the gain increases
with the amplitude. This is evident since the electrons
in the high-frequency ficld are approaching the anode.
The absorption of the electrons by the anode surface is
due to two distinct phenomena. First, there is the mech-
anism of interaction. Even with an ideal optical system
an absorption takes place which results in a decrease in
the gain. Sccondly, when the dc trajectories are not
straight lines, the absorption occurs in the vicinity of
the input. This results in decrease in both gain and
cefficiency.

Parenthetically, the straight beam, considered more
advantageous than cycloidal trajectories, corresponds to
the electron motion in the magnetron. In the magnetron
no epicyeloidal trajectories for a field B> Beciy are pos-
sible because of the strong space charge. The steady-
state trajectories are near-circles around the cathode.
This is another reason for the high cfficiency of the mag-
netron. The space charge in the magnetron, on the other
hand, results in a fairly strong variation in /o within a
cross section of the discharge space and, therefore, in
variations of the velocity 1£/B. This detrimental effect
can be overcome in the TWMA where, according to
measurements made so far, the intluence of the space
charge is rather small.

To summarize then, a high clectronic efficiency can
only be obtained by using a straight beam that enters

the interaction space in the vicinity of the negative

7 Application for French Patent No. 564, 962, December 18, 1948,
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plate at zero potential with respect to the cathode, and
with the anode voltage as high as possible. The ratio
E/B must equate the velocity of the free wave.

VII. CircuitT AND OVER-ALL EFFICIENCY

The elimination of undesirable oscillations requires
the introduction of an attenuation that is either lumped
or distributed along the line. When a line of length L
with a distributed attenuation y <0 has at the input
and output ends the mismatch R, and R,, respectively,
the amplification stability is achieved only if

Gap < 8.7]y|L —4 — (R.+ R) (20)

where R, and R, are measured in “reflection decibels”
and A is of the order of —6 db, (See (13).) For a line
provided with a lumped attenuating element that ab-
sorbs the whole of the impressed energy, (20) is valid
also for both the ends Ly and L,, of the linc. The condi-
tion imposed by the inequality must not only be satis-
fied at the operating frequency, but in the entire band
of finite amplification.

For practical purposes, in a distributed attenuation
line R, and R, must be expected to be zero db owing to
the impossibility of an ideal matching of the generator
and the load over the entire range of electronic ampli-
fication. In a lumped-attenuation tube, at the first end
R.=0 db while R, is fixed by the characteristics of the
tapered attenuating element. At the other end, the
situation is reversed with R,=0 db and R, being fixed
by the attenuating element. The provision of an atten-
uation is mandatory and the over-all efficiency 7e . must
decrease relative to the electronic efficiency 7. by

Niot = Nele

while the circuit efficiency 5. may be calculated by em-
ploying the same method as used for the linear travel-
ing-wave tube.?

Consider a tube provided with a delay line whose ex-
tremities L, and Ly are separated by an element that
absorbs all the power impressed upon it and having an
attenuation v <0. Then

1
- (21

Ne = |
(1 + de 2"«)[1 + 7 (1—e 2"4)]
¥

This expression is simplified in the case of a tube with
an evenly distributed attenuation of length L to read

Ne = : (218,)
14 ‘t (1 — e k)
5
and for a purely lumped-attenuation tube to read
1
Gl @1b)

s (). Dohler and W. Kleen, “Sur le rendement du tube & propaga-
tion snn(lc,." Ann. Radiotlec., vol. 4, pp. 216-221; July, 1949, The fac-
tor | /1A2] in equation (8) of this paper will assume a value of approxi
mately 4 for the TWNMA,
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Equation (21) should be regarded under the condi-
tions of (20). For a stable amplification in a distributed-
attenuation tube, the value of 7. would not greatly ex-
ceed 0.5 with |y|=~y. If ¥ <|v| then . is smaller than
0.5. The value for the circuit efficiency computed by
means of (21) corresponds to that of the small-signal
case. If the gain is decreased with the signal, 5, decreases
also. This, of course, is due to the inverse relationship
between ¥ and the amplitude of the input signal.

In a lumped-attenuation tube the circuit efficiency
may be materially higher than 0.5. From (21b), for
example, we obtain

= 10db 7. =< 75 per cent
L1 {
G =20db ne 2 90 per cent
G =10db ¢ =< 85 per cent
L, = Lz/z{ § P
G =120db ne =< 95 per cent.

These figures demonstrate the superiority of a lumped-
attenuation. The extent to which L, may be increased
in order to increase 7, depends on how accurately the
attenuating element can be matched.

Since over-all efficiency is given by the product 5.1, it
is seen the best results could only be obtained at the
cost of some compromise. 5, will be high if 7 is also high
while the factors increasing ¥ tend to diminish N.. De-
creasing the operating voltage and the magnetic field
moves the beam closer to the positive electrode. As
shown by experiment, a tube in which E/B is constant
requires a fixed value of B for optimum efficiency.
There is a corresponding behavior in the magnetron.
But in the TWMA the maximum efficiency is more
sharply defined because of the required high attenua-
tion.

VIII. EXPERIMENTAL RESULTS

The preceding principles and theories have been
checked qualitatively with cylinder and plane-structure
tubes. Fig. 5 shows a cylindrical tube having an external
appearance similar to that of a magnetron. The delay
line is a helix of rectangular cross section; the interaction

Fig. 5—View of a traveling-wave magnetron tube of cylindrical struc-
ture. The rectangular helix delay line and its holder are shown on
the left.
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space is situated outside the helix. In order to increase
the attenuation, the tantalum helix wire is carburized.
Shown lying beside the tube are the internal parts. The
electrodes arc mounted by means of two ceramic rings.

Fig. 6 shows a plane-structure tube before the glass
envelope is sealed.

Fig. 6—View of a plane-structure tube before
sealing the glass envelope.

In Fig. 7, the tube is mounted for testing between
the magnet poles.

Fig. 7
purposes of the tube shown in Fig. 6.

Experimental mounting for testing

In Fig. 8 are shown some Mmeasurements on a plane-
structure TWM A, of the type shown in Fig. 6, that
indicate the amplifying effect in the small-signal case.
The ordinate is the ratio P;/P,, Py is the power de-
livered at the output without the beam and P, is the
power with the beam. The abscissa B is the flux den-
sity. The line attenuation is 8 db. The line delay, meas-
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ured beforehand, is ¢/vm=22. This figure corresponds
closely to the value of B that results in the maximum
value of the ratio P»/P,. The other operating values
are:

I, = 2,000
I'y= — 600
d=0.3cm

E/B = 1.36 X 10° cm/s.

When P,/P,=15.5 db, oscillations start. (See Fig. 8.)
Beside the main maximum value of Py/ Py, a few second-
ary maximum values are found that are not yet quite
satisfactorily explained.® Oscillations occur also at
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The ratio E/Bv;, where 9, is the free wave velocity,
should be constant within a few percent along the elec-
tron path. This is inferred from Fig. 4 where ¥ becomes
very small if A(E/Bu;) exceeds the value 2(Yopt/ko).(The
order of magnitude is ¥ =0.1 cm™). (See Fig. 8.)

A curve such as that in Fig. 8 is obtained for a number
of tubes. For those with circular cross sections, the maxi-
mum gain is found for values of V2— Vy/(r2—r1) B that
vary a little with B. This is in accord with the theory.!®
In Fig. 9, the gain variation G/Gmax(Gmax==3 db) is
plotted against 1, <0, that is, B, as the flux density is
necessarily varied. The equipotential line and the elec-
tron trajectories approach the anode when — V, is in-
creased. It is difficult to collate these results to the
theory because the variations in V) and B result in
alterations of the shapes of the trajectories. Also, the
value of x, (14), that describes the mean distance be-

e I 16
oscwarion ) | e * 22
1 Vo 520V |
V; +2000V
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Fig. 8—Experimental data on a plane-structure tube. The ratio of
the powers delivered with and without the beam is measured
against the flux density.

B <580 gauss and disappear when B is increased. For
values of B lying between 590 and 635 gauss, and for
values over 6435 gauss, the tube is stable. Taking into
account the line attenuation, the gain is

Gdb = (P,/P,)db — 8db

with the maximum value for the gain being approxi-
mately 7 db.

In a tube 20 cm long, ¥=(7+6/20) =0.65 db/cm ap-
proximately. By varying V,, V;, and B, the maximum
gain is always found for V;— V;/B~4 v/gauss.

The incremental range of amplification is AB/B~1%35
per cent. It follows that the tube must be rather pre-
cisely constructed.

® The gain in terms of the voltage shows the same effect for the
Kompfner-Pierce tube.
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Fig. 9—Gain variation G/Gms(Gmax=3 db)
plotted against the flux density.

tween the trajectories and the electrode is not known
accurately. 1t is seen however, that the gain is increased
with the magnetic field until E~~1,500 gauss in spite of
the fact that the beam impedance also increases with
the magnetic field. This results from an improvement
in the trajectorv’s shape.

The extremely important influence that the shape
has an efficiency was discussed in Sections VI and
VII. The theoretical predictions made there are con-

1 In a circular TWMA fitted with the cathode on the internal
cylinder, the mean velocity of the electrons is

1 rs—n

= (r2 r"l)B [1 - % (EQBEL‘)’ (" :; 'l) + 2 n

where r, and ry are the radii of the cathode cylinder and the anode
respectively, and

2m
— V3
e
Buyy = ——*
r—n
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the influence of
than predicted.
accompanied by

firmed by the experiments. In fact,
trajectory shape appears even greater

Trajectories that lower efficiency are
an electron absorption that occurs near the input end
of the delay line, The absorption has two disadvanta-
geous effects. It decreases the working current behind the
point of absorption and it lowers the gain. The circuit
cfficiency is consequently decreased. (See (21a).)

Fig. 10 is the curve P:=f(P)) where P, and P, have
the same meaning s in Fig. 8. The crosses are measured
values. The curve gy, is then plotted referring to an
applied power Iy 1% With a helical attenuation of 5 dh
(that varies with the heat produced by the electron ab-
sorption), the curve G = P,/ Py—5 db is obtained for the
gain, The decrease in gain with the signal is to be as-
cribed to the clectron absorption caused by the trajec-
tories. This is because the beam contains many clee-
trons moving along epicyeloidal paths. The maximum
cfficiency is 24 per cent. The circuit and clectronic effi-
ciency mav be evaluated according to the above rela-
tionships on the basis of the measured values. The latter
barameters are also shown in Fig. 10,
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Fig. 10—~Measured values X of the power delivered with the beam in
terms of the power delivered without the beans for the parameters
shown. The graph gives also the over-all efficiency, and the circuit
and electronic efficiencies against the applied power IoV;.

The clectronic bandwidths were found to be between
100 and 150 Mec. This value is apparently influenced by
a certain amount of dispersion of the phase velocity of
the flat helix.

Powers of approximately 200 w and an over-all effi-
ciency of about 40 per cent have been obtained with
tubes provided with optical svstems producing nearly
ideal trajectories.
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CONCILUSIONS

Theoretical results and the carly experiments that
substantiate the predictions of the theory justify an
mterest in the principles of the TWMA. The carly
designs are likely 1o be vastly improved—they by no
means constitute the ultimate physical and technical
possibilities embodied in the principle of operation,

The useful power of tubes having helical circuits in
their delay lines, is limited primarily by the relatively
small power that can be dissipated in such a structure.
Another factor effecting the useful power is the quality
of the gun. The power can be increased by a large factor
by using a nearly ideal optical system so that clectron in-
tereeption is reduced to a bare minimum,

Evidently, massive delay lines, of the vane type, for
example, would permit raising the power level. This
is hecause the dissipation could he increased. Circuits
such as these are particularly advantageous for tubes
operating at high ac clerating voltages. However, it
scems that the high geometrical precision required for
the design and construction of tubes with such circuirs
is difficult to achieve, when the delay factor (in reference
to the velocity of light) exceeds 15,11

Circuits of the multivane or multicavity tvpe offer

the disadvantage of being pass-band circuits. They in-
cur a high dispersion of (he phase velocity and conse-
quently, they have narrower bandwidths than helical
circuits,
a chain of filters appar-
ently provide a tighter coupling between the wave and
the beam. Asa consequence they have a higher gain and
circuit efficiency than a helix,

Delay lines equivalent to

In spite of the pass-band characteristics of vane-type
structures, these svstems offer much when compared to
the possibilitics of other microwave tubes, Furthermore,
various expedients, the “rising sun" structure,”? for
example, might he incorporated proving of even greater
usefulness than the simple recurrent structures,

The high applicd powers made possible by the oper-
ating principle of the TWMA require important in-
creases in the current. In this conncection, the first fac-
tor to be taken into account is the structure of the elec-
tron gun. The current that can pass through the inter-
action space has an upper limit set by the space charge
effects. This limit corresponds to the value of the an-

nular current in the magnetrons and is approximately
26[,"22 I’-,"”"’ If H
Ilim = N =5 196 - e .
d*B d I

When @ =0.3 oy, Bui/B=1, and 1,=2.5 kv, one has

A greater delay is necessary for the TAVMA than for an oscilla-
tor magnetron operated at the same vollage. Because of the greater
?ﬁace chz}n]rgel in the nllagnetron, the transverse clectric field E,

hence, the clectron velocity Yo=L/B) at the anode is mat ial
higher than that of the TWAMA. : R
1()4;; Application for French Patent No. 563,911, November 20,
0. Déhler, “Sur les propriétés des (uhes

C ] a champ magnétique
que constant,” Ann. Radioélec., Floggtnotd

vol. 3, . 29. January, 1948,

\
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Iim~2 amp/cm, and when ;=10 kv, Iim™~16 amp
cm.

Because of space charge effects, high currents result
in an electrostatic field that varies with x within the
cross section of the interaction space. Therefore, the
velocity o= E/B will also vary within the cross section
of the system. The interaction process in the TWMA
then, becomes more like that in the magnetron where
the space charge diminishes the cycloidal motion, which
is favorable, and restricts the interaction to a limited
part of the beam cross section. Effects of this nature
mayv be involved when a tube is pulsc-operated at very
high peak powers. With high density currents, other
interaction phenomena may appear between electron
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streams moving in crossed electric and magnetic fields.
The authors are not yet able to state whether or not
these phenomena are favorable. Theoretically it appears
that the function of the delay circuit in the TWMA
may be performed by an electronic space charge and
that the TWMA may be transformed into some kind of
amplifier magnetron without circuit within the inter-
action range. This conception seems likely to be of
interest in the centimeter and decimeter regions.

14 R, Warnecke, O. Déohler, and W. Kleen, “Amplification d’ondes
électromagnétiques par interaction entre des flux électroniques se
déplagant dans des champs électrique et magnétique croisés,” Compt.
Rend. Acad. Sci. (Paris), vol. 229, p. 709; January, 1949.

Application for French Patent No. 508,163, February 23, 1949,

Analysis of Errors in a Phase-Shift Angle
Telemetering System’
JOHN V. HARRINGTONY, ASSOCIATE, IRE

HE FOLLOWING abstract gives

the results of an investigation of er-

rors in a phase-shift telemetering sys-
tem. 5

In evolving a method to transmit angu-
lar position data, the selection of electrical
phase angle to represent the desired data is a
natural one, since there is a great deal of sim-
ilarity between the two quantities. Since
phase shift is a relative quantity, it is neces-
sary to transmit a reference signal as well as
a phase-shifted signal; and in order to trans-
mit both of these on a common carrier, and
to avoid angular ambiguities, the phase-
shifted wave is transmitted at some integral
multiple of the reference frequency. At the
receiver, the frequency of the reference wave
is multiplied prior to comparison with the
phase-shifted signal. Minimum bandwidth is
required when the integral multiple is 2, and
it is with this particular system (which is
perhaps the most common of all) that the
following discussion of errors is concerned,
although the analysis made for this case may
be extended to others as well. This methord
has been successfully applied in plane-to-
ground telemetering and in the relaying of
shaft-position data in general.!?

The receiver operates essentially as a
comparison device and shifts the phase of
the reference signal to match that of the in
coming phase-shifted signal. Constant phasc
shifts in the transmission link, therefore, are

* Decimal classification: 621.375.616, Original
manuscript received by the Institute, February 4,
1949; ahstract received, October 28, 1949,

The hulk of the material contained in this paper
was presented to the Polytechnic Institute of Brook-
lyn in Junc, 1948, as a masters thesis.

t Air Force Cambridge Research Laboratory.
Cambridge, Mass.

1 L. N. Ridenour, “Radar System Engincering,”
%:gl}raw-lﬂll Book Co., Inc., New York, N. Y.;

1 D, W Moore, *Planc-to-ground telemetering,”
Idectromics, vol. 18, pp. 125-128; November, 1945,

of no consequence, since they may be ac-
counted for by an adjustment of the “zero
setting” at the receiver. What are referred to
as errors are not constant quantities, but are
small deviationsfrom the trueor transmitted
angular positions (8), which deviations are
functions of (8) (static errors) or functions of
the rate-of-change of 8 (dynamic errors). The
principal sources of error for the system may
be listed as foliows:

1. Errors due to phase shifter.

2. Errors due to nonlinearity in trans-
mission system.

3. Dynamic errors due to circuit time de-
lay.

4. Phase variations due to random noise.

5. Errors due to multipath propagation.

The phase error arising from unbalance
in the phase shifters is shown to follow a
“second harmonic” distribution and is given

by
AYy=Z ¢ sin 2y

where ¢ =negative sequence unbalance ratio.
In a typical system the error from this

source may be kept to within +1 degree.
The error due to system cross talk in the

absence of compensation is found to he

1 4 da?
ap = BT
a

where B =per cent second harmonic distor-
tion.

amp of 2w signal

amp of w signal

‘I'his has a minimum when a=14, in which
case

Ay = 4B cos y.

Thus, a transmission system which is char-
acterized by a § per cent second-harmonic
distortion will give a phasc error of 4(0.05)

(57.3) =11.1 degrees. It is shown that this
error can be reduced by the employment of
compensatory techniques, although com-
plete cancellation is not attainable, being
prevented by the existence of higher-har-
monic error distributions. Experimental ver-
ification of the relations derived in this sec-
tion has been obtained.

Dynamic error due primarily to the slope
of the phase characteristic in the 2w channel
filtet is evaluated; it is only appreciable
when 2w and w are in the low audio-fre-
quency range where the filter bandwidths
are likely to be narrow, and further is only
appreciable where  is to vary at rather high
angular rates. In general, this error is given
by the product of the rotation rate and the
2w, time delay, 4. Fo: the constant “&” filters
commonly used 4= (229/4f) in degrees per
cycle.

The effect of random noise in causing un-
certainty in or in limiting the accuracy of the
basic system is analyzed. Probability distri-
bution curves are presented for the phase of
a sine wave plus noise, and from these it is
shown that, for the random variation of
phase to be almost entirely within the range
+0, the rms signal-to-noise ratio @ must be
such that a 2 (115/6,) where 8, is in degrees.
The actual phase distribution function is
given by:

Po)do
do
= if‘w,[l + +/macosfes’or’s [1+erflacoso) | ].

Thus, for ;=5 degrees, a must be greater
than 23.

It is pointed out that the basic telemeter-
ing system will be of doubtful value when
long-distance transmission is required, be-
cause of the distortion and error introduced
by multipath propagation.
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The “Double-Layer” Projection Tube Screen
for Television®
MEIER SADOWSKYf{

Summary—Problems involved in projection cathode-ray tube
screens are discussed. The development of a screen with good
efficiency and little color-shift with current change is described.

HE PROJECTION TUBE system of television

makes possible a large image with a small cathode-

ray tube. However, projection television not only
requires a carefully designed optical system, but an
intensely brilliant light source from the phosphor screen
on the cathode-ray tube face.

To achieve a sufficiently bright screen image, high
power input is required. However, the use of high volt-
age and high current entails special problems for the
luminescent screen.

At low accelerating voltages, the brightness of a spot
on a cathode-ray tube screen increases roughly as the
square of the accelerating voltage, but as the potential
is increased, a condition approaches where there is little
gain in brightness because the screen reaches a limiting
or “sticking” potential.!

This condition can be lessened or eliminated by in-
creasing the secondary emission of the screen? or by
providing an electrically conductive layer in contact
with and parallel to the screen layer.?

The light output is also a function of the current
input as indicated in the equation:*

L=(-V)yQ)

where
V=accelerating voltage
Vo=“dead” or “threshold” voltage (varies with the
phosphor)
n=a constant that ranges in value from 1 to 3
1=current density (f(¢) is independent of 1)

L=light output (total luminous flux in lumens

emitted by the excited phosphor).

For small current densities, the curves representing L
as a function of ¢ have the same trend for all values of V'
and are nearly straight lines. At higher values of 7, L
tends toward maximum or saturation value with conse-
quent decrease in screen efficiency (lumens output per
watt input).®

* Decimal classification: R583,6. Original manuscript received by
the Institute, June 30, 1949; revised manuscript received, November
23, 1949. Presented, IRE Electronic Conference, Princeton, N. ],
June 21, 1949,

t Philco Corporation, Lansdale, Pa.
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4 P. Pringsheim and M. Voge!, “Luminescence of Liquids and

Solids,” p. 29, Interscience Publishers, Inc., New York, N. Y.; 1946,
5\W. g Nottingham, Physics, vol. 10, p. 73; 1939,

The value of the current density at which the fluores-
cence efficiency begins to decrease varies widely for
different phosphors. It is much higher for silicate phos-
phors than for sulfide phosphors.

An all-sulfide screen, (e.g., blue ZnS:Ag, yellow
ZnS:CdS:Ag) is more cfficient than a mixed sulfide-
silicate or all-silicate screen at low current densities.®

However, at high current densities, the saturation of
the all-sulfide screen give a less efficient conversion of
energy, thus limiting Dbrightness.

An all silicate screen (e.g. blue CaMg (SiOy),: T,
yellow ZngBeSisOe: Mn) has been recently developed.?
Though in use today, the blue silicate does not match
the efficiency of the blue sulfide. Where it is not con-
sidered desirable to sacrifice brightness, the blue silicate
cannot be used.

The only practical alternative, then, is a mixed
screen with a yellow silicate (ZngBeSizO.9:Mn) and a
blue sulfide (ZnS:Ag). lowever, the difference in satu-
ration values would cause a homogeneous screen of this
type to shift in color as the current density rises beyond
the saturation points of the blue sulfide, thus making
the highlights yellow instead of white.

Under the auspices of the Philco Corporation, a re-
search program was initiated a few years ago, at the
National Union Radio Corporation Ilaboratories dir-
ected by Dr. Arthur Bramley, to try to climinate or
alleviate this problem.

It was carly noticed that the addition of Sfine-particle
beryllium oxide to the screen suspension raised the
current value at which saturation occurred. In a long
series of experiments, it was found that tubes screened
in layers with the blue next to the face plate were more
efficient than those where the yellow was deposited
next to the face plate with the blue on top of it, or where
the two components were well mixed. In order to
obviate the expensive procedure of settling the layers
separately, a synthesis and preparation program was
carried out which developed an cfficient fine-particle
yellow silicate for use with a larger-particle blue sulfide.
This permitted differential settling out of the suspen-
sion, resulting in a “layered” screen with the blue sulfide
next to the glass, covered by fine particles of yellow
silicate.®

D. Epstein of the RCA Laboratories has suggested
that the reason for less color shift at higher currents of

¢ M. Sadowsky, “The preparation of luminescent screens,” Jour.
and Trans. Ele;lmfftemzcal Soc., vol. 95, pp. 112-128; March, 1949,

? A. L. Smith, “Some new complex silicate phosphors containing
calcium, magnesium and beryllium,” Jour. and Trans. Electrochemical
Soc., vol. 96, pp. 287-296; November, 1949,

8 A. Bramley, unpublished data,
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the layered screen is that the fine-particle yellow silicate
slightly diffuses the electron beam as it passes through
it. Consequently, the current density of the beam im-
pinging on the blue zinc sulfide is less. The saturation
galue remains the same for the sulfide, but it is not
reached as readily because of the beam diffusion.?

In order to indicate the extent of the effects described
above, the writer made a series of tubes embodying ex-
tremes of screen composition as indicated (each group
consisted of 4 tubes).

Group 1.

Blue sulfide (ZnS:Ag) layer next to the glass, yellow
silicate (ZngBeSis019: Mn) settled on top of it 4 hours
later.

Group 2.

Large-particle blue sulfide and small-particle yellow
silicate settled together as in regular Philco produc-
tion. (Blue settles out first.)

Group 3.

Blue sulfide and yellow silicate fairly well matched in
particle size settled together.

Group 4.

Fine blue sulfide and fine yellow silicate settled to-
gether (well mixed screen), with fine layer of beryllium
oxide on top of screen.

Group 5.

Yellow silicate next to the glass, blue sulfide settled on
top of it 4 hours later.

Light output measurements were taken with a
Weston Red Red, Eye Corrected Photronic Cell
equipped with a Wratten 1 per cent transmission neutral
density filter and Sensitive Research Milliammeter
calibrated against a MacBeth Illuminometer. Measure-
ments were made on a focused 2}-X3-inch raster with
photronic cell held against the face of the tube. The
cell was in a fibre box with metal parts grounded to
avoid charging of cell. Measurements at 25 kv, Iy of
20, 100, 200ua.

Color measurements were made with a Hunter type!°
colorimeter using a Weston type 1 photronic cell with-
out eye correcting Viscor filter and using three photovolt
filters (green, blue, and amber). The transmission of the
filters used compares favorably with the Corning filters
actually used by Hunter, and the coefficients of the
tristimulus equations have been set up to agree with
the published tristimulus co-ordinates of the ICI Stand-
ard observer on Illuminants A and C.!

The accompanying curves show less color shift (Figs.

' D. W, Epstein, Oral communication.

10 R, Hunter, “Photoelectric Tristimulus Colorimeter with Three
rlltera," Clrcular C429, National Bureau of Standards; july 30, 1942.
Hardy, “Hlandbook of Colorimetry,” The lechnolugy
Presa,M.l.T Cambridge, Mass., Chap. 7; 1936.

Sadowsky: “Double-Layer” Projection Tube TV Screen
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Fig. 1—Chromaticity diagram showing locus of biack
body radiation. (See footnote reference 11.)

1 and 2) and less efficiency drop (Fig. 3) at constant
voltage, with increasing current density, where the
sulfide phosphor is “protected” or covered by either a
layer of small-particle silicate phosphor or by a layer of
small-particle beryllium oxide. The greater color change
and concomitantly greater drop in efficiency of Group 2

220 240 260 280 300 320
xX 1.C.1. TRISTIMULUS COORDINATE

Fig. 2—Measurements at 25 kv; 20,100,2004a beam current. 2.25"X
3.00" raster size.

. Blue layer 4 hours before yellow

. Large blue. small yellow, settled together.

. Blue and yellow, same size, settled together.

. Small blue and yellow with BeO on top.

. Yellow layer 4 hours before blue.

(L R Rl




498

-

o
o

@
o
Z.

-

RELATIVE SCREEN EFFICIENCY

Fig. 3-—1. Blue layer 4 hours before yellow.
2. Large blue, small yellow, settled together.
3. Blue and yellow, same size, settled together.
4. Small blue and yellow with BeO on top.
S. Yellow layer 4 hours before blue.
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and, to a lesser extent, Group S, indicate a greater
saturation of the blue zinc sulfide phosphor.

(With the double layer screen, there is change in color
with change in voltage. lHowever, it is reasonably easy
to regulate the voltage so that this does not become a
problem.)

The screen developed for projection systems as exem-
plified by the present PPhilco TP-400A and TI-401A
shows less color shift and better efficiency than previous
projection tube screens. The system of differential
deposition of screen components from the same suspen-
sion provides for maximum utilization of each and
facilitates production of a good projection system.'?
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A Dynamically Regenerated Electro-
static Memory System”
J. P. ECKERT, JR.t, associaTeE IRE, H. LUKOFFt, anp G. SMOLIARY®

Summary—In an electrostatic memory system, the words are
stored as charge patterns on the screen of a cathode-ray tube. Mem-
ory is extended by a systematic regeneration process. All experiments
were performed on a standard cathode-ray tube.

This paper discusses the fundamental theory behind electrostatic
storage. The principal problem was that of finding a method for stor-
ing the charges such that two easily and reliably distinguishable
states could be established at various points on the face of the tube.
After experimenting with various patterns, a dot-circle combination
was chosen as superior to all those tested. The dot, representing
binary one, is generated by sharply focusing the beam on a spot. The
circle is generated by imposing high-frequency sinusoidal electro-
motive forces, 90° apart, on the vertical and horizontal deflection
plates. The paper then offers a comparison of the dot-circle pattern
with the several other systems of electrostatic storage now under
test.

The details of numerous experiments are given, together with a
description of the apparatus used for test. The effects of phospbor
type, gun structure, tube diameter, accelerating voltage, leakage,
transients, and other factors affecting memory are discussed. The

* Decimal classification: 621.375.2XR138.31. Original manuscript
received by the Institute, May 13, 1949; revised manuscript re-
ceived, March 1, 1950. Presented, 1949 IRE National Convention,
March 8, 1949, New York, N. Y.

t Eckert-Mauchly Computer Corp., Subsidiary of Remington
Rand, Inc., Philadelphia, Pa.

concluding section of the paper describes the various types of large
capacity high-speed memory designs which could be constructed from
a reliable electrostatic memory tube.

I. INTRODUCTION

AHIS PAPER describes a system for storing elec-
j[ trical impulses as charges on the screen of an
ordinary cathode-ray tube. In order to extend the
period of storage to many hours, a dvnamic system of
regeneration is provided. This svstem periodically ex-
amines and re-establishes the charges on the face of the
tube before various deteriorating effects have made
them illegible.

Work on an electrostatic memory system began nearly
four years ago at the University of Pennsylvania by one
of the authors and has been continued at the Eckert-
I\‘lauchl,\"(‘om.put(.:r Corporation. The principle of the
regencration circuit and the methods of scanning to
provide this regeneration were known and understood
at that time. The principal problem was that of finding
a method for storing the charges such that two ecasily
and reliably distinguishable states could be established
at various points on the face of the tube. Preliminary
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tests indicated that a number of different types of charge
patterns were satisfactory. However, one method was
found which provided best results from almost every
point of view, and this method formed the basis for
the construction of a practical memory system.

Work very similar in nature to the developments de-
scribed in this paper has been carried on in England
under the direction of F. C. Williams of the University
of Manchester. Some of his results are consistent with
the results obtained in this country.

All results given in this paper are based on tests made
with standard cathode-ray tubes. Certain special tubes
are being studied and will probably be reported upon
in the future. However, there are sufficient advantages
in the standard cathode-ray tubes that special tubes
will probably not be used in a memory for commercial
digital computing equipment in the near future unless
their performance is considerably improved.

A. Busic Theory of Operation

Fig. 1 shows a block diagram of an electrostatic
memory system. An electrode has been attached to the
screen of the cathode-ray tube upon which, by con-
denser action, charges are built up by the changes in the
electrostatic charge on the inside surface of the screen of
the tube. The charges on the electrode form the input
signals to the amplifier. The amplifier must havea gain
of several thousand. ‘

BLANKING |

CIRCUIT AWP.

OEFLECTION
CIRCUIT

CIRCLE
GENERATOR

SHAPING
CIRCUIT

GATING OR
SWITCHING
CIRCUIT

by

Fig. 1—Block diagram.

The output signals, after amplification, are passed
through a shaping circuit and into the gating or switch-
ing circuit. Here, the information read from the face of
the tube may be sent on to other circuits or may be re-
stored on the tube screen or both. New information can
be read in through the gating circuits to replace previ-
ous information. The blanking circuit controls the in-
tensity grid of the cathode-ray tube.

The screen of the tube is considered to be divided into
many small clementary areas of the order of 1/10 inch
square. There may be several thousand elementary
areas on the face of each tube. The deflection circuit
controls the position of the beam, and thus determines
that each unit of information is stored in the proper
clementary area.

When a unit of information is to be retained for a
long period of time, it must be regenerated periodically.
Regeneration consists, first, of examining each ele-

: Electrostatic Memory System
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mentary area to learn which charge pattern has been
stored there; and second, of restoring the pattern to its
original charge. Regeneration of an entire tube screen
is done in a systematic fashion. The electrostatic
memory is, therefore, a dynamic type like the mercury
delay-line memory, but unlike the latter, can have a
very short access time. This feature is one of the most
important advantages of the electrostatic memory over
the delay-line system.

B. Charge Patterns

Numerous charge pattern systems have been sug-
gested. After extensive testing of many of these, a sys-
tem using dots and circles as the two distinctive pat-
terns was chosen as having the greatest reliability. The
dot, representing a binary one, is formed by focusing
the beam as sharply as possible in the center of an ele-
mentary area. The circle, representing zero, is formed by
superimposing high-frequency sinusoidal electromotive
forces phased 90° apart on the horizontal and vertical
deflection systems. This is the purpose of the circle
generator, shown in Fig. 1. The circle has a diameter
11 to 3 times that of the focused dot, as shown in Fig. 2.

ey o34 .\ {._3‘_.‘
‘ e- ‘ ‘
oot CIRCLE SUPERPOSITION

OF 00T & CIRCLE
Fig. 2—Proportion of dot and circle.

C. Reading and Writing Operation

In order to iearn what has been stored or remembered
in one of the elementary areas, the fields between the
deflection plates must be adjusted to such potentials
that the beam will fall directly on the elementary area
in question when the beam is turned on by applying a
positive voltage to the intensity grid. When the beam
reaches the screen, an output signal is developed on the
electrode. The shape of this signal depends on both the

SECONOD

POSITION OF TIMING
(€) euLse ron cating

Fig. 3—Output signals.
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reading pattern and the previously stored pattern. Each
time the reading pattern is applied to the screen, the
stored pattern is destroyed, or erased.

Suppose, for example, that a circular electron pat-
tern is read by a second circle. The amplifier will pro-
duce a wave form like that shown in Fig. 3(a) (plotted
as a function of time). If the first charge pattern is a dot
and the second pattern a circle, the shape of the output
voltage plotted as a function of time would appear as in
Fig. 3(b). There is considerable distinction between
these two electrical signals. If either signal is sampled,
as shown in Fig. 3(e), a pulse is obtained only when a
circle replaces a dot.

While unnecessary to the discussion of the operation
of the device, Figs. 3(c) and 3(d) show the type of
signal that is obtained if a dot replaces a circle and if a
dot replaces another dot.

D. Secondary Electron Emission

The reasons for the development of the output signals
shown involves an understanding of the behavior of the
primary and the secondary electrons. The primary
electrons are thrown on the insulating phosphor of the
screen which, in turn, emits secondary electrons from
the area under bombardment. Many of the secondaries,
after leaving the screen, are drawn to the collector which
is formed by the aquadag or conducting coating on the
inner surface of the sides of the cathode-ray tube. The
collector is at a high positive potential.

o VOLTAGE
Fig. 4—Ratio of secondary electrons to
primary electrons versus voltage.

Fig. 4 is a graph of the ratio of the number of second-
ary electrons to the number of primary electrons
plotted versus voltage. The curve has a peak somewhere
between 1,000 and 5,000 voits, depending upon the
type of insulating surface used. For the phenomena of
concern in this paper, the curve is mainly of interest in
the section where it is substantially above one. Within
this region of operation, the number of secondary elec-
trons emitted by the area of the screen under bombard-
ment is greater than the number of primary electrons
which strike the screen. The most successful tests were
those in which the operating voltages were within the
range 1,500 to 10,000 volts.

Fig. § is a graph of the distribution of the secondary
electrons as a function of the velocity at which they are
emitted from the surface. Velocity is expressed as the
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equivalent number of volts required to produce this
velocity. Except for the few electrons emitted at the
beam velocitv, most of the electrons are emitted at a
velocity of 6 to 15 volts. This velocity, of course, is
quite low compared to the velocity of the striking beam
which causes their emission.

NZ OF
ELECTRONS
EMITTEOD
‘ VOLTAGE
6-1% AFEWEMITTED
vOLTS AT THE BEAM
VELOCITY

Fig. 5—Secondary clectron emission versus velocity of
emission in volts,

E. Theory of Electrostatic Storage

The dot-circle patterns form special potential dis-
tributions on the screen of a cathode-ray tube. Fig. ¢
shows a cross section of a beam of electrons striking the
phosphor screen. Secondary electrons are released in ac-
cordance with the principles just discussed. At first,
most of the secondary electrons travel to and are col-
lected by the collector. Some few secondary electrons
may fall back on the surface of the screen. Since the
beam has a velocity sufficient to make the number of
secondaries greater than the number of primaries, the
area under the beam reaches equilibrium when the num-
ber of electrons which leave the surface and the number
which arrive become equal.

CimcLe
Fig. 6—Cross section of bean.

ooT PnosPnor} - -

Figs. 7 and 8 shows two different curves of the poten-
tial distribution for the dot-circle patterns. Although
much of the literature discusses Fig. 8, no really critical
experiments known to the authors have positively
proven the validity of either curve. The experience of
the authors indicates that observed phenomena are
cqually well explained by either Fig. 7 or Fig. 8.

— N ot
Fig. 7—Potential distribution.
oct

CIRCLE
Fig. 8—Alternate potentjal distribution

When electrons leave the surface of the screen, a posi-
tive signal is induced on the electrode. Conversely, as
electrons fall on the screen, a negative signal is obtained.
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Specifically. the amount of charge on the screen changes
when either type of charge pattern is replaced by the
other. When a circle replaces a dot, there is a net in-
crease in positive charges. Conversely, when a dot re-
places a circle, there is a net decrease of positive
charges. Since the significant output signal is obtained
when the larger pattern destroys the smaller, the two
patterns chosen should therefore possess the greatest
interfering periphery.

F. Output Signal

An explanation of the electrostatic phenomenon can
be developed from the curves shown in Fig. 9. These
curves are similar to those shown in Fig. 3 except that
the value of the amplifier input resistance was reduced.
The low frequency components were thus removed
without impairing the highs.

(2)

Fig. 9—Output signals.

Curve (a) of Fig. 9 is a signal obtained when the same
pattern is used for reading as was previously stored in
an elementary area. Since the transit time from gun to
screen is about 1/100 microsecond, the initial negative
kick of the signal is quite abrupt. The exponential decay
to zero takes place as a result of the establishment of
cquilibrium by the secondaries, which takes consider-
ably longer because the potential differences are much
lower (being of the order of 6 to 10 volts), while the dis-
tances are comparable. Between 0.1 and 0.2 microsecond
is required to establish equilibrium. Equilibrium results
in a potential plateau under the bombarding beam from
which as many electrons leave as arrive. When equi-
librium has been established, the initial proportion of
secondaries going to the collector has decreased and a
larger number fall back on the neighboring areas of the
surface. The rate at which the curve returns to zero,
that is, reaches equilibrium, is a measure of the second-
ary electron emission.

From the time equilibrium is reached until the beam
is turned off, there is a steady inward and outward flow
of clectrons to the screen maintaining a space-charge
cloud between the spot and the collector. When the
beam is turned off, the space charge is rapidly taken
up by the collector. Since this negative space charge
leaves the screen, a positive kick is induced in the
electrode. All the other signals obtained contain curve
(a) as a component. The components added to (a) to
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produce the other signals are sudden rises with simple
exponential declines.

Curve (b) of Fig. 9 represents the exponential com-
ponent obtained when a relatively small pattern is
placed on a larger pattern. Most of the secondaries are
attracted to the surrounding positively charged area
and reduce it to the screen potential. At that point
equilibrium is reached and a larger proportion of the
secondaries are attracted to the collector.

Curve (c) is obtained when a relatively large pattern
is placed on a smaller one. The large positive kick occurs
because at first most of the secondaries are drawn to the
collector plate, in order to build up the potential plateau.
Since the potential plateau of the dot is at about the
potential of the collector and smaller in area, only a few
of the secondary electrons are robbed from the flow to
the collector. As the potential of the plateau nears that
of the collector, the secondary flow to the collector
diminishes and a greater number of secondaries fall
back on the screen.

Thus, when a circle is put on a dot, there is a net out-
ward flow of electrons, while there is a net inward flow
of electrons when a dot is put on a circle. In either case,
the net change in plateau area, and therefore the num-
ber of electrons to be exchanged in order to reach
equilibrium, is the same.

Curve (d) is the sum of (a) and (b), while curve (e)
is the sum of (a) and (c). Curves (f) and (g) are obtained
by using a high load resistance on the amplifier input.
(The scale of these two curves is different from that of
the other curves.)

Fig. 10 is a photograph of an array of 1,200 spots
taken on the face of a seven-inch cathode-ray tube.

Fig. 10

-Photograph of 1,200 spots.
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G. Deterioration or Destruction of Charge Palterns

Various factors tend to affect the storage process.
Leakage of electrons through the volume of insulating
material at the end of the tube will eventually destroy
the charge patterns. Experiments have been made,
however, which prove that loss through leakage is
negligible. Deterioration over an interval of time many
times longer than any contemplated regeneration period
was not appreciable.

Redistribution is a term applied to the deteriorating
effect produced on adjacent spots by secondary elec-
trons which spray from a particular spot being read by
the beam. The “redistribution ratio” is a measure of the
number of times the reading beam may operate for a
certain duration of time and at a certain distance from
a spot before the signal which can be derived from that
spot will have been degraded more than a specified
percentage, say ten per cent.

Experimentation has shown that the degradation is
not proportional to the number of times of reading but
is proportional to the integrated time. For efficient
operation a minimum duration satisfactory for reading
and regenerating can be chosen.

In the course of the experiments carried on in Eng-
land, small imperfections on the screen of the cathode-
ray tube seemed to produce spurious signals. These were
attributed to holes and possibly carbon particles in the
phosphor. A small hole is supposed to produce a spuri-
ous signal because it exposes the glass which has dif-
ferent secondary emission characteristics than the
phosphor. This type of imperfection was overcome in
England by using a voltage such that the glass and
phosphor have nearly the same secondary emission
ratio. A voltage of about 1,500 volts was sufficient to
fulfill these conditions.

(NO SCALE)
SUPER SIGNAL
obor LINE POSITION
© e e & 1/¥—
0 o e C®> \/\—
"+ 0 @ -
e 8 8 -

0 NN

Fig. 11—Electrostatic storage systems. (a) Dot-line. (b) Dot-wi gle.
(c) Dot-blur. (d) Dot-circle. (e) General system. (f) Broken-fine.
(g) Deflection.
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Particles of carbon create another problem for this
system. If a carbon imperfection is present on the
screen, it has been learned in England that this too
gives a spurious signal. IFurthermore, it has been found
that the size of the imperfection required to give diffi-
culties may be considerably smaller than the dot used in
the process. So far, no cathode-ray tubes have been en-
countered in the present experiments which give spuri-
ous signals with the dot-circle system of reading. While
there is a slight variation in the size of output signals
obtained in the circle-dot system as the reading opera-
tion moves across the tube screen, the size and shape
are always sufficient to give a reliable memory.

The sensitivity of the dot-line system to screen im-
perfections scems to be a property of any system which
sweeps the beam. Even though the imperfections may
be smaller than the small pattern, the sharp edge of the
beam detects them as the beam is swept across the
screen. The resulting output signal contains these dis-
turbances at the beginning of the signal where sampling
normally occurs.

I, CoMPARISON OF THE VARIOUS SYSTEMS Ol
ELECTROSTATIC STORAGE

Several systems for operating electrostatic storage are
illustrated in Fig. 11.

A. Dot-Line System

The dot-line system, used in England by Williams,
uses a dot for one pattern and a line for the other. The
line and dot are superimposed as shown in the top line
of Fig. 11. The lire is analogous to the circle in the
dot-circle system. The line is generated by sweeping the
beam, not by moving the beam at high frequencies
over an area. Furthermore, the position of the dot rela-
tive to the line is such that no initial distinction exists
between the two patterns. Instead of an initially posi-
tive signal when the larger pattern reads the smaller,
the output signal first goes negative and then positive,
as the beam creates a larger positive area by continuing
to sweep the area.

Such a system results in delay before the signal
reaches its peak in the positive direction. A weak signal
is obtained because the line only affects the interesting
region around the dot in one dimension. There is not as
large a change in plateau area as in the circle-dot sys-
tem. Furthermore, the sweeping line does not cause this
change in area to take place as rapidly as with the circle-
dot system.

Greater accuracy or repeatability is required of the
dot-line deflection system than for the dot-circle
method. The exact location of the circle relative to the
dot is not as critical as the line to the dot. The dot-line
system has simplicity to recommend it.

B. Dot-Wiggle System

An alternate dot-line system, line (b) in Fig. 11, was
tested. The dot was produced in the usual fashion, but
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the line was produced by superimposing a small, high-
frequency signal on one of the deflection plates. This
permitted a symmetrical superposition of the line on top
of the dot rather than the one used in the first system
described. It was believed that in this way the negative
kick which precedes the signal obtained in the first
system might be reduced and that the tolerance on the
return of the deflection system in one dimension would
be improved. The results of experimentation, however,
indicated that the behavior of the dot-wiggle system
was not, in general, greatly different from the dot-line
system.

This can be understood if the system is considered as
having the virtues of the dot-circle system in one dimen-
sion, but the disadvantages of the dot-line system in
the other dimension. The conclusion, therefore, was that
the dot-wiggle system appeared to have fewer virtues
than the dot-circle system and was not appreciably
simpler.

C. Dot-Blur System

A third system, line (c) in Fig. 11 which used a dot-
blur pattern, was tested. The dot was created in the
same manner as before, but a larger dot or blur was
created around the dot by shifting the potential on the
focus electrode. It was found that the focus electrode
could be shifted either up or down to produce the de-
focusing. For certain types of guns this system was
about as effective as the dot-circle system. However, for
many of the types of guns which are presently used in
cathode-ray tubes, the defocusing operation could not
be done accurately. The focused dot did not always
have the defocused area centered on it, and the edges
of the defocused area did not always remain sharp.
These defects pertain to the so-called Type “A” gun
and make the dot-blur system inferior to the dot-circle
system. It does retain the advantages of a large signal
output and insensitivity to any minor inaccuracies in
the return of the deflection system.

D. Dot-Circle System

Line (d) of Fig. 11 shows the dot-circle system already
discussed. Larger signals are obtained in the dot-circle
system than in any others tested because of the large
ratio of the circle area to the dot area. The system
still permits nearly as many spots to be stored in a given
area as in the systems having the best space efficiency.
The dot-circle system eliminates the initial negative
kicks obtained with the line systems. This also con-
tributes to a larger output signal and allows sampling to
take place sooner and with greater time tolerance, re-
sulting in an over-all faster system. The method is less
sensitive to defects in the phosphor or signal place be-
cause the beam is not swept. Any screen imperfections
may affect the amplitude of the signal but not the
shape. In particular, the critical initial portion of the
signal is not changed by any screen imperfections. The
dot-circle pattern allows greater inaccuracies in the de-
flection circuits when returning to read a spot than in
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some other systems. The “time delay” associated with
the dot-line system is absent, since the time needed to
sweep the line is eliminated.

E. General Shapes

Line (e) of Fig. 11 shows some general shapes used.
The results were more or less similar to those obtained
with the dot and the circle. While the results of the dot-
circle system seem to be a little better, tests for the
general systems show that the exactness of the shape of
the circle is not of critical importance. The advantage
of high-frequency method of producing a circle is the
relative simplicity of the standard equipment required
to do it. The high frequencies can be superimposed on
the deflection systems through small capacitors which
do not otherwise interfere with the operation.

A final advantage to the high-frequency method is
that the tube is used with the beam focused to a sharp
spot in the manner in which it was intended. If later
changes are made in gun design which affect the manner
of focusing, the sensitivity of the focused element, or
the manner in which the focusing is done, such changes
will not affect the operation of the system as a whole.
The circle-dot system is based upon the principle that
the beam is always focused and the deflection system
produces the various shapes.

F. Broken-Line System

Line (f) of Fig. 11 shows an early system first tried
at the Moore School, University of Pennsylvania, be-
fore the work was undertaken at the Eckert-Mauchly
Computer Corporation. This method, while giving a
usable result, was not too satisfactory. Redistribution
ratios of the order of 3 or 4 were about all that could be
obtained for reasonable spacings. The dot-circle system
for similar spacings gave redistribution ratios of many
thousand.

G. Deflection System

Line (g) shows a deflection system used in radar. It
is a variation of the system in line (f). The principle of
operation is roughly the same as the broken line, and
the defects that it suffers are of the same type, with
slight improvement. Both systems, lines (f) and (g),
require space at the beginning and end of cach line for
turning the beam on and off. This space is wasted, as is
the time required for the starting and stopping opera-
tions.

The two deflection systems, lines (f) and (g), are suit-
able in a serial computer where they could be used to
replace the mercury delay-line memory. Although the
output signals are somewhat lower than other systems,
the scanning rate can be three or four times faster.

Because both systems have low redistribution ratios
they would not be suitable for a parallel computer. Since
the parallel system requires the beam to return arbi-
trarily to any spot, the space at the beginning of cach
line would have to be allowed at each spot. This would




504

reduce the efficiency of the storage by as much as one
half to two thirds.

1. DESCRIPTION OF EXPERIMENTS AND RESULTS

This section describes the experiments and tests per-
formed in the study of an electrostatic memory tube,
giving the results and conclusions of each.

A. Phosphors Versus Vollage

The characteristics of the output signal of a cathode-
ray tube used as an electrostatic memory are dependent
upon the type of phosphor used. The secondary emission
ratio varies with the type of phosphor and with the ac-
celerating voltage. When using a cathode-ray tube for a
memory, it is desirable to obtain the maximum number
of spots on the screen, that is, best definition. Definition
is improved by higher accelerating voltages; however,
higher voltages decrease the secondary emission ratio,
thus producing a drop in the output signal. The first
problem, then, is to investigate the variation of output
signal as a function of phosphor and accelerating
voltage.

Four spots were placed on the screen at wide spacing
so that the effects of redistribution were negligible. The
writing sequence consisted of eight dots and then eight
defocused dots, or blurs. Each spot was bombarded
twice. The reason for the second return was to determine
ease of erasure, which seems to be a function of the type
of phosphor.

Readily available phosphors were checked. Specifi-
cally, these were P1, P2, P4, P5, P7 and P11. Since the
object of these experiments was to obtain a cheap mem-
ory tube, none of the rarer phosphors was examined.
Some of the untested phosphors are combinations of
the available ones.

The accelerating voltage was varied from 200 to
10,000 volts. However, the complete range was not used
on all phosphors because the output signals tended to
drop off before reaching these limits. Fig. 12 shows a
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Fig. 12—Effect of accelerating voltage.
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set of typical curves (First Write column) for the 5CP7
tube. The voltage values are relative,

The second column (Second Write) exhibits the ecra-
sure quality. A blur on a blur should produce a large
negative pulse output. If the spot has not been thor-
oughly erased, a small negative pip, followed by a small
positive pulse, occurs. At the lower voltages erasure is
poor, while erasure becomes complete at higher voltages.
Erasure is a function of other variables as well and s
discussed later.

Table I shows the relative amplitudes of the output
signals for various phosphors. The data were taken
from curves similar to those in Fig. 12. The P’1 phos-
phor is the best for a memory tube since it has high
output signal at high accelerating voltages, good erasure,

TABLE 1*
|
Accelerating o Phosph}or )
Voluge [y ez | ey | ps | b7 | oen
200 | Bt [ 9
500 | 14 22 14 20 19
950 } 20 23 15 ‘ 25 20 22
1,50 | 21 17 13 26 | 2 21
3,000 | 22 10 | 12 ' 20 | 18 16
4,500 19 | 2 j 8 17 7 | 13
7,500 [ 15 ll 1 4 ' 4 8
4

10,500 15

* Units are relative output divisions.

low cost, and is very dense and free of holes and
granular irregularitics. The remaining experiments
were made with 1 phosphor exclusively. The fine
structure of PI stems from the fact that the particles
are ground—a procedure not as practical with many
other phosphors due to the small allowable impurity
content (of the order of 1/1000 of 1 per cent in these
others, as compared to 1 per cent for P1).

B. Gun Structure

A number of different 5CP1 tubes were used in these
experiments. Each gave results identical with the
others. However, a 5CP1A was also tested, and it gave
completely different results. The only difference between
the two tube types was the gun structure. The 5CP1
uses a “triode” gun while the SCP1A has the newer
Type “A” gun. The “A” gun was designed to give less
focus electrode current and better focusing. This fea-
ture, desirable for oscilloscopic purposes, is undesirable
when it is necessary to produce a blur by defocusing. As
a result, the SCP1A compared poorly with the 5CP1 on
output signal for dot-blur writing. The visual effect is
shown in Fig. 13, Defocusing is accompanied by off-
center deflection with the “A”-type gun as well as

blurring of the edges.
"A"  GUN

"TRIODE" GUN
Fig. 13—Triode versus “A” gun.
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It was for the purpose of obtaining good resuits from
the “A” gun that the circle-dot method was developed.
As mentioned before, this method has the beam focused
at all times but the large area figure is made by whirling
the beam around a circular pattern. Thus, the focusing
action of the “A”-type gun is not disturbed. Both
methods were successful with the “triode” gun. Fig. 14
shows typical wave forms.

"TRIODE" GUN "A" GUN
...... DEFOCUSING

CIRCLING

Fig. 14—Output waveshapes, defocusing vs. circling on
triode and “A” gun.

The “A” gun was difficult to focus sharply over the
entire area of the tube until an astigmatism control
was added. This control provided a means for making
the average potential of the deflecting plates equal to
the potential of the second anode. Setting this control
proved to be about ten times more critical with the “A”
gun than with the “triode” gun.

C. Tube Diameter

Intuitively, it might seem that memory capacity
would be greatly increased by using a larger tube. A
seven-inch tube should be able to store twice as many
spots as the five-inch tube because the area of the
former is nearly twice that of the latter. Upon examina-
tion, however, other factors which are not immediately
apparent tend to deny this theory. Such factors as
maximum deflection angle and increased spreading of
the beam with distance tend to diminish the advantage
of the seven-inch tube over the five-inch tube. Theo-
retically, for the same accelerating voltage and gun,
and neglecting space charge and redistribution, the
number of spots should not change with tube size.
Actually, redistribution does not scale up propor-
tionately as do other factors and, therefore, the larger
tubes have some advantage over the smaller ones. Re-
distribution distances are changed but little and thus
do not scale since the velocities of secondaries and the
local field are not changed at the end of the tube.

The space efficiency for various diameter tubes was
determined by operating each tube as a memory with
256 spots. The spot spacing in both the vertical and
horizontal directions was decreased until the first de-
tectable decrease in output signal was discovered (ap-
proximately 5 per cent).! This defines the limiting con-

! The spot spacing data are based upon two assumptions: (1) that
a 5 per cent to 10 per cent decrease in output due to interference is

tolerable; and (2) that the area for 256 spnta can he uscd as a hasis

for cafu:rolating to the full tube area. Both assumptions must be
examined more completely,
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ditions caused by redistribution. The number of spots
per unit area under these conditions is a measure of the
space efficiency.

The space efficiency, however, can be influenced by
the manner of deflection. Purely serial operations, as in
television scanning, give the greatest space efficiency.
The present methods were concerned with completely
parallel operation in which a number of readbacks were
made on one particular spot. Comparative data on this
test are tabulated in Table I1.

TABLE 11
. Approxi-
Approxi- “xtra- mate Actual
Tube ‘ pp polated Space
Diame- [Spots/In? Hate Total | Efficiency | 1"5rea%e
ter | a e,) Spots Relative Spots
n. Possible to 3" po
Tube
3" 320 1.5 1,440 1009, —
5 141 12.5 1,762 449, 239,
7" 102 24.5 2,499 | 329, 73%

Although the space efficiency drops as the diameter is
increased, there is an increase in the total number of
spots. This indicates that the area changes faster than
the effects of redistribution and defocusing.

D. Effects of Accelerating Voltage on Signal Output, Re-
distribution, and Definition

The acceleration voltage plays an important role in
the memory tube if a large number of spots are to be
placed on the tube. Its lower limit is set by definition
and secondary emission ratio, while its upper limit is set
by insulation breakdown, secondary emission ratio, and
decreased deflection sensitivity. The effect of an acceler-
ating potential on secondary emission has been dis-
cussed previously. Definition, or sharpness of focus, im-
proves with higher accelerating voltages because the
velocity components perpendicular to the electron beam
are made smaller compared to the main component
which is directed toward the screen. Improved gun
structures may correct this fault; for the present, higher
voltage is the answer.

Memory tubes for computer work should provide a
large number of readouts on one particular spot without
causing loss of memory in nearby areas, that is, high re-
distribution ratios. Redistribution is not a linear func-
tion of readbacks, nor is it a linear function of the dis-
tance between spots. Redistribution changes extremely
rapidly when the spot spacing is varied from one to two
spot diameters; but it changes very little beyond that
distance, indicating that the sprayed electrons have a
sphere of influence with an abrupt boundary.

The magnitude of these effects was made the subject
of an experiment. The variables were acceleration volt-
age, number of readbacks on a particular spot, spot spac-
ing, and tube diameter. An output signal was produced
by placing 256 spots on the screen as alternate fields of
circles and dots. The spots adjacent to a selected spot
were observed while the selected spot was read a large
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number of times. The spacing was decreased in both di-
rections until the first signs of signal deterioration were
observed. The vertical and horizontal spacings were con-
trolled independently. It was found that the two spac-
ings are not equal for optimum conditions but seem to
be a function of direction of deflection. This procedure
was repeated with different acceleration voltages, vari-
ous readback rates, and different diameter tubes.

The results are given in Table I11. With lower ac-
celerating voltages less than halfl the number of spots
can be obtained.

TABLE I11*
Accelerating , T -—; T
Voltage 3,300 Volis | 1,900 Volts
Readbacks 0 | 25 | 1,024 0 |] 256 } 1,024

Tube Diameter ' l

3 570 518 496 220 | 173 173
5" 227 183 175 || 99 | 64 55
e 192 146 146 |92 | 69.2  61.4

* Units: Spot /Inch?,

E. Mognetic Fields

Some of the secondary electrons from the bombarded
screen return to the screen, and some go to the post ac-
celerator. Since the positive output signal is caused by
the electrons leaving the surface of the screen, it is pos-
sible that the signal could be increased by a magnetic
field which would direct the secondary clectrons toward
the post accelerator.

The presence of the magnetic field produced a slight
increase in the output signal, but the pattern was dis-
torted. The redistribution ratio, which should also im-
prove, only showed a slight improvement.

Another scheme for improving the signal output is to
pulse the post accelerator with a positive potential,
thereby attracting most of the secondary electrons. This
scheme interfered with the equilibrium action and re-
quired a definite time out for pulsing. Neither of these
methods seemed desirable since the improvement noted
was so slight,

F. Erase Time Study

Erasure, writing, and reading represent the same op-
eration in this electrostatic type memory tube. The
beam erases what is already there and writes its latest
shape each time the spot is read. Considerable interest
is focused on the problem of determining the length of
time the beam should stay on each spot. This time di-
rectly affects the basic repetition rate of the associated
equipment and also determines the amount of redistri-
bution on those neighboring spots within the sphere of
influence. The results of these experiments seem to indi-
cate that the beam should be kept on a spot until it has
reached its equilibrium potential. This guarantees full
output the next time the spot is called upon. The time
required for a spot to reach full charge is a complicated
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function of beam current, phosphor chrarcteristics, ac-
celerating voltage, spot diameter, time, and capacitance
to surrounding areas.

It so happens that all the factors except time have
been chosen on the basis of other considerations. Deter-
mination of erasure time can be made experimentally by
observing the output signal while placing alternate
frames of circles and dots on the screen, returning to
cach spot twice. The cathode-ray-tube grid unblank
time can be lengthened until further increase produces
no additional increase in signal amplitude. Fig. 15 shows
the results of this test.

UNBLANKING

T
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Fig. 15—Effect ol length of writing period on output
signal and erasure.

The experiment has bLeen carried out with cathode-
ray-tube grid wave forms which were steep compared to
the rise time of the signal. It was expected that the sig-
nal amplitude would be related to the grid rise time since
the output signal is obtained through the capacitively
coupled signal plate. Apparently the coupling network
time constant was long compared to the grid rise time
because the only effect of this variation was an output
signal delayed by the amount of the rise time. Obvi-
ously, if the grid-voltage rise time is made long enough,
th.c poor low-frequency response of the signal-plate cou-
pling network and amplifier will limit the signal. The
effect of long cathode-ray-tube grid-voltage rise time is
to slow down the memory. A compensating effect is the
smaller amplifier necessary to drive the grid. A com-
promise between the two opposing factors must be
reached. (0.2 to 0.25 microsecond rise was chosen.)

G. Effect of Cathode-Ray Grid Voltage

Normally the grid voltage is at cutoff. When the de-
ﬂ.ection voltages have reached full amplitude, a positive
signal is applied to the grid to turp the beam on. Com-
plete cutoff (about —150 volts at 43,000 acceleration
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voltage) is necessary until this time in order to preventa
faint beam from trailing across the screen. Electronic
cutoff appeared in all cases coincident with visual cutoff.

Beam current in the tube is a function of grid voltage
and hence affects the writing time. Therefore, a study
was made of the effects of grid voltage variation. If the
grid voltage is too low, the writing is poor and a small
output signal is obtained. Conversely, if the grid voltage
is too high, the positive signal output is decreased and
redistribution is increased. The grid can be adjusted to
optimum condition by observing the output signals. A
tvpical test is shown in Fig. 16.
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Fig. 16—Effect of grid voltage on output signal.

When used as a memory, a cathode-ray tube is op-
erated at a higher negative bias than that normally used
for good visual output. Fortunately, spot defocusing is
small under these conditions. The grid bias must be ac-
curate to within 5 volts if no change in output signal is
to occur. This fact must be taken into account if direct-
current restorers are used in the grid circuit.

H. Input Circuit Design

The design of the input circuit and amplifier requires
a knowledge of the frequency components present in the
signal. In general, the time constant of the network
should be lower than the rise time of the signal (between
0.2 and 0.4 microsecond) if the true wave shape is to be
preserved. The signal-plate load resistance Ry should be
computed so as to discharge the stray shunt capacity
Cs which exists between signal plate and ground. If Ry
is made too large, Cg will not be discharged completely
before moving to another spot, resulting in loss of signal.
If R, is made too small, differentiation takes place
through the signal plate to spot capacitance and Ky, re-
sulting in a small, sharp output signal. The best com-
promise seems to be a R.-Cs time constant less than
twice the memory repetition time. Inductive compen-
sation can improve this condition.

. Electrostatic Memory System
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With a value of R, =10K ohms, properly shunt com-
pensated, a useful output of 5 to 15 millivolts is obtain-
able.

A method suggested for increasing the speed of the
memory requires that the pickup plate be moved away
from the screen in order to decrease the spot capacity.
This scheme was tried and there was no significant or
detectable increase at 3/16 inch. The amplitude re-
mained practically constant. The fallacy lies in the fact
that the capacity from collector to a spot does not
change too much as the plate is moved away. Although
the distance increases from the spot to the plate, the
solid angle stays about the same due to the large diam-
eter of the collector thus preventing the capacity from
changing appreciably.

I. Leakage Tests

Memory is possible only if the spots can hold their
charge for a significant length of time. The factors which
shorten the memory time of a spot are leakage and re-
distribution, the latter having been treated earlier. How
much each factor contributes is a question which must
be answered since it determines how often a spot must
be regenerated.

The order of magnitude of leakage was determined by
writing a line of dashes on the screen and moving the
beam to another portion of the screen for an interval of
time, and then reading back on the original line to pro-
duce an output signal. Any change in output signal with
variation in length of interval indicates leakage. Obser-
vations were made at intervals of time up to 1/12 sec-
ond, and no indications of leakage were evident. Longer
intervals even up to several seconds showed only small
changes and were therefore permissible. It would seem
reasonable, therefore (if redistribution effects are negli-
gible), to regenerate each spot every 100 milliseconds or
less. Allowing 2 microseconds operating time for each
spot, this requirement matches well with the timing of
associated equipment.

J. Transtents

The interval between regenerations, that is, frame
time, is influenced by the transients of the line supply.
Such transients shift the beam by affecting the deflec-
tion and second anode voltage. For a given frame time,
only a certain maximum rate of shift can be tolerated.
If the displacement during each frame time is kept small
(for example, less than 1/10 a spot diameter), the
whole pattern can move slowly and still permit success-
ful operation.

By making the power supply time constant longer
than the regeneration interval, the voltages will change
more slowly than the frame rate.

Under actual test, screen patterns jumped as much as
# inch with line surges without affecting the memory
pattern. It becoines difficult to provide the power sup-
plies for larger memories with a long time constant,
therefore shorter frame times improve the situation.
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IV. Turory or OPERATION

A simple block diagram of the test equipment is
shown in Fig. 17. The position of the beam is deter-
mined by the deflecting circuit which in turn is con-
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Fig. 17—Block diagram of test equipment.

trolled either by the manual switches or the counter. A
spot or a circle can appear at any position depending
upon the deflection signals and whether the circle gen-
erator is off or on. The signal picked up at the face of the
tube is fed into the regeneration circuit. The beam is
turned off and on by the timing signal and the output of
the regeneration circuit,

The regenerative action is explained with the aid of
the timing diagram, Fig. 18. In the diagram, the num-
ber 010011 is used as an example and the wave forms in
various parts of the system are shown. The unblanking
signal which controls the circle generator as well as the
cathode-ray-tube beam produces a circle at the chosen
area for the first half of each cycle. This circling pro-
duces the wave forms shown in the third line, depending
upon whether a circle or dot had been the last previous
form in that area. If a positive signal is obtained, it gates
a clock pulse which sets the dot flip-flop. The flip-flop
holds the beam on after the circle generator is turned off.
The dot, or ore, is thereby regenerated at that position.
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Fig. 18—Timing diagram of test equipment.
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When the cathode-ray-tube output signal goes nega-
tive, the flip-flop is not set. The beam, therefore, goes off
at the same time as the circle generator, leaving a circle
on top of the original circle, thus regenerating the zero

A. Repeneration Circuit

Extremely high computing speeds can be obtained by
a parallel system consisting of several memory tubes.
Each tube would have its own regeneration circuit but
would be connected to a common deflection circuit. One
of the binary digits of each stored word would be stored
in cach tube. A word could be selected in two to three
microseconds and all of the digits would be presented
simultancously.

A detailed block diagram of the regencration circuit
is shown in Fig. 19. Clock gates, flip-flop, and unblank-
ing signal have alrcady been discussed in connection
with the timing diagram, Fig. 18. Information is re
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Fig. 19—Regencration system.

moved from or inserted into the memory through the
three gates in the lower right section of the diagram.
For example, to put a dot (1) in any memory location.
the input signal and the input gating signal are applied
simultaneously to the input gate at the proper time. The
output of this gate keeps the beam on after the circle
generator has been turned off, thus putting a dot charge
distribution on the tube.

The recirculation signal line normally permits signals
to pass through the gate. To put a zero in any memory
location, the recirculation gate must be blocked by a
signal of the opposite polarity at the proper time.

Finally, to read out any stored signal, the output
gate is opened and the signal appears on the output line.
Obviously, reading out a signal does not of itself remove
it from the memory. However, when such action is de-
sired, information in the memory can be read out and
simultaneously new information can be inserted by ap-
plying signals to all three gates. “

B. Clipping Considerations

This memory system is based on the two different
output signals obtained from the two charge distribu-
tions. For reliable operation the difference between the

two signals must be well defined under all operating con-
ditions.
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For example, a positive signal gates a clock pulse. If
the base line of the signal should shift, the circuit would
pick up extra pulses or omit desired pulses. In other
words, for best operation there should be no direct-
current component in the signal at the point where it is
sampled, that is, the clipping circuit.

Since the signal is obtained from an insulated plate,
it originally contains no direct-current. Therefore, it is
sufficient to maintain this condition through the ampli-
fier and clipping circuit. To insure this condition, grid
current must not flow in the amplifier.

The clipper uses the circuit of Fig. 20. R, can be con-
nected to some negative voltage which puts the second
grid of tke tube below cutoff. Then in the quiescent con-
dition the upper diode draws current. Any positive
pulse greater than the threshold value can turn on the
gate. The threshold can be varied by changing the
voltage to which Ry is returned. Since the circuit must
distinguish between positive and negative signals,
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Fig. 20— Clipping circuit.

clipping action could also be obtained when the quies-
cent position of the second grid is zero or some positive
voltage. Under these conditions, the negative signal
must be enough to pull the grid down to cutoff and a
positive signal to have no appreciable effect. In the
laboratory model of the regeneration circuit, the thresh-
old voltage was varied over a wide range to test the
reliability of the circuit as well as to check the correct-
ness of the chosen clipping level.

The output of the lower diode of the clipping circuit is
used only to balance the impedance of the clipper as the
instantaneous voltage changes. This prevents a change
of charge on condenser C thus avoiding the base line
shift discussed above.

C. Deflection

Basically, for the purpose of this paper, a deflection
circuit is 2 device which generates a voltage propor-
tional to a number which is received in coded form.
There are a number of different circuits which have this
property, and each can be varied in a number of ways.
The deflection circuit actually used in the laboratory
model is shown in Fig. 21. Any spot position corresponds

to a particular combination of switching tubes turned
off. These in turn operate the deflection tubes. The cur-
rent through all conducting deflection tubes is equal.
Therefore, each contributes voltage to the output which
is proportional to its share of the anode load. The re-
sistors shown in series with the plates of the upper de-
flection tubes are not logically necessary. They equalize
as much as possible the plate voltage of all stages. The
regulator tubes are part of the circuit which maintains
constant current in each conducting deflection tube.
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+

g LA
1 L

ML ATOR SWTORNS  DEFLECTION OEFLECTION SWTCMMG  ALOULATOR
Tusls Tuats Tusts TUReS Tubes Yuers

Fig. 21—Deflection circuit of test equipment.

V. REGENERATION CONSIDERATION FOR A MEMORY
SYSTEM

There are several different methods of regenerating
an electrostatic memory system. These methods con-
sider the timing and number of wires over which the re-
generation occurs within a system or group of tubes.
While there may be specific exceptions, a digital mem-
ory consists of a group of cathode-ray tubes. It is the
presence of the group, rather than a single tube, which
gives rise to the great variety of multiplexing or tim-
ing schemes and the different types of regeneration sys-
tems which may be used.

A. Parallel System

The parallel system is probably the simplest system
logically. Section IV of this paper dealt with an element
of a parallel system. It is the fastest system and there-
fore, from the point of view of technique, may be con-
sidered the most highly developed system. It is not the
simplest system from the standpoint of the amount of
apparatus required, and it may be ruled out in a prac-
tical computing system where simplicity is more im-
portant than high speed.

If there are 50 of these systems, each can transmit
and reccive its information simultaneously from S0 in-
dependent circuits. These 50 circuits might correspond
to 50 binary digits in an electronic digital computer. If
the computer is decimal rather than binary, these digits
would be considered in groups of four or five in order
to make up the decimal digits. In the basic pattern of
operation, the deflection circuits of all the cathode-ray
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tubes in the system are tied to a set of common deflect-
ing busses which would direct all the beams into the
same region of the screen simultaneously.

The operation of such a system would be as follows.
After deflecting the beams to the proper point in each
tube, only one reading or writing operation is needed
by the whole register. Such a system gives the ultimate
in spced of operation because it uses multiple channels
for transmitting all the intelligence at one time.

B. Regeneration Patterns in Parallel System

The fundamental limit on the speed of operation in a
given channel is the cathode-ray tube phenomenon and
not the amplifier and associated circuitry. A regenera-
tion pattern must be used in the tube which allows a
fairly good redistribution ratio in order to make the
operation of a parallel system practical.

Assume that a cathode-ray tube contains approxi-
mately 1,000 spots which are regenerated in cycles con-
sisting of two intervals. During the first cycle, any ar-
bitrary spot is read and regenerated; during the second
interval, one of the other spots on the tube is regen-
erated as part of a regular systematic regeneration pro-
cedure. In such a system, the condition of most interest
would be that in which the same spot is read during all
the arbitrary reading periods over a complete regenera-
tion cycle without losing the spot next to the arbitrary
spot through redistribution.

A condition exists in which the redistribution ratio
must be at least 1,000 in order to have satisfactory op-
eration of the memory. This pattern of regeneration
utilizes 50 per cent of the operating time for the purpose
of regeneration. In an actual computer, other operations
may take place during the regeneration time.

C. Serial Operation

The serial system for regenerating memory tubes op-
erates in a manner analogous to a regenerated mercury
memory. From the point of view of the quantity of ap-
paratus, the serial system uses about the simplest sys-
tem. The apparatus setup for the serial system is like
that in the parallel system except that it is a memory
consisting of one tube. If there are more tubes, they
are independently selected at different times.

In a simple serial system, the reading progresses sys-
tematically along the spots of the tube, starting, for ex-
ample, in the upper left-hand corner of the spot pattern
and counting along the spots of successive rows to the
end of the pattern and then back to the beginning again.
This is equivalent to the systematic regeneration cycle
of a single channel of the parallel system. If it is desired
to put in or take out a particular number, it is necessary
to wait until this number is passing through the re-
generating circuit and, at that time, the number is read
out and the new number is read in.

Since the scanning process involved in this case is a
purely systematic one and does not require any ar-
bitrary steps from one point to another, the relatively
elaborate jump-sweep system is replaced by the simple
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step-charger system. Except for the fact that it produces
small potential platcaus as steps, it is like a raster, simi-
lar to that used in television.

D. Serial Line System

A variation of the scrial system, which we shall call
the serial line system, is the one used by Williams. That
system uses a perfectly systematic horizontal sweep with
a step pattern. The vertical sweep, however, is a con-
trolled sweep mentioned in connection with the parallel
system. The serial line system uses a systematic
scanning like the parallel scanning except that the ele-
ment, instead of being considered a particular spot on
the tube, is considered to be a particular line on the
cathode-ray tube. For example, a 32X 32 array may be
considered as 32 packages of 32 spots cach—cach line
being taken as a package.

The mode of operation in this type of memory is
such that one line is read systematically—say line 1.
Then an arbitrary line is chosen. Then line 2 is read,
and then some other arbitrary line is read; then line 3 is
read, and so forth. In general, it is simply an extension
of the separate spot principle into separate lines,
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Diode Coincidence and Mixing Circuits
in Digital Computers*
TUNG CHANG CHENY, ASSOCIATE, IRE

Summary—Basic circuits utilizing germanium diodes in elec-
trically pulsed systems are described. The circuits are of the fol-
lowing types:

1. Coincidence circuits—output signal occurs only when all the
inputs receive signals simultaneously.

2. Mixing circuits—output signal occurs when any one of the
inputs receives a signal.

The analyses of transient response of the output signal and the
input impedance are given.

1. INTRODUCTION

\ as gates and buffer circuits, respectively, occur

frequently in many electronic devices and play
an important role in electronic digital computers. A co-
incidence circuit produces an output when, and only
when, all inputs are energized simultaneously. A mixing
circuit combines several inputs without interaction into
one output which is responsive to any one of the inputs.
These circuits may be formed by using multiple control-
grid vacuum tubes, tubes in parallel, or diodes.

The circuits, which are to be described, using ger-
manium diodes are not amplitude sensitive, that is, the
circuit operations depend only upon the presence or
absence of signals provided the amplitudes are kept
within a predetermined range. This property is desirable
in most electronic digital computers and other similar
applications.

In the following analysis and discussion it is assumed
that the diodes are ideal except under the conditions
where their back resistances cannot be neglected.

/COINCIDENCE and mixing circuits, also known

I1. CoincIDENCE CIRCUIT

A basic coincidence circuit of n inputs for positive
pulses is shown in Fig. 1. All the voltages shown are
referred to ground. All the input pulses are assumed to
be rectangular with the same duration and equal ampli-
tude and will occur at the same instant when there is a
coincidence. The supply voltages are adjusted so that:

Ey > Fo > I, (D

and
Iy > 1. (2)

When there is no signal at any of the inputs, the clamp-
ing diode X. and all the coupling diodes X, Xa, -+ -,
X, are conducting; hence, ¢, equals E,. When there is a

* Decimal classification: 621.375.2. Original manuscript received
by the Institute, June 22, 1949; revised manuscript received, Novem-
ber 29, 1949.

_ f Formerly, [(ese:_arch Laboratory, Moore School of Ilectrical
Enginecring, University of Pennsylvania; now, Research Division,
Burroughs Adding Machine Company, Philadelphia, Pa.

pulse appearing at one of the inputs, taking input 1 as an
example, X, is cut off. Since I, is greater than [ the

Fig. 1—Basic coincidence circuit for positive pulses.

clamping diode remains conducting, except when a
coincidence of all the inputs occurs. With coincidence all
the diodes are cut off and ¢, rises exponentially with time
constant RC, where C is the output capacitance includ-
ing the capacitance of the diode X..

The rise time of the output pulse can be found to be:

E,— FE,
T.=RCIn——— A3)
1 — 1L

If the voltage drop across R is large compared to the
amplitude of the pulse, the rise time is approximately:

- (E — E,)C

v 7 (4)
After the output voltage e, has reached E, it follows the
input voltage e; exactly; because if e, is greater than e,
the coupling diodes will begin to conduct. If the input
pulses do not have the same duration and do not occur
at the same instant, the output pulse only occurs in the
overlapping part of all the input pulses and has an am-
plitude equal to the smallest of the inputs.

The purpose of using the clamping diode is threefold.
First, it acts as a clamper or dc restorer to permit the
use of capacitive coupling. Second, it keeps ¢, constant,
except when there is a coincidence, regardless of the
number of inputs at which signals are present. If the
clamping diode were not present, the maximum change
in e, in the absence of a coincidence would be:

R\E, + RE,

Eo = —

Ri+ R

R\E, + nRE,
R| + nR

(5)
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and this variation may have sufficient amplitude to
give a false response when # is large. Third, the clamping
diode eliminates leakage signals caused by the back re-
sistance of the coupling diodes. The maximum leakage
signal, which occurs when signals are applied to n-1 in-
puts, is:

_ (n - l)RRlAC.’
" (R+ R)Rs+ (n — )RR,

7

Ae,

(6)

for no clamping diode. R, is the back resistance of a
diode and Ae; is the ‘amplitude of the input pulses.
With the clamping diode, the leakage signal will not
occur until 7, becomes zero or:

(n d l)(E - Eo) _
Rs B

L -1 Q)

Under this condition the clamping diode is cut off. If the
difference I,~1I is large enough so that the clamping
diode remains conducting for the highest pulse ampli-
tude, no leakage will occur.

In the case where the total capacitances of the cou-
pling diodes is comparable to the output capacitance, the

output voltage changes abruptly to the value:
nC.E
T (8)
C+ nC,

where C, is the capacity of a coupling diode and the rise
time is:

nC,
——FE
nC.+C

I =@mC:+ C)Rln —MM—___, 9
(HC.s+ OOR In —— == )

1~

If the voltage drop across R is large compared to the
amplitude of the pulse, the rise time is approximately:

CE o

Several types of input circuits are shown in Fig. 2
where the notations are identical with those used in
Fig. 1. Input 1 is a capacitive coupled input. Inputs 2
and 3 are used for direct coupling which is sometimes
necessary for gate signals of long durations. Input 2
should not be driven to a potential lower than E, for
then excessive current may exist in X, and X, in series,
if the output impedance of the driving source is low.
This limitation is avoided by the use of input 3, since
diode Xj is cut off when the input voltage is less than E,.

Input 4 is an inhibiting input. A coincidence of inputs,
1,2, and 3 will give an output, except when a coincid-
ing negative pulse is applied at input 4. Normally,
diodes X and X, are cut off and the presence of a nega-
tive pulse at the input makes the diode X, conduct and
inhibits the output. Diode X, is merely used for clamp-
ing, while the series resistor R; is used to limit the cur-
current through X, and X, during the negative pulse
when the output impedance of the source is low.
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Way

It should be noted that if there is no signal existing
at the inhibiting input for a considerable length of time
the potential of point A is approximately midway be-
tween E and E,, assun:ing the back resistance of diodes

Xy
Input | I
Ry
Input 2
X X
_ht Output
Input 3 ]
R, R Z&Xe sle
]
|
=

Fig. 2—Coincidence circuit for positive pulses with
different types of inputs.

X, and X, are equal and large compared to R;. The out-
put voltage, when it reaches the potential of point 4,
is affected by the output impedance of the inhibiting
source. The shunt resistor R,, having a resistance small
compared to the back resistance of the crystal diode,
maintains the potential of point A very close to E in the
absence of inhikiting pulses.

Any combination of the inputs described above will
form a coincidence circuit. The number of inputs is
limited by the current capacity of the clamping diode
X, since the current in the clamping diode, when no
signal exists at any of the inputs, is:

o= (n~ p)I, ~ I, (11)

where 7 is the total number of inputs and p is the num-
ber of inhibiting inputs. )

A coincidence circuit for negative pulses is identical
with the one for positive pulses, except that all the diode
connections are reversed and the relation of the various
voltages is:

E; > E, > E,. (12)

Positive pulses are required for the inhibiting inputs.

ITI. Mixing Circuits

A mixing circuit for positive pulses is shown in Fig. 3.
The voltage E; is negative with respect to E, and all
diodes are conducting in the absence of input pulses.
The diodes X,, X, etc., are used for clamping. When a
signal is applied to any one of the inputs, taking input 1
for example, X is cut off and X, conducts more heavily.
Other coupling diodes X, etc. are cut off when e, rises
above E, and the output voltage e, will follow the input
voltage e; exactly until time hi. All the coupling diodes
are cut off and e, falls exponentially with time constant
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RC. If the voltage drop across Ry is large compared to
the amplitude of the pulse, I and C determine the fall
time T;. The number of inputs is limited by the required
transient response of the driving source which sees a
capacitance of C+(n—1)C;, where C. is the shunt ca-
pacitance of a diode.
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Input n T Ey
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Fig. 3—Basic mixing circuit for positive pulses.

For direct-coupled input, the coupling capacitor and
the clamping diode are omitted. When the inputs are a
combination of direct- and capacitive-coupled inputs, it
is desirable to shunt the clamping diodes with resistors
having a low resistance compared to the back resistance
of a diode for a similar reason as that described for the
inhibiting input of a coincidence circuit.

1V. INPUT IMPEDANCE

The equivalent circuit of a driving source and one of
the inputs of a coincidence circuit for positive pulses is
shown in Fig. 4(a), where R, is the internal resistance of
the equivalent generator. It is assumed that the capaci-

|

|

|

|

1

(+] I 1,

(b)
Fig. 4—(a) Equivalent input circuit of a coincidence circuit; (b)
rclation between input voltage and current.

tance of the coupling capacitor C. is large so that the
change in voltage across it is negligible during the pulse.
For the quiescent state current 4, is zero, and the poten-
tial at point ¢ is E,. When a pulse is generated by the
source, both e, and 4, are increasing. Since point ¢ is
clamped at E,, /, remains constant and 7, decrcases until
X is cut off. The input resistance R; across points @ and
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b can be expressed by the function:
R.' & 0 0 < i] < Il
Ri =R, a2 h,

for
(13)
which is represented by the slopes of the broken line
OAB in Fig. 4(b).

Letting e; swing from E, to E, the input resistance can
be represented by an equivalent resistance R, which will

satisfy the conditions at the end points O and B. The
equivalent resistance R, can be written as:

E—-E E-—E,
T 1y  E-E

for

R,

R,, (14)
where R, is a function of the amplitude of the pulse.
Since the circuits are not amplitude sensitive, only the
minimum pulse amplitude is to be considered. The
equivalent input impedance is then a parallel combina-
tion of R, and C, which is the capacitance of crystal
diode X,. The back resistance of the diode is usually
very large compared to R, and can be neglected. The
input impedance of a mixing circuit can be found in a
similar way, and will not be repeated here.

V. APPLICATIONS

Coincidence circuits are commonly used for the fol-
lowing applications:

1. Reshaping of deteriorated pulses produced by the
various components of electronic digital computers.

2. Selecting or inhibiting a certain one or groups of
pulses from a pulse train.

Fig. 5 illustrates all the functions mentioned above.
The pulse train at input 1 is reshaped by the standard
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, | [ | |
Input4  O— ' : : |
Inhibiting 1 ‘{_F| | |
o T S '
+ 1 | |
[ | l/ \
Output o——{ - | : i i
bt sace) I i | |
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Fig. 5—Wave forms of a typical coincidence
circuit for positive pulses,

timing or clock pulses at input 2 and a portion of the
train is selected by the gate signal at input 3. The pulse
at time {, is deleted by the negative inhibiting pulse at
input 4. Complete inhibition can be assured if the in-
hibiting pulse envelopes the clock pulse, regardless of
the shape of pulses of the pulse train. These operations
are accomplished by the use of one diode coincidence cir-
cuit, whereas many dual control-grid tubes and their
associated components would be required if vacuum-
tube circuits are employed.
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Mixing circuits are used primarily for combining and
isolating the outputs of several sources which may have
different output impedances. The transient response of
many vacuum tubes connected in parallel is greatly im-
proved if they are isolated by a mixing circuit.

Since the diode coincidence and mixing circuits have
negligible attenuation, they can be connected in tandem,
provided that the output of the driving circuit is cap-
able of sustaining the current required by the input of the
driven circuit. These circuits have been extensively
used in the EDVAC, an electronic digital computer de-
veloped at the Moore School of Electrical Engineering,
University of Pennsylvania. In the EDVAC the diode
coincidence and mixing circuits are designed for pulses
of 0.3-microsecond duration at repetition rates as high
as one megacycle with rise and fall times of 0.1 micro-
second. These diode circuits can be designed to operate
at pulse repetition rates of several megacycles and hav-
ing rise and fall times of the order of 0.05 microsecond
or less.

Discussion on
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“Stabilization of Simultaneous Equation Solvers”’
G. A. KORN

Lofti A. Zadeh:' Dr. Korn's paper on “Stabilization of
Simultaneous Equation Solvers” contains a few errors,
possibly of a typographical origin, which distort the
significance of his main result.

In the first place, equation (3) should read

" 1)
2[41./.- = 5.‘;.-("1 —: :ka + b =0,

k=1

and consequently (8) should be written as
n+1
A(p)

In the second place, Dr. Korn’s assertion that the
real parts of the A; never exceed unity, provided ay
is positive definite and a; £1, is incorrect. Actually, the
real parts of the A; may be greater than unity, but the
magnitudes of the A; will certainly be less than n+1.

Finally, in the statement of Dr. Korn's stability
criterion (immediately following equation (10)), a
should read |a| (magnitude of @). In the corrected form
the criterion loses much of its simplicity, since in order
to ascertain whether the computer will be stable or not,
it is necessary to vary not only the magnitude of a but
also its phase.

A perfectly general and yet simple criterion for
stability of a simultancous equation solver can easily be
obtained through the use of Nyquist's criterion. Thus,
we can state that:

te

* G. A. Korn, “Stabilization of simultaneous equation solvers,”
Proc. I.LR.E., vol. 37, pp. 1000-1002; September, 1949,
! Columbia University, New York, N. Y.

A system of n equations
n
Z (l.-k.\'k+b. =
k=1

will have a stable solution if, and only if, the character-
istic roots of a., the A, are such that the points (n+1) /X,
are not enclosed by the Nyquist plot of A(p).

In conjunction with the above criterion it is useful to
note that when ay; is positive definite and a; <1, the
points (n+41)/X; are located outside of the unit-circle
in the right half of the complex phane.

Granino A. Korn:® The writer is grateful to Dr. L.
Zadeh of Columbia University for his criticism of the
paper on “Stabilization of Simultaneous Equation
Solvers.”

With respect to Dr. Zadeh's first objection, it was
considered fair enough to absorb the “mixing loss”
1/n+1 of the summing network into the gain 4 of the
amplifier, so that equations (2) and (3) may be con-
sidered as correct. Under these circumstances the real
parts of the \; will, indeed, be less than n+1, not one,
and greater than zero.

In the statement of the stability criterion following
equation (10), a should read [a] (typing error). The
writer has, however, clearly stated below equation (10)
that the phase as well as the magnitude of a must be
varied. Dr. Zadeh’s application of Nyquist’s criterion is
not self-evident but secems to be derived from the
writer's equation (8),

? Curtiss-\Wright Corporation, Columbus, Ohijo.
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Annular Circuits for High-Power, Multiple-Tube,
Radio-Frequency Generators at Very-High
Frequencies and Ultra-High Frequencies®

DONALD H. PREIST}, MEMBER, IRE

Summary—A new type of cavity suitable for excitation by a
plurality of negative grid tubes in phase is described. In such a
generator, which may be either an amplifier or an oscillator, the
efficiency is independent of the number of tubes, and very large sizes
are possible, limited only by the occurrence of unwarranted modes.
This limit has not yet been reached in practice.

The upper frequency limit is the same as that for an individual
tube in an optimum circuit. All forms of modulation may be used.

I. INTRODUCTION

CRITERION of effectiveness for a multiple-
A tube radio-frequency generator must take into
account the following:

1. To what degree the multiple-tube generator with
n tubes approaches the ideal result that the power out-
put is n times that obtainable from a single tube, with
the same efficiency as the single tube, at all frequencies
up to the limiting frequency of the single tube, for all
values of »n greater than one.

2. To what degree the gain-bandwidth product of the
generator, if an amplifier, approaches that for a single-
tube amplifier.

3. To what degree the multiple-tube generator ap-
proaches the ideal as far as adjustment is concerned,
namely, that the number of tuning controls and adjust-
ments should be no greater than for a single-tube gener-
ator.

4. To what degree the operation of the multiple-tube
generator deteriorates when one or more tubes fail. Pre-
sumably, the ideal generator would suffer a drop in out-
put of 1/nth for each tube failure without loss of effi-
ciency, parasitic oscillations, or other undesirable re-
sults.

5. To what degree the characteristics of the tubes
must approach uniformity.

Briefly, assessing the annular circuit on this basis, on
the first count the ideal result has been obtained from
every generator so far built; the largest number of tubes
was fourteen.

The second property has not been measured com-
pletely to date, but may be deduced approximately as
will be described.

The ideal adjustment condition is approached very
closely.

The effects of tube failure are comparatively innocu-
ous and closely approach the ideal.

* Decimal classification: R355.912. Original manuscript received
by the Institute, June 28, 1949; revised manuscript received, Novem-
ber 9, 1949. Presented, 1949 IRE National Convention, New York,
N. Y. March 9, 1949.

t Eitel-McCullough, Inc., San Bruno, Calif.

Tubes picked at random have worked together satis-
factorily in the generators so far built.

11. THE NATURE OF THE ANNULAR CIRCUIT

Fig. 1 shows an annular transmission line compared
with a coaxial line. The annular line has three elements;
two are containing walls, connected electrically but
separated mechanically, and the third is the “inner” or
“live” conductor corresponding to the inner of the co-
axial line.

PLAN

(a) (b)

Fig. 1—(a) Coaxial line and (b) annular line.

The electrical properties of the annular line can be
seen by inspection to be as follows:

Zo =
1 n 1
b d
138 log — 138 log —
a c
for an air dielectric line, so that in the special case where
b d
=y
a c
138 b
Zy=—log — -
2 a

Thus the line is equivalent to two coaxial lines in
parallel.
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An interesting result of this in practice is that for a
given minimum separation b-a or d-¢, which is usually
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Fig. 2

determined by voltage breakdown or mechanical toler-
ances, the annular line will have about half the char-
acteristic impedance of a coaxial line having the same
outer diameter,

(4a)

May

Before proceeding to methods of exciting such a line,
and extracting power from it, let us look at Fig. 2
which shows an annular resonator. The simple case of a

1

quarter-wave annular line shorted at one end is com- |
pared with a similar resonator of the orthodox coaxial |

type.
The successive pictures on the right of the figure show

that the annular resonator is very nearly equivalent to
a double-ended coaxial resonator half a wavelength
long, or more exactly, to a double-ended resonator

(4b)

Fig. 4—(a) TE;,,, (rectangular ridge mode) and (b) TEs... (coaxial mode).
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with a small shunting capacitance at the current node.

It may be deduced from this that the Q of an unloaded
annular resonator will be about the same as that of a
coaxial resonator of the same outside diameter and
twice the length, assuming the same diameter ratios in
both, i.c.,

dy

¢y

d b
c a

for the coaxial line.

The principal modes which may be excited in such an
annular resonator are shown in Figs. 3 and 4. In addi-
tion to the desired TEM mode in Fig. 3 there are others
in Fig. 4 which are usually undesirable. Methods of
suppressing these will be described later.

I11. AppLICATION TO MULTITUBE AMPLIFIERS

If we now consider how such a resonator may be ex-
cited, it will be clear that to preserve the symmetry of
the radio-frequency field an annular exciting source is
needed, especially at frequencies where the resonator is
large compared with the wavelength. Now an approxi-
mation to an annular exciting source is a ring of coaxial-
element vacuum tubes symmetrically disposed around
the resonator, as shown in Fig. 5, with, for example,
their grids connected to the outside end wall of the
resonator and their anodes connected through suitable
bypassing means to the “inner” conductor.

If the tubes are all driven as amplifiers, equally and
in phase at the resultant resonant frequency of the
combination of the resonator and the tubes, the TEM
mode will be set up and the clectric field will be sym-
metrical about the central axis.

s SHORTING BARS WITH
B+ BYPASS SYITEMS
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The next part of the problem is to find a means of
coupling into the resonator that will not disturb the
symmetry of the radio-frequency field. Fig. 6 shows
how this may be done very simply in the case of a
multiple-tube grounded-grid amplifier. The inside part
of the resonator is in effect bent back on itself, and
becomes a coaxial line. The circumferential slot by
which this is achieved may be varied in width as a vari-
able capacitance-matching device, to control the stand-
ing-wave ratio on the coaxial line. By reversing the di-
rection of power flow, an annular resonator may be ex-
cited from a coaxial source, as in the drive circuit. It
will be noticed that the input driving power and the
output load are supplied axially to the amplifier, with
minimum disturbance to the symmetry of the radio-
frequency field. Of course, it is possible to load and excite
an annular resonator by means of loops or probes in-
troduced at one or more points, but there are many
disadvantages to this, especially at high power levels,
and in generators that have to be tuned over a broad
band. As the title of this paper bears special reference to
high-power generators, it will be permissible to em-
phasize this somewhat. In a system of couplings using
loops or probes, one is usually limited at a certain
power level by flash-over. In the case of the probe, it

ourtpuT
i

GRID PLANE

Fig. 6

will occur either between the probe and the inner con-
ductor, or between the probe and the outer conductor.
The latter effect is often found at frequencies where
the length of the probe stem, or the radius of the
probe, approaches a quarter of a wave length, which is
often necessary in order to get a large enough coupling
coefficient when using a large resonator.

In the case of loops, flashover occurs in a similar
manner, especially when the length of the loop ap-
proaches a quarter wavelength.




518

The basic reason for this is that one is attempting to
convey a certain amount of power through a small
area, under conditions of severe mismatch. Now, in the
annular circuit loaded symmetrically as shown above,
the power is conveyed uniformly and symmetrically
through a section having a large area, namely the area
of the slot wdt for slot diameter d and aperture width ¢,
so that the power density is lower than in the other sys-
tems, and, at the same time, it is clear that the degree
of mismatch is much less. This system, then, is admi-
rably suited to high power levels.

Many other geometrical forms are clearly possible in
addition to the example in Fig. 6. The annular circuit
may be designed around a tetrode unit with a little
more complexity but without detracting from the prop-
erties of the circuit as described.

Considering now the attainable gain-bandwidth
product of an annular amplifier, it has been found ex-
perimentally, as would be expected, that the gain is the
same as that of a single tube. Bandwidth measurements
have not been completed. Since, however, at ultra-high
frequencies, even a single-tube amplifier will almost
always be coaxial in form, an estimate of the bandwidth
of an annular amplifier in comparison with a single-tube
amplifier will be of interest. This may be based on the
relative amounts of capacitance in the resonant circuits
together with their relative foreshortening due to tube
capacitance. Because the annular circuit is formed by
essentially rotating a coaxial circuit about an offset
parallel axis, the foreshortening would be expected to
be very similar in the two cases. Experiment confirms
this. The relative capacitance remains the determining
factor, therefore. Inspection shows this to be about the
same in both cases provided that the tubes in the an-
nular amplifier are spaced closely enough, that is, less
than about two diameters between centers. Hence, the
bandwidth and the gain-bandwidth product of such
an annular amplifier may be expected to be quite similar
to that of a single-tube coaxial-line amplifier, for the
same spacing between inner and outer conductors in
both cases.

Turning now to the adjustment problem, it has been
shown experimentally that in such an amplifier the
two shorting bars in the output annular cavity may be
connected together mechanically, giving one tuning
control for the output circuit. The same may be done
with the input circuit. The input and output coupling
may be adjusted over quite a wide range by varying
the capacitances of the slots using a simple telescopic
joint adjustable externally. Thus, the number of con-
trols is exactly the same as for a conventional grounded-
grid amplifier using a single tube.

As an example of the kind of performance that can
be obtained from an annular amplifier, a fourteen-tube
amplifier using Eimac 2C39 triodes has generated a con-
servative 500 watts of cw output at a frequency of
1,000 megacycles and with a power gain of between
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four and six times, depending on the adjustment. Tests
at higher frequencies have not yet been concluded.

IV. APPLICATION OF THE ANNULAR CIRCUIT
TO OSCILLATORS

The amplifier shown in Fig. 6 may be made into a
self-excited oscillator by providing a suitable feedback
system. In line with the emphasis on symmetry already
observed, an axially symmetrical system would seem
to be most desirable. Furthermore, from the standpoint
of ease of operation over a wide frequency range, a
broad-band system uncritical in adjustment with fre-
quency is desirable also.

These two requirements have been met by what
may be called the “grid-disc feedback system.” Fig. 7
shows how the amplifier in Fig. 6 is converted to an
oscillator, using this system.

aRID Disw!

Fig. 7

It can be seen that the grids of the tubes, instead of

being fixed to the deck or isolating diaphragm between
the input and output circuits, are fixed to a flat annular
disc arranged to be at the correet distance from the
deck, with which it will form effectively a simple
capacitance. Now it can be shown that the adjustment
of this capacitance, in conjunction with the axial length
of the grid-to-cathode circuit, will give control of feed-
back over a wide range, and that the amplitude and

phase may be adjusted largely independently so as to

satisfy all the requirements for efficient oscillation.

Furthermore, the disc-to-deck capacitance may be left
fixed over quite a high percentage tuning range without

appreciable loss of efficiency. This system has been

found flexible and convenient over a wide range of fre-

quency and power level.

It has been found advantageous in such oscillators
to use separate coaxial lines between each cathode and
the deck, in cases where the internal grid-cathode re-

actance of the tube measured between the connectors is

not uniform. By adjustment of these lines the anode

currents may be made equal even with tubes having

.\Vlde variations, and these adjustments are virtually
independent of each other.

May
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As an example of the performance of an annular oscil-
lator, a fourteen-tube oscillator using Eimac 2C39 tri-
odes has generated over 400 watts of cw output at
1,000 megacycles. Tests at higher frequencies are not
yet concluded.

V. CoNTROL OF UNWANTED MODES

Let us now turn back to the problem of moding con-
trol, while bearing in mind the amplifier shown in Fig. 6.
As we saw in Fig. 4, there are possible modes other
than the TEM mode which will be undesirable if we
are trying to use the TEJM mode. Now, itisa condition
for the existence of any particular resonant mode of
this kind that the circuit must be tuned to resonance
for that mode, and that there must be the necessary
- amount of exciting energy provided. If the tuning con-
ditions are simultaneously correct for more than one
mode, the mode which will actually be excited depends
on the relative amounts of excitation provided, and
also on the comparative build-up times, or in other
words, the effective Q's for the various modes.

Bearing this in mind, let us examine the probability
of occurrence of each of the unwanted families of
modes in turn, and the means of suppressing them when
they do occur.

Firstly, there is the TE; 0., mode, as in Fig. 4(a), in
which the annular circuit may be considered as a
rectangular waveguide of the ridge type, bent back on
itself to form a closed loop. At a frequency dependent
on the circumference of the loop, and on the loading
due to the tubes, the circuit will resonate in the mode
in which the electric field lines are parallel to the axis.
There will be, in the general case, a variation of the
strength of the field around the circuit, so that the end
view of the electric field lines may be as shown in Fig.
4(a) for the case of TE; 02 where the circuit is two wave-
lengths around. Now the resonant frequency of this
mode depends primarily on the circumference of the
annulus and the loading, and only to a smaller degree
on the axial length. If the amplifier has to work on a
fixed frequency then, the problem of suppressing this
mode may be resolved by arranging that the resonant
frequency for the TEi,., mode is removed sufficiently
from the operating frequency. For an amplifier that has
to be tuned over a wide frequency range however,
there is the possibility that at one or more frequencies
the TE,,, modes may be excited. A large enough
asymmetry of driving current from the tubes may pre-
sumably give sufficient excitation for this mode, that is
to say, if the tube units are sufficiently nonuniform in
characteristics. The theory of the ridge wave grid has
been developed by Cohn! for nonresonant lines without
discontinuous loading. The theory for an annular
resonator loaded by vacuum tubes still remains to be
worked out. It may be deduced from the work of Cohn,

1S, B. Cohn, “Properties of ridge wave guide,” Proc. .R.E,,
vol. 35, pp. 783-789; August, 1947.
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however, that the cutoff frequency for the TEjo.,
resonant mode we are considering will correspond to an
annulus width d-a considerably less than half a wave-
length, and probably in the region of one-quarter wave-
length or less in a typical case. Now, at ultra-high
frequencies where the tubes used are often large in
diameter compared with a quarter wavelength, it will
happen that d-a¢ must be made considerably greater
than one quarter, and usually around one half the Jowest
operating wavelength. Therefore, it is not usually pos-
sible to suppress these modes by arranging the circuit
to be below cut-off, and the possibility of their existence
has to be reckoned with.

Likewise, the related higher order modes of this
family, such as TEso, and TE;;, may exist under
favorable circumstances.

The second unwanted mode family of special interest
is the TE coaxial family, in which the electric field lines
are transverse to the annulus axis. In this case, how-
ever, the resonant frequency is a steep function not
only of the circumference but also of the axial length of
the resonator. Furthermore, it is usually found that for
a given axial length, the resonant frequencies for TEq 1.
and TEM are separated enough for the TE mode never
to be excited. In the rare cases where they may coincide
unavoidably, it is possible to eliminate the TE mode by
attention to the symmetry of the circuit.

There is one interesting difference between annular
oscillators and annular amplifiers, and that is their rela-
tive susceptibility to unwanted modes. In the case of
the amplifier already discussed, the unwanted resonant
modes will occur only at certain frequencies where the
circumference is favorable. In the case of the oscillator,
oscillation may take place at a frequency determined by
the circumference, if the feedback is correct for the
ridge wave guide mode. It can be arranged, however,
that the feedback will not be simultaneously correct for
both the wanted and the unwanted mode, and, of
course, the wanted mode needs to be favored only
slightly in this respect for build-up of the unwanted
mode to be prevented. This loose theory seems at any
rate to be substantiated in practice, and all the annular
oscillators so far constructed have been amenable in
this respect.

Summing up thequestionof modeseparationinannular
circuits, it may be said that in spite of the potential
existence of two distinct families of unwanted TE
modes, it seems possible to arrange that only the
dominant TEM mode is excited, by building the circuit
symmetrically, by avoiding the presence of discrete
transverse conductors carrying radio-frequency current,
and by using tubes with sufficiently uniform character-
istics. These are simple precautions and do not involve
the use of lossy elements. It may be added that in the
largest annular generator so far built, which was five
wavelengths in mean circumference, there has been no
trouble with unwanted modes even when a large per-
centage of the tubes had their filaments turned off
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It has seemed advisable to go into the question of
mode control in some small detail, because the possi-
bility of unwanted modes appears to be the only factor
likely to impose a fundamental limit on the size of an
annular generator or on the number of tubes that may
be used together by this method.

Since the size of ultra-high-frequency and micro-
wave generators has so far usually been limited by the
occurrence of unwanted modes, it seems very probable
that the annular generator will suffer from a similar
inherent limitation, especially in the case of the oscil-
lator. However, this is a question of separating different
families of modes which is relatively easy when com-
pared with the separation of different modes of the
same family as in the cavity magnetrons. Whether this
latent limitation will every be reached in practice re-
mains to be seen.

VI. THE EFFECTS OF TUBE FAILURE

Experiment has shown that an annular amplifier or
oscillator will continue to work in the event of cathode
emission failure of up to 75 per cent of the tubes, ir-
respective of their positions in the circuit. The effi-
ciency decreases somewhat as the number of inoperative
tubes becomes greater, but there is no spurious moding.

Grid emission or other phenomena causing abnormal
electrode currents can be taken care of by overcurrent
circuit breakers connected in the anode or cathode cir-
cuits of each tube.

A failure of vacuum may allow sparkover which
can cause a complete shutdown until the faulty tube is
replaced. This is true of a single-tube generator also.

The annular generator therefore, seems to be better
off than the single-tube generator in that it can con-
tinue to work reasonably well in the event of tube fail-
ure, with the exception of failure of vacuum serious
enough to cause sparkover.

VII. THE EFFECTS OF TUBE NONUNIFORMITY

Not enough experimental work or calculation has
been done to warrant any conclusions being drawn on
this important subject. However, the following results
may be of significance.

Of the oscillators so far built, all have been equipped
with individual cathode lines so that inequalities be-
tween tubes could largely be overcome. With tubes
picked at random, no trouble has been observed due to
tube nonuniformity.

The ampilifiers so far made have not been fitted with
any individual radio-frequency circuits to compensate
for tube differences. So far, production tubes picked at
random have given satisfactory results. With equal bias
on all the tubes, variations in anode current of not
more than +25 per cent about the average value were

observed, and, by adjusting the bias individually, the
variation could be reduced to within 5 per cent, using
2C39 tubes on a frequency of 1,000 megacycles.

In view of the fact already noted that the efficiency
of the generator does not change appreciably with a
small number of the tubes in an entirely nonemitting
state, it seems reasonable to assume that variations of
reactance between tubes may be taken care of auto-
matically to a large extent by the annular circuit leav-
ing variations in electronic characteristics as the only
possible source of inefficiency. This may be taken care
of by individual adjustments of grid bias provided that
the differences are not too great.

VIII. CoxcLusIONS

Referring to the criterion of effectiveness of a multi-
ple-tube generator in Section I above and rating the
annular generator on this basis, it appears that:

1. On the question of efficiency and power output
versus frequency, it reaches the ideal in all examples so
far built. Spurious moding has not been a problem in
generators up to five wavelengths in circumference. At
what level of size this will become serious is not easily
predictable and requires experimental investigation.

2. A correctly designed annular amplifier may be
expected to have the same power gain-bandwidth prod-
uct as a single-tube coaxial-line amplifier. This has not
yet been proved experimentally.

3. As far as adjustment of an annular amplifier is
concerned the problem is no more difficult than in a
single-tube amplifier with the possible exception that
individual grid bias adjustments may be necessary if the
tubes are sufficiently nonuniform in their character-
istics. An annular oscillator under certain conditions
may require n+1 adjustable circuits for n tubes, but
these adjustments are simple to make and take care of
all usual variations in tube characteristics.

4. Tube failures on the whole will cause less of a prob-
lem than in a single-tube generator.

5. Nonuniformity of tubes may cause a problem in
an annular amplifier if sufficiently great, although re-
sults obtained so far indicate that performance will be
satisfactory with tubes having the normally high

q}lality required for satisfactory operation at ultra-
high frequencies.
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A Dynamic Electron Trajectory Tracet
JOHN W. CLARKY, MEMBER, IRE, AND RALPH E. NEUBERY, ASSOCIATE, IRE

Summary—Simulated radio-frequency voltage is added to the
familiar rubber sheet model for use in vacuum-tube design by caus-
ing an electrode structure to oscillate vertically. In this way informa-
tion about the performance of large-signal, long-transit angle tubes
can be obtained quickly and vividly. The scale factors work out that a
few cycles per minute in the model can correspond to many hundreds
of megacycles in the corresponding tube.

INTRODUCTION

HE USE OF a gravitational analog as a tool in
Tvacuum-tube design is almost as old as the vac-

uum-tube art itself. The analog may take the
form of a plaster replica of the electric potential func-
tion in some structure of interest, or may be a thin elas-
tic membrane stretched over a scale model of the tube
electrodes. In any case, the fundamental fact on which
the operation of such devices is based is that a sphere
rolling freely under gravity will follow the same trajec-
tory in a gravitational field as will an electron in the
corresponding electric field. This method has long been
used in the design of electron multiplier tubes and elec-
tron guns. For a detailed discussion of the theory of the
static gravitational model, the reader is referred to
Zworykin.! A critical study of some of the errors inher-
ent in the rubber model appeared recently.?

The present paper describes a gravitational analog
suitable for the design of microwave power tubes, i.e.,
of structures in which transit time effects are not negli-
gible and in which the radio-frequency voltages are com-
parable in magnitude to the dc. The theoretical analysis
of such structures is difficult in the extreme, even under
greatly simplified assumptions. Accordingly, a mechan-
ical analog is of great utility to the tube designer.

Since a vertical displacement in the model corresponds
to a potential in the tube, it is possible to simulate a ra-
dio-frequency voltage by causing one or more of the
electrode structures in the model to oscillate up and
down. This permits one to observe transit-time depend-
ent phenomena in a very graphic fashion, and to record
them photographically for detailed analysis.

Hollmann?® has made use of vertically oscillating elec-
trodes on a rubber-diaphragm model to study the per-

* Decimal classification: R138. Original manuscript received by
the Institute, September 26, 1949; revised manuscript received,
January 11, 1950.

t Formerly, Collins Radio Company, Cedar Rapids, lowa;
now Varian Associates, San Carlos, Calif.

b Fprmerly..Collins Radio Company, Cedar Rapids, Iowa; now,
Sylvania Electric Products Inc., Emporium, I’a.

' V. K. Zworykin, G. A. Morton, E. G. Ramberg, J. Hillier, and
A..W. Vance, “Electron Optics and the Electron M icroscope,” John
Wiley and Sons Inc., New York, pp. 418-422; 1945.

s (;." B. Walker, “Factors influencing the design of a rubber
Tg?;%el' Proc. 1.E.E. (London), Part 1, vol. 96, pp. 319-324; April,

' H. E. Hollmann, “Theoretical and experimental investigations
of elect;on motions in alternating_ fields with the aid of ballistic
models,” Proc. 1.R.E. vol. 29, pp. 70-79; February, 1941,

formance of cathode-ray tubes at very high frequencies.
The model to be described in the present paper could of
course be used to study any type of long-transit-time
tube; its principal use, however, has been in the design
of the input space of the Resnatron, a microwave power
tetrode.

It is appropriate at this point to emphasize two fun-
damental limitations of any gravitational model. First,
it ignores space charge; thus one must confine himself to
tubes in which space charge plays no controlling part in
determining electron trajectories. Second, the rubber
sheet model is essentially two dimensional. One can only
set up on it structures which extend to infinity in the
third dimension. Structures of cylindrical symmetry in
which the electron paths run generally parallel to the
axis of symmetry cannot be studied by gravitational
analogs for this reason.

Let us now suppose we are interested in a structure
which is essentially two-dimensional and in which space
charge is not too important. Such a structure can be ac-
curately modeled on the elastic sheet, and electron tra-
jectories studied.

FREQUENCY ScALE FACTOR

The relation between mechanical frequency in the
model and electrical frequency in the actual tube struc-
ture can be calculated by the following simple argu-
ment. The velocity of a solid sphere which rolls on a sur-
face is given by the energy equation:

1/2mv,? + 1/21w? = mgh, (1)

where
m = the mass of the sphere
v, = the velocity of its center of gravity
I =its moment of inertia
w=its angular velocity
g =the acceleration of gravity
h =the height through which it has fallen.

The moment of inertia of a sphere about an axis through
its center is:

2

[ =—mr

(2
if 7 is the radius of the sphere. If the sphere rolls without
sliding, then

(3

Combining these three equations and solving for v., we
find

Um = W,

10
— gh.

7 (9

Um =
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Fig. 1—The dynamic electron trajectory tracer.

This is the velocity of a ball in pure rolling which has
fallen a distance k starting from rest. Correspondingly,
it is of interest to calculate the velocity of an electron
starting from rest. This follows at once from the energy
equation.

The velocity of an electron which has been acceler-
ated through V volts is:

/l €
Ve = ,‘/ 2 ;V. (5)

(a)

Fig. 2—Typical trajectories. Balls released at center of filament; plate and screen voltage 15 kv control grid bias zero
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We are interested in the transit angle in radians. In the
model,

10
Om = WmXm/Um = Wmkm 1 — gh. (6)
7
In the vacuum tube,
e v -
e = wex,/v. = w,x, ‘ 2 I (7)
m

In (6) and (7), subscripts m refer to the model and
subscripts e to the tube. The 0's are transit angles in
radians required for the ball and the electron to traverse
distance x,, and x, respectively. The w's are angular fre-
quencies; w., is the frequency with which an electrode in
the model must oscillate in order to correspond to the
frequency w, in the tube. The v's are the linear velocities
as given in (4) and (5).

The model will accurately reproduce the conditions
which prevail in the vacuum tube if the scale factors are
so adjusted that 0, =0, This means that the transit
angle in radians for the balls to go from one point to an-
other in the model is exactly the same as that for the
electrons to go between the corresponding points in the
vacuum tube. Equatingé,, to#,, putting in f=w/2m, and
rearranging, we find

(b)

i peak rf voltage

1,640 volis (7/32); illumination at 10° intervals, (a) Ball release phase 211° (81). (b) Ball release phase 216° (82)
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The first factor in the numerator of (8) is a constant;
the first factor in the denominator is the horizontal scale
factor of the model; and the second factor in the denom-
inator is the square root of the vertical scale factor. In-
serting numerical values, the equation assumes the fol-
lowing simple form:

1200f.
- %)
AvVB
where
fm=the mechanical frequency in cycles per minute
A = the horizontal scale factor (4 =xn/x.)
B = the vertical scale factor in Kv/cm
f.=the radio frequency in thousands of megacycles.
By sheer good fortune, the inter-relation between
" scale factors shown in (9) gives rise to relatively low
mechanical frequencies. For instance, if A =100, mean-
ing that the model is 100 times as big as the tube, and
if we use a vertical scale factor of 3 kilovolts to the cen-
timeter, we find that a radio frequency of 3,000 mega-
cycles corresponds to a mechanical frequency of 6.92
cycles per minute. Such a low frequency is, of course,
very easy to generate and gives rise to no difficulties due
to inertia effects.

THE TRAJECTORY TRACER

Fig. 1is a photograph of the dynamic electron trajec-
tory tracer. The rubber sheet is stretched in an angle

4

wi* &

(a)

Clark and Neuber: A Dynamic Electron Trajectory Tracer
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iron framework. Uniform tension is assured by an ar-
rangement of tiny pulleys which are attached to the
sheet by rivets. The sheet is reinforced at the points of
attachment by triangles of ordinary tire patch. This was
suggested by L. A. Peterson.

(b)

(c)

Fig. 3—Typical trajectories. Balls released at edge of filament; plate and screen volta 15 kv; id hias zero; :
AR Lorie G i ge v; control grid bias zero; peak rl voltage 2,340
volts (5/16"); illumination at 10° intervals. (a) Ball release phase 0° (96). (b) Ball release phase 50° (98). (c) Ball rclc.m'c phase 207°g(94).
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In this model, the simulated radio-frequency voltage
is applied to the “cathode”; i.e.,, to the ball-release
mechanism. The ball-release mechanism is mounted on
an oscillating arm which is driven by a small motor
through a Graham variable speed transmission,* model
15MW20. The output speed of this device is continu-
ously variable between 0 and 55 rpm,

Figs. 2 and 3 are typical examples of the performance
of the dynamic electron trajectory tracer. A single ball
is released in each photograph and is stroboscopically
illuminated. Thus each photograph shows a series of
dots which indicate the velocity, as well as the trajec-
tory of the ball.

The structure under investigation is the 400-Mc res-
natron which was developed during the war as a radar
jamming device.® Only one of the 24 filaments is set up
in the model. The ball-release mechanism with its elec-
tromagnet appears at the top of the photographs; the
rectangular blocks immediately below it represent a por-

¢ Graham Transmissions, Inc., 3754 N. Holton St., Milwaukee 12,

is.

*\V. W. Salisbury, “The resnatron,” Electronics, vol. 19, pp.
92-97, February, 1946.

|

tion of the control grid. Two of the screen grid pipes are
simulated by circular blocks. The tips only of the anode
vanes appear at the bottom of the photographs, where
a simple shutter arrangement prevents spent balls from
rolling back onto the sheet.

This model is 25 times larger than the actual tube.
The vertical scale factor is 15 kv to the inch. That is, in
(9), 4=25and B=5.9 kv/cm. This gives a frequency in
the model of 7.9 cycles per minute corresponding to 400
megacycles per second in the tube.

These pictures were selected from many to illustrate
the sort of information most usefully derived from this
apparatus. Such matters as the effect of ball-release
phase, amplitude of grid drive, and grid bias on electron
transit angle and on electron trajectories or focussing
are clearly shown in these photographs. To evaluate -
these by calculation, even under greatly simplifying as-
sumptions, would be prohibitively difficult.
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Microphonism in the Dynamically
Operated Planar Triode*

J. A. WENZEL%, sTupenT MEMBER, IRE, AND A. H. WAYNICKY, senior MEMBER, IRE

Summary—The theory of microphonism in planar triodes is ex-
tended to cover the practical case of simultaneous electrical and
mechanical excitation. It is shown that, in addition to other com-
ponents, microphonic plate current components result at the sum and
difference frequencies of the two types of excitation for transverse
motion of any of the three electrodes. Experiments providing verifica-
tion of the theory, with a tube especially designed and constructed
for this purpose are described. On the basis of the theory, (1) an
electrical nondestructive method for determining which electrode of
the tube is set into vibration at a given mechanical frequency is out-
lined, and (2) a method for considerably reducing the microphonic
output of certain high-gain amplifiers of practical interest is de-
scribed.

INTRODUCTION

ICROPHONISM in planar triodes under static
electrical operating conditions has been the
subject of two rather recent papers.!? The case

* Decimal classification: R262.9. Original manuscript received by
the Institute, October 10, 1949; revised manuscript received,
January 16, 1950.

t Ordnance Research Laboratory, The Pennsylvania State Col-
lege, State College, Pa.

of practical interest w herein the microphonic output
under dynamic electrical operating conditions is deter-
mined has not been treated and is the subject of this
paper.

The theoretical basis of the work follows closely the
methods of the reference papers. It is shown that new
terms are introduced in the expressions for the fluctuat-
ing plate current components when a tube is subjected
to simultaneous electrical and mechanical excitation.
For steady-state sinusoidal excitations, the new terms
have the same form as those uniquely produced in fre-
quency convertors. Consequently, they are called inter-
modulation terms.

The theoretical development leads to conclusions re-
ga'rding methods whereby the electrode motions causing
microphonism may be determined from electrical

t Electrical Engineering De artment i
College. State College, Pa. : B % Rensn/Satiimsiavs

"A. H. Waynick, “The reduction of microphonics ; triodes,”

Jou’r. App. Phys., vol. 18 pp. 239-245: Fel;?tljarrc;? l%r-lll;:.s e

. \."\V. Cohen and A. Bloom, “Microphonism in a subminiature
triode,” Proc, I.R.E., vol. 36, pp. 1039-1048; August, 1948,
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measurements. Methods of design or operation of
amplifier systems with greatly reduced microphonic
output are also suggested by the theory.

Experimental measurements with the aid of a tube
especially developed for this purpose are then described.
The resulting data are shown to validate the theory and
support the conclusions reached.

THEORY OF THE PLANAR DYNAMICALLY
OPERATED TRIODE

Consider the usual planar double-triode structure il-
lustrated in Fig. 1. Here C is the cathode, G the grid,
and P the anode structures, with the last two sym-
metrically placed with respect to the emitter. As far as

Fig. 1—Schematic representation of the planar
double-triode section.

mechanical motion is concerned, the tube elements are
considered to be rigid structures, and the motion of in-
terest is that component of the interelectrode motion
perpendicular to the electrodes and in the plane of the
figure. Thus the tube may be considered as two single
triode sections in parallel and is so denoted by refering
to grid-cathode distances di, dz and plate-grid distances
by, ba.

The space-charge-limited plate current of either
triode section is given by Chaffee? as

2.336 X 108 A fE, + DE)\??
o LK B DB
d? 14+ D
where

27nb b

D=1/ and p=—— =

log,
. 2rnR

3 E. L. Chaffee, “Theor

] of Thermionic Vacuum Tubes,” Mc-
Graw-Hill Book Co., New

ork, N. Y., p. 147, eq. 114; 1933.

Wenzel and Waynick: Microphonism in a Planer T'riode

525

under the condition nR < <1. In these expressions

E, =grid-cathode voltage
E, = plate-cathode voltage
b=grid-plate distance
d =grid-cathode distance
R =radius of grid wires
n=number of grid wires per unit length
A =area of effective cathode surface.

It is evident that the plate current I, =f'(E;, E,, d, b)
for either triode section with n, R, and 4 fixed. From
practical considerations, E, may be made constant.
Further, quiescent and fluctuating components may be
separated, with a slight change in notation, by writing
E,+AE,, d+Ad and b+Ab as the instantaneous grid
voltage, grid-cathode distance, and plate-grid distance;
respectively. Here E,, d, and b indicate quiescent values
and AE,, Ad and Ab are the instantaneous magnitudes of
the variations of the respective quantities from the
quiescent values under dyramic electrical and mechani-
cal conditions. *

Considering the above, the plate current may be
written

I, = F(E, + AE,, d + Ad, b + Ab)

= f(E,, d, b) + AE o +Adaf+Ab &
e ’ OE, ad ab
a%f 3*f 3%

Ad):—— + (Ab)? —= (2
aE,2+( )ad2+( )ab2 (2)
2 *f

2AE,Ab

dE,0d L dE ,0b

a%f
adab:l'

a Taylors series expansion in these three variables to the
second order. This applies to either section of the double
triode configuration of Fig. 1, b and d being generic
quantities.

Before applying the expansion (2) to equation (1) it
is convenient to immediately consider certain factors.
Considerable simplification may be obtained by restrict-
ing consideration to the high u approximation

D=(1/u) < <1 so that 14+D=21. Under this restriction
equation (1) becomes

1 e
+ a[mb,)

+ 2AE,Ad

+ 2AdAb

o

c
o 2
with ¢=2.336 X10%4.

Further, following Cohen and Bloom,? the considera-
tion of the tube structure of Fig. 1 as two single-triode
sections permits dealing with the quiescent plate cur-
rents o1, Ipo2 and instantancous plate currents I, )
of the two sections separately. Hence, the magnitude of
the total instantaneous variation of the sum of the plate
currents from the quiescent value may be written

AIP = (Ipl - IpOl) + (Ipl == Ip(ﬂ)- (3)
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Applying the operations of (2) to (1)’ and writing the
result in the form of (3) yields

3¢ aliz  gu
R e
. zc[(Adx)am (Adz)ﬂ”’]
d? d,?
(A6,)8112
dy%by? ]

3¢cKE, l:(.,&b,)a”z
2 d\?b,?

3¢ aNlIZ ﬁ—ln]
— (AE) ) —— 4+ ——
" 8 S [d1’ " ds?

+ 3{ @adatrs (-\dz)%m]
d,4 dy
3cKE,[ (Ab)%?  KE,(Ab)%a 2
2 [ d,%b, O 4dy
(3b;)28172  KE,(Aby)3-12
a2y} 1d;2b,0 _]
(Ad)al?  (3dy)BY
d,? i dj? 1]
(Aby)a112
('\E”)[ FRTY I

(Ady) (b)) a2
+ 3¢KE,| — —
[ di%,?

4)

+

— 3cALE,) [

3¢cKE,
4

(Aby)B-112 :l
dr%h,?
(-\de)(-\bz)ﬁ‘”:l

d2°b,?

where

KE, KE,
a=L,+—— and B8=FE,+ .
b] b2

Attention is confined to sinusoidal variational quantities
by setting AE,=Cg sin wgt, Adi= —Ady=Cy sin wat,
Aby= —Ab;=C, sin wyt where the displacement con-
straints follow from the rigid structures assumed in Fig.
1.

From (4) it is seen, under the above restrictions, that
the incremental plate current is comprised of com-
ponents: (1) at the fundamental and second harmonic
of the grid elcctrical excitation frequency; (2) at the
fundamental and second harmonic of the mechanical
excitation frequencies; (3) at the sum and difference of
the grid voltage and mechanical excitation frequencies
and, for the steady-state case of interest; (4) at zero
frequency.

The second harmonic and dc components arise from
terms having coefficient factors such as

. Cg?  Cg?
Cg?sin?wgt = — — T cos 2wgl!.

The sum and difference components occur in terms hav-
ing coefficient factors similar to

CeC 4 sin wgl sin wyt

d
cos (wg -+ wd)l.

d
cos (wg — wa)l —
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The dc terms require no further consideration, since
they are removed by interstage coupling networks in
cases of practical interest.

The interpretation of (4) is facilitated by considering
the motion of each electrode of the tube separately. This
is based on the experimentally proven, valid assumption
that the microphonic output at a given mechanical
driving frequency, for sinusoidal excitation, is fre-
quently associated with the movement of one electrode.
The theoretical curves given with the development are
for a special tube, comprised of a single-triode section,
which was constructed for this investigation and is de-
scribed later. In view of this, each type of electrode
motion is dealt with for both the single and double
section case.

CATHODE MoTION

Single Triode Section

Reference to Fig. 1 indicates that Ab=0 in the case
of cathode motion, so that the only variables are Ad
and AE,. Equation (4) reduces to

3 3

cj 2
- A 1/2 S 2.—1/2 __ __ 372
al, 213 (QE )y + g (AE,)y : (Ad)y

3 3 !
— W32 172
o QDR — A QE)
where ¥ is generic for either aor 8. For sinusoidal varia-
tions, Ad = C¢ sin wet and AE; = Cg sin wgt, this may he
written

Al, = KeCe sin wgt — KegCg? cos 2wgt
+ KcCe sin wet — KeeCe? cos 2wet
+ KecCeCe cos (wg — we)t
— KgcCreCe cos (we + we)t, (3)

where the dc terms have been neglected.

Equation (5) gives the magnitude, frequency, and
phase of the variational components of plate current in
terms of the electrical and mechanical excitation ampli-
tudes and frequencies. For unit amplitudes of the
variables, Cc and Cg unity, the K coefficients, which are
functions of quiescent electrode potentials and interelec-
trode distances, give the magnitudes of the various
terms and are hence useful in intercomparing the effects
of various types of electrode motion. In (5) the coefh-
cients have the values

X0 = e 1/2 K 3¢ 12
= — N (IS e A
2d? v Le 1642 Y
2¢ 3¢

Ke= — — y3n e == o 312

c & ) AR Kee 240 Y
K & 172

EC = 243 Y (0)

Double Triode

If'or the double triode the mechanical constraint de-
scribing cathode motion becomes Ad; = — Ad,. Consider-
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ing this, and the variable AE,, in (4) there results an ex-
pression formally identical to (5) in which the K co-
efficients have the values

3¢ /ol 51/3 3¢ for M B‘”’)
I( = — ——+.—- -1, K =_<__+—
£ (d,? da? EE T 16\ di? | da?

_a3I2 63/‘ 3C a3I2 B3I2
OE L W 1
¢ C( a3 dy “CT\at | dt
36 allz Bl/‘.‘
Kee = 2(- d,3+rig34). )

Perfect symmetry of the quiescent mechanical di-
mensions of the two triode sections is indicated by
writing dy=d: and b,=b.. This leads to the relation
a=p. Entering these equalities in (7), and incorporating
the result into a relation similar to (5), yields

Al,= Ke'Ce sin wgt— Kee'Cg? cos 2wgt—ch’C02 cos 2wcl,

where the primed coefficients have twice the value of
corresponding coefficients in (6). Thus, for perfect
symmetry, the fundamental displacement component
and the intermodulation terms vanish while the co-
efficients of the remaining terms are double those of the
corresponding single triode.
PLATE MOTION
Single-Triode Section

The mechanical constraint for plate motion in the
single triode section is that Ad =0. Consequently, con-
sidering Ab and AE,, equation (4) becomes

Al, = KgCg sin wgt — KgpCe? cos 2wgt
+ KpCp sin wpt — KppCp? cos 2wpt
+ KgiCrCp cos (wg — wp)!
- KgCeCr cos (wg + wp)t, (8)

when Ab is set equal to Cp sin wpt. In this relation the K
coefficients have the values

" 3¢ s
E 242 Y '
KEI&' — 36 ¥ 1/2
164?
Kp— — 3eKE, o
2d%h?
3cKE KE
Kpp = "( vz 4 r 1/2>’
" g Y w
3eKE,
Kep = — T R 9

and are scen to be equal or analogous to those for
cathode motion given in equations (6).

Double Triode
Applying the constraint Aby= —Ab; to (4) there re-
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sults a relation having the form of (8) in which the K
coefficients have the values

51/

=)

3C all2
Ke = —(—+
i 2<d,2
B--ll2
+ )
)

3C a—ll2
e —
rE 16< d?

3KE,/ allt B\
Kp = <— + > ,
2 4% | dabe?
Koy = BBy EOE
2 \dybe | adih®
ﬂll2 KEPB~—1I2
b | 4dahst )
Kep = 3CKE”<_°‘_”2+ BI.m). (10)
8 \ dith? | dihe?

For perfect symmetry, as before, di=d,, by="b, leading
to a=B. Incorporating (10) into a relation similar to (8)
there results

Al, = Ke'Cpg sin wgt — Keg'Ce? cos 2wgt
— Kpp'Cp? cos 2wpt,
in which the primed coefficients have twice the values of
corresponding quantities in (9). It is evident that the
same statements concerning cathode motion in the per-
fectly symmetrical double triode apply for plate motion.
GrID MOTION
Single-Triode Section

For grid motion the mechanical constraint becomes
Ady = —Ab,. Writing Ady=Cg sin wgt, and including
AE,, equation (4) becomes

Al, = KgCg sin wgt — KgeCg? cos 2wgt
+ KaoCy sin wg! — K¢aCq? cos 2wgt
+ KgcCeCe cos (wg — wa)t

— KgaCeCa cos (wg + we)l, (11)
in which the K coefficients of interest have the values
Kg = i Y2, Kee = - Yol
C 242 1642 '
. -2 . 3cKE, -
o= T oy
3c(v¥? KE, (KE,)?
Kog = -< — w2 d 1/2
o0 = S T 2 T T s
N KrI, 71,2)
d?
3¢ v’ KE,
Krog = -— ) : (AN 12
EG 2(12( d + 4p? Y ) ( )

Comparing (11) with (5) and (8) indicates that the
various frequencies of the plate current fluctuating com-
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further attention to the single-triode section. In this

ponents are analogous for the three types of electrode t 3 .
paper only the theoretical curves for a special triode, the

motion. However, comparison of (6), (9), and (12) shows

that, while the first two sets of relations are analogous,
the latter appears to be quite different from the first two.
Examination indicates that, as would be expected, the
first- and second-order electrical signal frequency terms
are the same in all of these equations. Further,

K¢ = K¢+ Kp,
3¢cKE,

1/2
24d3b? T

K¢e = Kee + Kpp —

Kee = Kgc + Kgp,

which express the relationship existing between the
various mechanically derived components for the three
types of motion. Grid motion is seen to be effectively a
combination of the motions of the other two electrodes.

Double Triode

Application of the mechanical constraint relation
Ady= ~Abj= —Ad,=Ab, to (4) yields an expression
similar to (11) with K coefficient values

3¢ fall? 3m>
Ke= (242
T (d,z o

36 a-—l/2 ﬁ—l/?)
Keg = — (& ,
5 16( FERREPY:

— g 3/2 w2
Ko — 2c e 3¢KE, L 2¢B B 3¢KE, g,
d,? 2d,%,? dy? 2d,%bh,?
K 3c[a3/z+ KE, ( 1 2) -
= —|— —— —)a
T L T 2d\y, G
2 3/2
+ (KL”) a1 - '3_
8d,2b,* d,*
‘< - 2
,I\E” (i._ i)ﬁl/z_*_(l\i”)ﬂ—m],
2d,2b,2 \ by d, 8d2byt
3¢/ o KE,
Keo=-<———— = —~1/2
2 d;?® 4d,%,?
d®  4dy2,? )

Sylvania SC-839-Z, are presented. Similar curves have |
been prepared for several commercial tube types, such |
as the 6A3, the triode section of the 6K8, etc., with cor- |

responding results. The analysis is based on theoretical
curves of the various K coefficients as a function of grid
bias and for a practical fixed quiescent plate voltage.

Furthermore, these curves represent the amplitudes of |

the various plate current components for the unit ex-
citation amplitudes Ce=1 volt, Cc=1 mm. The arbi-
trary scale units used in plotting Figs. 2, 3, and 4 mav
be converted to absolute values by multiplying by the
factor c¢/d2

[ S— ! | S —1 1|l
o Vebrgtion
e B ]l-« e
A& Es * 100 Voits
g fSeoks asiol] 'S
|
cL +-— - —— 112
Kee/{Scote @) [
. -+ -+ + -+ 18
K; WScale a) |
<« 2 -4 — — + 1 PR
A |
i o { | ee f5cate a10™y ] 0‘—:
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[ J) S S — — — — e
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3
o
-8 ——— 44 4 — SN A— e 12
il | L1 |
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-2
Grid  Bies, Eg (voMs)

Fig. 2—Re'lalive amplitudes of the plate current components for
harinonic cathode vibration in the SC-839-7 single-triode section.
Cg=1.0 volt, Cc=1.0 mn.

The coefficients for the case of cathode motion,
(equations (6)), are shown in Fig. 2. They are plotted as
a function of quiescent grid voltage. The latter is chosen
as the independent variable from practical considera-
tions. The fact that all coefficients remain positive is in-
dicative of no change in phase of the plate current com-
ponents as a function of grid bias.

For plate motion in the SC-839-Z the theoretical co-
efficients are obtained from (9) and are shown in Fig. 3.

| | . —

|

t5——1> . |
Plole v.b:uv?‘m 1 + 4 ) 4
b 4

wlars

Perfect double-triode symmetry, dy=ds, b;=5, and
a=p, leads, as before, to the cancellation of the inter-
modulation and first-order vibrational terms. The re-
maining terms have twice the magnitude of their single-
triode section counterparts. In this case, as in the pre-
vious cases studied, it is evident that perfect symmetry
represents a limit and that the magnitudes of the various
terms depend upon the degree of asymmetry. Evidently,
the vanishing terms increase while the doubled terms
decrease in magnitude as the asymmetry increases.

ANALYSIS OF SINGLE-TRIODE SECTION THEORY

Having shown the effects of considering the double
triode as a limiting case, it is now convenient to confine
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Fig. 3—Relative amplitudes of the plate-current components for
harmonic plate vibration in the SC-839-Z single-triode section
Cg=1.0 volt, Cp=1.0 mm.
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As is evident from the equations, Kg and Kgg are the
same for both types of motion, the excitation remaining
constant. However, the intermodulation and first- and
second-order displacement coefficients follow entirely
different curves as regards shape, slope, and magnitude.

Perhaps the most interesting results appear in Fig. 4;
the coefficients for the case of grid motion. It will be
noted that K g and Kgg are the same as for the previous
two types of electrode motion. However, the two dis-
placement and the intermodulation coefficients for this
case behave entirely differently from the analogous
curves for the other types of motion. Perhaps the great-
est difference of intcrest is that all of these coefficients
pass through zcro at one or more bias voltages and
change sign. The latter implies a phase reversal at the
bias for zero value of the coefficient. Also, the slopes
and magnitudes of these curves are quite different from
the previous cases. This may be utilized to advantage as
will be discussed later.
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Fig. 4—Relative amplitudes of the plate-current components for har-
monic grid vibrationin the SC-839-7 single-triode section. Cg=1.0
volt, Cg=1.0 mm.

NORMALIZATION OF THE THEORETICAL CURVES

In practice the cffects of microphonism are most
usually encountered in high-gain voltage amplifiers.
Here the factor of interest is the relative magnitude of
the total microphonic output to the desired signal out-
put. Consequently, it is useful to normalize the previous
results by obtaining the ratio AT,/KgCeg. This yields
normalized coefficients, k's, for the various components,
and the excitation amplitudes are again chosen as unity.

The results of the normalization process are shown in
Fig. § for cathode motion, Fig. 6 for plate motion, and
Fig. 7 for grid motion. Each curvc is essentially a noisc-
to-signal ratio plot for the given component, It is evi-
dent that the mathematical form of many of the
normalized components is comparatively simple from
the shapes of the curves.

CONCLUSIONS DKAWN FROM THE THEORY

The following conclusions can be drawn from the
previous theory and curves. Since they form the basis
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for the following experimental work, and lead to the
conclusions of the paper, they are enumerated here:

(1) For the small signal case of interest the funda-
mental and second harmonic grid signal frequency terms
are independent of the type and amplitude of electrode
motion.
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Fig. 5-—Amplitudes of the plate-current components normalized with
respect to KgCg for harmonic cathode vibration in the SC-839-Z
single-triode section. Cg=1.0 volt, Cc=1.0 mm.
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(2) The variation of first-order microphonic effects
with grid bias follows very different laws for motion
of the three different electrodes. As the grid voltage be-
comes less negative, K¢increases concave upwards as in
Fig. 2, Kp flattens off and increases but little as in Fig.
3, while K¢ changes sign and passes through zero at a
critical value of grid bias, Fig. 4. There is also appreci-
able difference in the various curves for both types of
second-order effects involving mechanical motion. These
differences become even more striking in the normalized
curves of Figs. §, 6, and 7.

(3) For the small-signal case and reasonable ampli-
tudes of electrode motion, the intermodulation terms
are very small, 30 to 40 db below the fundamental signal
term for linear tube operation. This is not true for opera-
tion near cutoff.

ExPERIMENTAL TUBES

The above theory was subjected to experimental
verification with several commercial triodes, such as the
6A3, triode section of the 6K8, 6J6, etc. Most of these
tubes have double-triode sections and, hence, the pres-
ence of mechanical displacement terms was indicative
of asymmetry. It was determined that the great major-
ity of the tubes tested, both as to type and quantity, at
least to some degree, exhibited the phenomenon sug-
gested by the theory.
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Fig. 8—Cutaway view of experimental triode, Sylvania SC-839-Z.

For the purposes of this paper, however, it is deemed
adequate to describe the experimental results obtained
with a special tube comprising a single-triode section.
This tube was especially designed and constructed for
this work.

The experimental planar single section triode has the
Sylvania type number SC-839-Z. As indicated sche-
matically in Fig. 8, the tube, which originally consisted
of two unconnected double-triode sections, has been con-
verted to two single-triode sections by coating the
cathodes on one side only. Additional modification in-
volved crimping of the plate side rods at the mica
spacers to reduce possible plate motion and reaming the
grid side rod holes in the spacers. The latter operation
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was performed so that the grid might be relatively free
to vibrate as a cantilever structure supported at the
bottom and weighted at the top by the grid radiating
fins. The spatial and electrical characteristics of the tube
appear in Table I.

TABLE 1

ELECTRICAL AND SPATIAL CHARACTERISTICS
OF THE SYLVANIA SC-839-Z

Measured values | Theoretical Values

Spatial Characteristics

Grid-cathode distance, d 0.360 mm
Grid-plate distance, b 1.416 mm
Grid wires per unit length, n | 1.97 turns/mm

Grid wire radius, R 0.028 mm
Effective triode area, 4 65 mm?
Electrical Characteristics o
Amplification factor, u 17.5 [ 16.5
Electrical transconductance ‘

Sp= 2.6 ma/volt 2.3 ma/volt

B
Mechanical transconduct-

ance for cathode motion, |

c t 46.4 ma/mm
Mechanical transconduct-
ance for plate motion, K,
Mechanical transconduct
ance for grid motion, K ¢

13.6 ma/mm

| 32.8 ma/mm

EXPERIMENTAL ARRANGEMENT

The experimental arrangement involved equipment
for simultaneously applying electrical and mechanical
excitation to the tube. For comparison with the theory,
sinusoidal excitations were required with known fre-
quencies and known or constant amplitudes.

The schematic diagram of the electrical portion of the
experimental arrangement is shown in footnote refer-
ence 1. Electrical signals of known frequency and ampli-
tude were applied to the grid of the tube. Known and
variable grid bias was available. The quiescent plate
voltage was maintained constant by means of a plate
voltmeter and adjustable plate power supply. A plate
load of low dc resistance, but having a high impedance
independent of plate current and nearly independent of
frequency, was obtained by shunting a suitable choke
with a fixed resistance. The output voltage across the
plate load was amplified in a wide-band amplifier whose
output, in turn, was observed with the aid of an oscillo-
scope and measured with an ac voltmeter or harmonic
analyzer.

The tube was excited mechanically by means of a
vibrator comprized of a modified dynamic speaker. The
vibrator was designed for harmonic vibration, with load,
over the frequency range of interest with a maximum
amplitude of approximatelv 0.01 inch.

EXPERIMENTAL PROCEDURE AND REsULTS

The experimental procedure involved placing the tube
in the vibrator so that the resulting electrode motion
would be perpendicular to the planes of the electrodes.
For some fixed bias and plate voltage the frequency of
the mechanical excitation was varied and the resulting
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“microphonic” output of the tube recorded. These were
limited to frequencies at which the output voltage was
nearly sinusoidal, as observed with the aid of the oscillo-
scope, and for which the output amplitude was quite
frequency dependent. The latter implies a mechanical
resonance of one of the tube elements. For the SC-839-Z
these resonances were found to occur over the frequency
range 800 to 6,500 cps. The electrical signal was then
applied to the grid and, for a given vibration frequency,
the magnitudes of the various components of the
“microphonic” output were measured with the harmonic
analyzer. The frequency of the grid signal was chosen
at some convenient value with respect to the mechanical
excitation frequency so that the various components
could be easily separated with the harmonic analyzer
used. All of the following results refer to the SC-839-Z.

The first factor to be studied involves the use of the
theory to determine which electrode is set into vibration
as a result of mechanical excitation. These data were ob-
tained from measurements on many tubes and are be-
lieved to be representative for this tube type. The pro-
cedure followed was to obtain measurements of the out-
put voltage as a function of grid bias at the frequency of
the mechanical excitation. This constitutes, essentially,
a measurement of K¢, Kp or K¢; dependent upon the
electrode set into vibration at this frequency. Equations
(5), (8), and (11) indicate that the amplitudes of the
terms associated with these coefficients are independent
of the amplitude of the electrical grid signal, here set
equal to zero. Reference to Figs. 2, 3, and 4 illustrates
the fact that the amplitudes of the terms associated with
these coefficients follow entirely different shaped curves
whose characteristics may be used to determine which
electrode is vibrating. These curve patterns are inde-
pendent of the amplitudes of vibration of the various
elements as long as a given amplitude is held constant
during the measurements at a given frequency.

The results of such measurements for three different
tube samples at three different frequencies appear in
Fig. 9. Reference to the relevant curves of Figs. 2, 3,

L)
Ve Cothods Vidration

4 + Tube No | Sec 2
Ep ¢ 90 volts fc + 4 7 e

Wenzel and Waynick: Microphonism in a Planer Triode

531

and 4 indicates excellent agreement. The change in
phase as Vg, K g, passes through zero was observed with
the aid of an oscilloscope. It is concluded from these
measurements that they may be utilized to determine
the resonant mechanical frequencies of various electrode
motions by a nondestructive electrical method.

The next factor to be considered is the measurement
of the amplitudes of the various “microphonic” com-
ponents when the tube is subjected to simultaneous
electrical and mechanical excitation. While all of the
theoretical curves were checked quite well, attention
will be confined to the case of grid motion since this, in
many ways, is the most interesting.

For these curves the frequency for the gravest mode
of grid vibration was determined as outlined above. The
electrical excitation was then applied and the ampli-
tudes of the various output component frequencies were
measured as a function of grid bias. Fig. 10 illustrates
the results obtained for one tube. Comparison with Fig.
4 indicates excellent agreement with theory, the major
discrepancies occurring near cutoff, as would be ex-
pected, due to the variation in u of the tube in this re-
gion.

These measurements appear to verify the theory both
as regards to the shape of the curves and the relative
magnitudes of the components. The relative magnitudes
of the second-order components, and in particular Veeo,
the intermodulation term, permit drawing certain con-
clusions which are believed to be of considerable im-
portance in nonmicrophonic amplifier design for certain
purposes. This will be discussed in the conclusion of the
paper.

The normalization of the curves with respect to Vg is
of interest in view of the discussion in connection with
Fig. 7. The data of Fig. 10 have been normalized in this
manner and the results appear in Fig. 11. The effect of
amplification constant variation is emphasized here
near cutoff, but good agreement with the theoretical
curves is observed over most of the range of grid bias
voltages.
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CONCLUSIONS

Aside from the obvious conclusions regarding the ex-
perimental verification of the theory there are several
factors which appear to be of importance in the practical
use of the work presented. These are enumerated below:

(1) The output component of the tube studied at the
frequency of the grid signal, that is, the signal output of
the tube, is completely independent of the mode or
amplitude of electrode vibration within the practical
limitation of small signal theory,

(2) Intermodulation between  the grid-
signal and the mechanical vibration exists for all types
of electrode motion over the entire operating range of
the tube. The effect is second-order, however, and of
negligible proportions for operation in the linear region
of the tube characteristics. Theory predicts a consider-
able increase in the amplitude of the intermodulation
components as cutoft is approached, but this condition
is often not realized in practice because of the deviation
of the tube amplification factor from its normally con-
stant value.

(3) The output components, at the fundamental
vibration frequencies, are readily distinguishable for the
cases of harmonic cathode motion, plate motion, and
grid motion when these components are measured at
constant plate voltage over a range of grid bias values.

The third factor provides a simple method for identi-
fying the principal vibrating clectrode of a triode, at a
given frequency, from purely external electrical meas-
urements. I'or this purpose the tube is driven mechani-
cally with constant amplitude at one of its resonant fre-
quencies and the grid is held at zero ac potential. The
output component at the frequency of vibration is
measured as the grid bias is varied from zero to cutoff.
Identification of the types of electrode motion is then
made by comparing this result with the known patterns
of variation of this component with grid bias as shown
in Figs. 2, 3, 4, and 9.

This method mayv be used to establish the nature of

clectrical
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the various mechanical resonances of the tube, and
should prove useful in tube development work where
it is desirable to eliminate these resonances.

The first and sccond factors suggest a method for
very considerably reducing the microphonic components
in the output of amplifier systems where the intelligence
to be amplified is of an audio-frequency character
Practical examples are found in strain gage, telemeter
ing, and numerons other types of high-gain amplitier
svstenis.

As is well known, nearly all microphonic components
in the output of practical tubes have frequencies Iying
in the audio-frequency range. Thus, signal amplification
in this frequency range will be subject to interference
from microphonism in a great many applications of
practical interest. An effective method for microphonic
reduction is the rejection of the undesirable components
of the plate current by use of a filter in the plate cireuit
tuned to the grid signal frequency. This, of course, re
quires that the grid signal frequency bhe far enough
above the range of microphonic frequencies that neither
the fundamental nor the second harmonic microphonic
frequency component lies within the pass band of the
fhlter,

If the intelligence to be amplified is of an audio
frequency character, both the carrier and the sidebands
must be passed and the intermodulation components
resulting from the motion of the electrodes will un
avoidably also be passed. The success of the method
thus hinges upon the fact that, within the lincar operat-
g region of the transfer characteristic, the inter-
modulation components are negligible. This has theo-
retically and experimentally been shown to be the case
for normal amplitudes of vibration.

Based on the present theoretical and experimental
work, a high gain amplifier svstem has been built in
accordance with the above suggestion. Various types of
input tubes have been utilized; including high gain
pentodes of standard and miniature size. The ampliher
was modified for cither audio- or carrier-frequency opera-
tion at constant gain, and tests conducted under condi-
tions of severe mechanical vibration. The reduction of
microphonism hy the above method was observed to be
of the order of 30 to 40 db, Thus, the theory developed
for a simple-triode structure, and verified with an ex-
perimental tube especially constructed for this purpose,
has been found 1o be applicable to the more complicated
tube types usually emploved in
systems,

high-gain amplifier
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Radio Wave Propagation
JOHN M.

Summary—Using a double parabola approximation to the Chap-
man distribution of electron density as a function of height, and the
assumption of a curved-ionosphere, curved-earth geometry, analytic
expressions are obtained for the true height of reflection, ray path,
reflection coefficient, ground range, and group path. Graphical results
are given for the maximum usable frequency factor. Where possible,
the above results are compared with results obtained by assuming a
plane ionosphere.

All of these calculations are made under the usual restrictions of
neglecting the earth’s magnetic field and most of the effects of col-
lisions of electrons with heavy particles.

INTRODUCTION

r T YHE CHAPMAN distribution! is generally ac-
J[ cepted as representing the height variation of the
clectron density in the E and F; layers of the
ionosphere. Hacke? has made a double parabola approxi-
mation to this distribution, and a single parabola ap-
proximation to the height variation of the product of
clectron density times the collision frequency. These
approximations were applied to obtain analytic expres-
sions for the true and group heights of reflection, and
the reflection coefficient for a wave incident vertically
on a deviating layer. For frequencies greater than about
one half of the vertical incidence critical frequency,
these results showed excellent agreement with those ob-
tained by Jaeger® using numerical integration of the ex-
act Chapman relations.

Hacke and Kelso* then extended this work to con-
sider the case of oblique incidence on a plane ionosphere.
The results obtained were independent of the geometry
of the earth, and gave analytic expressions for the true
and apparent heights of reflection, the ray paths, the
range in the ionosphere, and for the reflection coefficient.

The present work extends the above, plane ionosphere,
case to include the effects of both a plane and a curved
earth; and then extends the entire treatment to the case
of a spherical ionosphere concentric with a spherical
carth. In addition to the quantitics determined above,
analytic expressions are given for the ground range and
the group path as a function of frequency; and graphical
results are given for the maximum usable frequency.

This work is done under the following restrictions: (1)

* Decimal classification: R112, Original manuscript received by
the Institute, June 23, 1949; revised manuscript received, December
19, 1949,

t Radio Propagation Laboratory, The Pennsylvania State Col-
lege, State College, Pa.

! 5. Chapman, “The absorption and dissociative or ionizing effect
of monochromatic radiation in an atmosphere on a rotating carth,”
Proc. Phys. Soc., vol. 43, pp. 698-7006; May, 1947.

"J. I=. Hacke, Jr., “An approach to the approximate solution of
the ionosphere absorption pro{:lcm," IProc. 1.R.E., vol. 36, pp. 724
727; June, 1948.

1 ]. C. Jaeger, “Equivalent path and absorption in an jonosphere
region,” Proc. Phys. g’oc.. vol. 59, pp. 87-96; January, 1047

¢ J. E. Hacke, Jr.,and J. M. Kelso, “An approximate solution of
the problem of path and absorption of a radio wave in a deviating

il(:;‘(gsphcre layer,” Proc. 1.R.E., vol. 36, pp. 1477-1481; December,

OF TIHE I.R.E.

in a Curved lonosphere”
KELSOt

all assumptions made for the Chapman distribution
must hold; (2) the earth’'s magnetic field is neglected;
(3) the angular operating frequency is assumed to be
very much greater than the collision frequency through-
out the region considered; (4) the absorption per vac-
uum wavelength is assumed to be small; (5) the electron
density is assumed to be a function of radial (vertical)
distance only; and (6) the Sellmeyer theory of dispersion
is used.

SUMMARY OF PRrREVIOUS RESULTS

It is well known that the electron density in a Chap-
man region is given by

N = N,.Ch(x) (1)

where

Ch(zy=exp 1/2{1—x—exp (—x)} (2)

x=(h—hn)/I1I—]In sec x
N, =the maximum value of the electron density,
occurring at x=0
IT =the “scale height” of the atmosphere in the
region where the ionization is produced; di-
vision by I7 yields distances in “scale units,”
in which all distances are to be measured, un-
less otherwise specified
hwm=the height at which N is a maximum when
x=0
x = the sun’s angular distance from the zenith.

In the two previous papers, mentioned above, on the
double parabola approximation, vertical distances were
measured in x units down from the level of maximum
ionization. In the present instance it is simpler to meas-
ure up from the bottom of the layer in y units, where

y=1x— 2 =2.7811+ x (3)

(xy,= —2.7811 is the bottom of the layer, i.c., the level
at which the layer vanishes). In this notation, the distri-
bution in (2) is approximated by the two parabolas

Py) =1— (y— 2.7811)¥/T?
yi = 1.4041 < y < y,, = 2.7811; 4)
Py(y) = Ay? 0< y<y. (5)

In these equations 7'=1.848, and A =0.4792 are param-
cters adjusted to fit (2), v, is the negative point of in-
flection of the Chapman distribution, y, is the level of
maximum ionization,

In the following work the region where the parabola
Pi(y) is used is called the “upper region”; the region
where the parabola Py(y) is used is called the “lower re-
gion.” When integration is needed to determine any
quantity, it is necessary to consider three cases:
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Case (1) Quantity in the upper region; reflec-
tion in the upper region;
Case (2) Quantity in the lower region; reflec-
tion in the lower region;
Case (3) Quantity in the lower region; reflec-
tion in the upper region.
When reflection occurs in the upper region, the quantity
is given by the sum of the results of Cases (1) and (3).
This designation will be preserved throughout, and a
corresponding numerical subscript will be attached to
the symbol for the quantity being considered.
The index of refraction in a Chapman layer, under the
present restrictions, is given by

u? =1 — Ch(x)/R?, (6)

where R is the ratio of wave frequency to the vertical
incidence critical frequency; and the absorption per unit
path length is given by

k = K.Ch(x)e~*/(uR?), (7

where
K, =v,/2c
v =the value of the collision frequency, », at x=0
c=the velocity of light in free space.

The quantity Ch(x)e~* may be approximated by the
parabola,

Ch(x)e = = Py(y) = bo+ by + b2y?, 33 <y < ym, (8)

where bo= —1.7162, b,=4.1236, b= —1.1696, and ¥a
=0.4821 is the lower level at which the parabola Py(y)
vanishes.

The ratios

N/Nw = Ch(x) and Nv/(Nmvm) = Ch(x)e=*

are plotted in Fig. 1 as functions of x. The parabolic
approximations Py(y), Py(y), and P4(y) are shown dot-
ted.
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Fig. 1—Ion density and its product with collision frequency as func-
tions of height in scale units below point of maximum ion density.
Solid curves, Chapman distributions; dashed curves, parabolic
approximations.
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Trur HEIGHT OF REFLECTION

The ionosphere is assumed to consist of uniform
spherical shells, such that the clectron density as a func-
tion of radial distance from the center of the carth fol-
lows thedouble parabola approximation given previously.
Fig. 2 is a diagram of the trajectory of a ray through the
curved ionosphere.
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Fig. 2—Diagram showing ray path of a radio wave in a curved
ionosphere concentric with a curved earth.

Iere
Ro=1the radius of the earth

o= the height of the bottom of the ionosphere layer
{m=the angular half range in the ionosphere

o=the angle of incidence on the layer.

H w is the index of refraction at any point P, at a dis-
tance of » from the center of the earth, where the ray
makes the angle 8 with a radjal direction, then Bouger's
rule gives

9

where the subscript o refers to the bottom of the laver,
so that ro = Ro+ .

The condition for reflection is that the ray turn per-
pendicular to the radius at the “point of reflection” y,,
i.e., #=90°. Applying this condition to (9), we get

B Sin 0 = uorg simé,,

#(y0) = (uoro sin 0,)/r.

!f the reflection occurs in the upper region, we may
write p from (6), and obtain via (1) the following expres-
sion for y,:

B 2 N
Yo = 2.7811 — T" 1—R2<1—%sin’00),
r

31 <% < Ym. (10)

In (10), r=ro+y,, and, consequently, (10) is not
actually solved for y,. A true solution would involve a
quartic equation, and hence, for practical purposes, it
has been found simpler to solve (10) by successive ap-
proximations. It should be noted here that it can be
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shown® that there is a level x., lying below the level of
maximum ionization, which gives the highest level at
which reflections can occur for a particular value of R.
When reflection occurs in the lower region, 0 <y <y,
we approximate Ch(x) by P.(y), and obtain, as above,

R / 70‘2_,- )
m=;11—7m”m°<”<” (11)

where again we solve by successive approximations.

Ray PaTtHs

It has been shown by Forsterling and Lassen® that
the angular distance £ of the ray in the ionosphere can
be approximated by the integral

- sin 00
To
v d
f - y_—z_‘vt ——5 (12)
‘/(a — sin%8,) + <ﬂ + — sin? 00) y+ vy?
Yo
if we define a, 8 and ¥ by the relation
u? = a+ By + vy& (13)

It is now useful to introduce the values of «, 3, and vy
from the parabolic approximations P,(y) and P,(y).

Case (1) Upper Region (3 <y<Ym).

sin 6o
§'3= I:—RTln

ro

1
RV

V=g

From equations (4) and (6) we obtain

T2R?— T24(2.7811)2

a) =a;—sin? 6= =TT —-sin’l)o]:
131'=(31+i sin? 0= —5'56—234- 2 sin? 0, L . (13)
7o T2R? 7o |

, 1 |
Y =M= Tz_Rz j

It is useful to measure the angle of travel from the
highest point of the trajectory y, so we make the
change of variable

&= ty) — &)

Substituting (14) into (12), integrating from ¥, to ¥,
and evaluating £(y,), we obtain

* J. M. Kelso, “A note on the maximum height of reflection of a
radio wave in a curved ionosphere layer,” Jour. Appl. Phys., vol. 20,
pp. 632-633; June, 1949.
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jsin—‘ <?72'}’1 + 62') _

f Vo' + 8y + vy + y/RT + (1/2)RTBY
o \War + Bi'yo + vy + 3o/ RT + (1/2)RTB/S’
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Because of the limit as the reflection height y, ap-
proaches y., we are forced to use the negative square
root in this equation. This same choice was required in
the oblique incidence plane ionosphere case.

Case (2) Lower Region (0 <yo<1).
From equations (5) and (6) we obtain

ay’ = as; — sin? 0y = cos?® O
2 2

By = B2 + — sin? 6, = — sin? 6 (16)
Yo 7o

‘Yz' = Y2 = — -42/R2

Integrating and changing variable as in Case (1), we
obtain
sin 6o
2=

l: _— {2‘)’2')’0 + 52'}
— sin— —
rov/ —v?' v—q

. 272')’ + ﬂz')
— sin! 4- V— f

v—q
T g = 4y — (B>
Case (3) Lower Region (0<y<y1<yo).
When the ray is reflected in the upper region, we want
the origin of the angular displacement for the lower re-
gion to be at the same point as for the upper region. We
accomplish this by allowing yo=y in (17), and add to

this the range of the ray in the upper region, obtained
from (15) by writing y=. Then

], 0<y<y<xn {7

where

(18)

(Vo B i /R + (/DRTE
\var' + B/ yo + v'90" + 3o/ RT + (1/2)RTBY

2v/y + B2
n“(—~y__ )} , 0<y<ym<y (19
vV—q
e — T e e S P 7 Py oy
EEANRREEEE
L I [ | 1 |
) S o ! l l
. $ & w
ISR 3 1 1 | s
T h Vg 1 Y PETHS = R4 2 + .
g \& | I 1
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Fig. 3—Ray paths in a curved ionosphere with the angle of incidence
0, as a paramcter. The ratio of wave frequency to vertical in-
cidence critical frequency, R=2.0.

Y < Yo < Ym. (15)

¢ K. Forsterling and H, Lassen, “Die lonisation der Atmosphiire

und die Ausbreitung der kurzen elektrischen Wellen (10-100m) Uber
der Erde. 111,” Zest. Tech. Phys., vol. 12, pp. 502-527; November,

1931.
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A set of ray paths in a curved ionosphere is shown in
Fig. 3, along with two curves to indicate the bottom of
the layer and the level of maximum ionization, respec-
tively. It was necessary to distort this figure by using a
very different scale horizontally than that used ver-
tically. The horizontal displacements are measured from
the point of reflection,

The set of paths shown is for the value R=2.0, and
for the values of the angle of incidence, 8,=80°, 75°,
70°, 65°, 62° 30’, 60° 26’. This last, rather peculiar,
choice was made because it is the highest reflected ray
for which it was convenient to calculate. It is interesting
to note that, for reflection in the lower region, the range
in the ionosphere increases with increasing angle of inci-
dence.

REFLECTION COLFEFICIENT

The principal feature of the present study is the cal-
culation of the reflection coefficient in a curved jono-
sphere, which has not previously been studied in closed
form, although Jaeger? has given some results obtained
by numerical integration of the exact Chapman rela-
tion,

Y )

21K, bRIT33,
npy = — 2[Jble'r— LS +

X

+ : boR2T? + b2R2T2(

2

: bR T + /»..k‘-"l“"(yol -

We wish to determine the fraction of the incident
field that is ultimately sent back from the jonosphere.
This fraction is given by the reflection coefficient p.

p = exp(—.’! f kds),

21K ., boR
[J_O__ +
kL1

b3 K3
213

In p, =

where ds is the element of path length along the trajec-
tory, and k is the absorption coefficient given by (7). It
is casy to show that
Hurdr
ds = : (20)

A it — et sint g
N N 5 . pl 5 rpey 2
We now approximate Ch{x)e = by Py(y), and write u
from (13). Since r=ro+y, we make the same approxi-
niation as was made in the ray path case and obtain for
In p,

I’:;()')dy

’ e (2])
va' + By + 'y

2IK .,
Inp /

R*
where o, ', and y" are to be obtained from (14) or (16

depending upon the region in which the integration is to
be taken.

Case (1) Upper region (yv; <y <yv,).

Integrating from w to yo, and making the choice of
the negative sign hefore the square root, we obtain

b‘_.(‘wl e ) ksl
] f

N fvar" + By + vi'yo? + v 'RT + (1/2)RTB/
I .
‘\/all + 8w + vi'vi*+ v/ RT + (I/l)l\"/‘ﬂ,"
yo o 3R/

>‘ Ve + /31,_\'0 + ‘/11_\’1»2

1
SR8y — ;
n ‘)( Vel + 8 v + ‘/1',\’1{]. (22)

Cuse (2) Lower Region (O<y<yi<y).

Integrating from y; to Yo (since Py(yv) is undefined
from 0 <y <yy). we obtain

9

38yt ~ wn') k)
( 7 8 ‘ N 5"

n I' ’ ’) .I' ’ .
v )‘Sin l(272}3+ﬂ2 ) ~ din l(-72 Yo + B2 )}

vV —q

‘b]Rz bng()'o 3691R2

vi—q

)( Vi + 5‘:’1,\'0 + “r'zl)’n"’

LT T
'b]Rz b2R2 ys ¢;B'2,R2 \l . - :
+ { e + Ve (2 IRT >"\012 +ﬂ?,"3+72)’3':]. (23)

7 J. C. Jaeger, “Equivalent path and absorption for oblique in-
cidence on a curved ionospheric region,” Proc. Phys. Soc., vol. 61,
pp. 78-86; July, 1948.

Case (3) Lower Region (0 <y <y <yy).

Integrating from y; to y, results in
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21K ., bR  bB/R? 385" — dar’yy Rb.
Inps = — [:{—"'"l" bz(—'-‘ — *4>—(
R? A 243 8 AS
. 2y, ys + B. . 272/}’1 + B8
X {sm' 1 — sin™!
V=g '
b R? baR? ( y, 38:R? | - ; ;
P G ) Ve F
b1R2 bsz y3 5‘32/1(2 ]
(e g f Syt |. 24
+{‘12+ A2(2+ INE )}\/az'f'ﬁzys-f-')‘zya 0

Using (22), (23), and (24) we plot (=R In p)/(JITK)
as a function of the angle of incidence for R=1.5, 2, 3,
4. 5 in Fig. 4. Using the curve of range versus angle of
incidence, Fig. 7 (to be given later), we may plot
(—1In p)/(K,) as a function of the ground range. This is
given for each of the cases: (i) plane ionosphere, plane
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. T 1
1 b .
5 4 4 L4
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- N+ Nt
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i
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ANGLE OF INCIOEMCE O, IS N . |
o 1 — e b 1 1 1
o o 20" 30° w* s0° Cy 10* Y 0

Fig. +—(—R In p)/({{TKpn) as a function of the angle of incidence 8,
with R as a parameter. Curved ionosphere; /=10 km, k=90 km.
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Fig. 5—(—1n p)/(Ka) as a function of ground range D, for the three
ionosphere-earth geometries. R = 3.0, /{ =10 km, ho=90 km.

earth (PI-PE); (ii) plane ionosphere, curved earth
(PI-CE); and (iii) curved ionosphere, curved earth
(CI-CE); in Figs. 5 and 6 for R equal to 3 and 4, respec-
tively. The scale height has been chosen as 10 km, and
the height of the bottom of the layer as 90 km. The plane
ionosphere results are readily obtained from the mate-
rial given by Hacke and Kelso,* by applying simple
geometrical relations to the expressions for the range in
the ionosphere.

These curves show the rather surprising result that,
even for quite large values of R, the plane-ionosphere,
curved-carth geometry gives very good results for the
reflection coefficient. However, it is important to have
the curved ionosphere results, because in a complete
calculation of the field intensities it is necessary to use
the correct geometry in order to be able to include di-

vergence or convergence cffects of the beam in the iono-
sphere.

GROUND RANGE

The angular range in the ionosphere itself may be
found directly from (17) and (19) by writing y=0. The
ground range corresponding to this angle is found by
multiplying the angle in radians by the radius of the
earth Ro. The ground range corresponding to the por-
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Fig. 6—(~—1In p)/(Ka) as a function of ground range D, for the three
ionosphere-earth geometries. R =4.0, /{ =10 km, ho =90 km.
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tion of the trajectory between the earth and the iono-
sphere was given approximately by Smith® as

2Ry cot 8y — 2Re\/cot? 6y — 2ko/ Ro.

Fig. 7 shows the ground range as a function of the
angle of incidence with R as a parameter for a scale
height of 10 km and a height of the bottom of the layer
of 90 km.
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Fig. 7—Ground range D as a function of angle of incidence 6o, with R
as a parameter. Curved ionosphere; H =10 km, k=90 km.

GRoup PATH

The group path in the curved ionosphere may be de-
termined by the use of the well-known relation

s(yo)
Pl = zf ds/#,
Hmm]

where the expression for ds is given above. Introducing
1 as before,

vo dy
P'=2Hf ',;,*.’; =0 :
o Ve +8y+ vy
Case (1) Upper Region (31<y0<Vm).
Substituting o’, 8’, and ¥’ from (14) and integrating

from y, to y,,

Py - Ve +

® N. Smith, “The relation of radio sky-wave transmission to
ionosphere measurements,” Proc. I.R.E., vol. 27, pp. 332-347; May,
1939.
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T {___,;_ Byo+ vy’ + yo/RT + (1/2)RT8y)
Vai' + B8y + vy + y/RT + (1/2)RT3,f
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where we have prefixed a negative sign because of the
choice of square root as before.

Case (2) Lower Region (0 <y <y,).
Using (16) and integrating from 0 to y,,

2HR[ . B2
Py = sin™! [ ———
A V=g
2‘)’2 Yo + ﬂz'
- s (FE2EEY).
ZIOO’—-P—- -7 T T
t l i T T 1
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Fig. 8—Group path P’as a function of the ratio R of wave frequency
to vertical incidence critical frequency, for a ground range,
D=1,500 km, H=10 km, hy=90 km.

Cuse (3) Lower Region (0 <y <y <¥).
Using (16) and integrating from 0 to 1.

2ITR B8’ ~
Py = *[Sin L ( >
A v - 1
o (B
N9

In the same manner as in the range calculations it can
be shown that the group path from the ground to the
lonosphere is given approximately by

. 2R07col 6o — 2Ry\’cot? 0o —TZ/:;/R:
sin 00 -

(25)

.To obtain the complete group path from the trans-
mitter to the receiver, we add this last quantity to the
results obtained in (25), (26), and (7).
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In the plane ionosphere cases the group path is deter-
mined by using the theorem of Breit and Tuve.?

Fig. 8 shows the group path plotted as a function of R
for a ground range of 1,500 km for the three geometries,
and for a scale height of 10 km, and a height of the bot-
tom of the layer of 90 km.

MaximMuM USABLE FREQUENCY

The maximum usable frequency for a given ground
range is the greatest frequency for which a signal is
transmitted over that range. It corresponds to the
minimum points of the range versus angle of incidence
curves given above, or to the “nose” of the P’-R curves.
Appleton and Beynon'® have determined this quantity
analytically and graphically for the single parabola ap-
proximation and a number of different geometrical con-
figurations.

[ ~-PE) DOUBLE
7o K P-PE} SINGLE
Lo + it
A
o4 i 1
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‘nm USEABLE FREQUENCY FACTOR R, l

|
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| { NS S S S
I_ GROUND RANGE D, () U —
0

o ~ 2 I
200 1000 300 200C

Fig. 9—Maximum usable frequency factor Rmwy, as a function of
ground range D. Shown for the single and double parabola ap-
proximations for the various geometries. =10 km, ho=90 km.

* G. Breitand M. A. Tuve, “A test of the existence of the conduct-
ing layers,” Phys. Rev., vol. 28, pp. 554-573; September, 1926.
1 E. V. Appleton and W. J. Beynon, “The application of iono-
spheric data to radio-communication problems: Part 1,” Proc. Phys.
oc., vol. 52, pp. 518-533; July, 1940.
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Similar results have been obtained here for the (PI-
PE) geometry (analytic), and for the (PI-CE) and (CI-
CE) geometries (graphic) using the double parabola
approximation. The maximum usable frequency fac-
tor, Rmus =fmus/fe, is given as a function of ground range
for each of the cases above, plus the (PI-PE) and (CI-
CE) cases using the single parabola approximation, in
Fig. 9.

CONCLUSIONS

Most of the conclusions have been taken up under the
individual headings. Aside from the determination of
the reflection coefficient, which Hacke? has shown to be
completely useless at vertical incidence, it might be
noted that one of the principal results of the present
work is to show that the use of the single parabola is
usually justified. This is observed in the group path,
where the single parabola curves were not shown be-
cause the difference between the single and double
parabola approximation only appeared in a displace-
ment of the “hose” of the curve. This displacement is
better illustrated in the maximum usable frequency
factor curves, where it is seen that the geometry used
is more critical than the choice of the two parabolic ap-
proximations.
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CORRECTION

Matthew T. Lebenbaum, author of the paper, “Design Factors in Low-Noise
Figure Input Circuits,” which appeared on pages 75-80, of the January, 1950,
issue of the ProceepinGs oF THE I.R.E., has brought to the attention of the

editors the following correction.

In Table I, on page 79, under the subheading “Calculate,” the expression

oy =V/2f —ay should read oy = V2b—a,.
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Frequency and Amplitude Stability of the
Cathode-Coupled Oscillator”

PETER G. SULZERT, ASSOCIATE, IRE

Summary—An expression is obtained for the frequency and
amplitude of the output of the cathode-coupled oscillator. The effects
of supply voltage variations are calculated, and the results are con-
firmed by experiment. It is concluded that the cathode-coupled
oscillator is capable of providing excellent frequency stability.

INTRODUCTION

T IS THE purpose of this paper to consider the fre-
I[ quency and amplitude stability (with supply-volt-

age variation) of the cathode-coupled oscillator.!
An analysis seems desirable because of the wide applica-
tion of the circuit. Such an analysis also facilitates de-
sign for the best stability.

—Epy
Ry

-
1l
L]

Ry

L <

Fig. 1—The cathode-coupled oscillator,

Fig. 1 is a schematic diagram of the circuit under con-
sideration. It consists of a tuned circuit, L-C, connected
to a cathode-coupled negative-resistance circujt.?—4
Since the oscillator must provide some form of ampli-
tude limiting if stable output is to be maintained,
linearity cannot be assumed. For purposes of analysis
it is therefore necessary to employ the differential equa-
tion for the entire oscillating circuit, which includes the
tubes as nonlinear clements.

* Decimal classification: R335.911 4, Original manuscript received
by the Institute, July 29, 1949; revised manuscript received, No-
vember 9, 1949, The paper is a portion of a thesis submitted to the
Departinent of Electrical Engincering, The Pennsylvania State
College, State College, Pa., in partial fulfillment of the requirements
for the degree of Master of Science. The first part of the thesis
“Cathode-coupled negative resistance circuit,” was published in
Proc. I.R.E., vol. 36. pp. 1034-1039; August, 1948.

t Radio P’ropagation Laboratory, The I’ennsylvania State Col-
lege, State College, Pa.

Murray G. Crosby, “Two-terminal oscillator,” Electronics, vol.
19, pp. 136-137; May, 1946.

?G. C. Sziklai and A. C. Schroeder, “Cathode-coupled wide-
band amplifiers,” Proc. 1.R.E,, vol. 33, pp. 701-709; October, 1945,

3 Keats A. Pullen, Jr., “The cathode-coupled amplifier,” Proc.
LLR.E., vol. 34, pp. 402-406; June, 1916,

¢ Peter G. Sulzer, “Cathode-coupled negative-resistance cir-
cuit,” Proc. I.R.E., vol. 36, pp. 1034-1039; August, 1948.

TnrorericarL ResuLts

It is convenient 1o treat the circuit as a nonlinear
source of negative resistance connected in parallel with
an R-L-C resonator, as shown in Fig. 2. The dif-

P

\|
I
™~
2
o

Rrv)

Pl
p
4

4

Fig. 2—Equivalent circuit,

ferential equation in terms of the currents at the node

Pis

G Lo g iV
( + / "t = (), 1
R(z) a L) T,

¢

where R., L, and C are associated with the resonant
circuit, and R'(v) represents the negative-resistance cir-
cuit. Differentiating, we obtain

l/"|'+ V' d /1 | 1
+ " =0, 2
dr Ot <I\’, R () ) & 1.C (2)

To obtain a solution it is first necessary
R'(»). It was found by experiment._ th
voltage characteristic of the negative-
is of the form shown by the

to evaluate
at the current-
resistance circuit
solid line of Fig. 3, which

1 Approximorion
{ ~75.010°% + 3161100

/

Meoasured

6SN7GT

£, 250V
| — Ry cr0x _I__|
( R, < 10K
[ Ce < tut -
- | } | 1
L_‘L L | L ! ! Il ‘

Fig. 3—Voltage versus current for the cathode-

1 1 r coupled
negauve-resistance circuit,




e e

1950

is symmetrical about the origin. This curve is a tracing
of an oscillogram which was obtained by making hori-
zontal deflection proportional to voltage and vertical
deflection proportional to current. In view of the sym-
metry, it is possible to approximate the characteristic
by two terms of the series

— al” 4 81 — 1%, etc,,

=

where 1 is the current. A typical approximation is shown
by the dotted line of Fig. 3. Then,

where a and 8 are coefficients to be determined by ex-
periment. Substituting this value in (2),

( 1
R
I'o obtain the equation in a recognizable form, let

=elea)
a = a —
(& R

dav 1
— + -
dt 1

42 1

, =0 (3)
di? C

+ a — 361"3>

g i
T C
1
wo? = .
1.C
Then
evo Al
*‘—i;;—(a—ﬂV)';l—-i-on—). (4)

[t is convenient to incorporate a change in variable such
that

!

V? = a, yf‘..
6’

Substituting in (4), and letting x =we,

dy o dy
— - 1 — y? + vy =10 5
dx*  wp ( ) dx B (%)
or
d’y dy
— (1 — y2) = - ), ¢
dx? it ¥ dx ty §
where

' L 1
¢ “ - // (ll - ) 3
wo FC R.
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Equation (6) has been investigated by van der Pol®*
Kryloff and Bogoliuboff,” Minorsky,® and Brainerd.? It
is apparent that if e is very small, the equation becomes

d*y

. + = 01
dx? ’

which has a sine-wave solution. An approximation’?
has shown that for moderately small positive values of
e, the amplitude of this sine wave is 2. A second ap-
proximation’:® indicates a frequency change such that
the solution of (6) becomes

€2
4y =2sin{1——}ux, 7
. ( 1()) @

which is valid for 0<e&1. Changing to the original
variables V and ¢,

T
=2 //"_R in [1 . ( 1>2] LLo®
= s = a—— —
‘/ v ¢ 16¢ \* ReJ Jvic

The amplitude and frequency can both be obtained
directly from (8). Frequency stability can be studied
with the aid of the correction factor

F=1 L( 1)2 9)
N 16c \* R’ (

which multiplies (1/+/LC)t in (8), and indicates the de-
crease in frequency caused by nonlinearity of the nega-
tive-resistance circuit.

It is of interest to see which choice of values will re-
sult in the best stability. Referring to (9), the quantity
« is responsible for frequency variations, since it is a
function of tube constants which, in turn, depend on
supply voltage. Thus it is desired to minimize the change
in F with respect to a. Taking the derivative,

dF L ( 1)

— = —la——}.

da 8C R.
This will vanish if a=1/R.. Unfortunately, oscillation
will cease at the same time, since € in (6) must be kept
positive. This confirms the well-known fact that the
best frequency stability is obtained with the smallest

amount of feedback consistent with stable amplitude.
If, then, o is maintained slightly larger than 1/R,, the

(10)

s B. van der Pol, “The non-lincar theory of oscillation,” Proc.
I.R.E., vol. 22, pp. 1051-1086; September, 1934.

s 3. van der Pol, “Beyond radio,” Proc. World Radio Convention,
Sydney, 1938.

1 N. Krvloff and N. Bogoliuboff, “Introduction to Non-Linear
Mechanics,” Princeton University ’ress; 1943.

¢ N. Minorsky, “Introduction to Non-Linear Mechanics,” pp
197-199, 217-219, J. W. Edwards (pub.), Ann Arbor, Mich.; 1947.

» Mcllwain and Brainerd, “Iligh-Frequency Alternating Cur
:os)r}t;," pp. 507-509, John Wiley and Sons, Inc., New York,gN. Y.;
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only other variable in (10) is L/C, which must be
minimized. This justifies the common practice of using
a “high-C” tuned circuit for stability. However, the Q
of the circuit is also important. By definition

1
R. = QulL Q"/C

and

1 1 /C
/ .

B alz

In designing an oscillator of this type, one would
start with a value of a, choosing (1/Q) VC/L slightly
smaller than « for stable oscillation. Keeping this
quantity constant, v/C/L would be made as large as
possible, which also requires an increase in Q. It would
appear, therefore, that a reasonable figure of merit for
the tuned circuit in this type oscillator is Q+/C/L.

EXPERIMENTAL RESULTS

In general, « and 8 must be known for each value of
supply voltage at which it is desired to calculate ampli-
tude and frequency. These constants were obtained as
follows: The coupling condenser, C. in Fig. 1, was re-
placed with a battery which was adjusted to produce
zero current through the circuit terminals, thus estab-
lishing an origin. Small increments of voltage V were
applied at the input terminals of the negative-resistance
circuit, first positive and then negative, and the result-
ing currents were measured. Since the voltages were
small, the cubed term in the approximation dropped
out, and

i
v

It will be noted in Fig. 3 that =0 when "= 1" Then

[24
B ye

In order to check the theory, an oscillator was de-
signed for poor frequency stability to facilitate measure-
ment. Figs. 4 and § show the performance of this oscil-
lator. Fig. 4 is a plot of amplitude versus plate-supply
voltage for the circuit values shown. The solid line was
calculated with the aid of (8), while the dashed line
was obtained by measurement. It will be noted that a
reasonably close agreement was obtained between
theory and experiment.

Fig. 5 shows the fractional change in frequency with
supply voltage for this particular oscillator. The solid
curve was calculated with the aid of (8) and (9), while
the dashed curve marked C, =0 was obtained by meas-
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urement. A fair check with theory was obtained over a
major portion of the supply-voltage range.!

The other dashed curves were obtained with various
values of capacity shunting the cathode resistor. Al-
though it is not covered by the theory, it will be noted
that excellent frequency compensation for the effects
of supply-voltage variation can be obtained in this
manner.

In conclusion, it should be stated that well-designed
cathode-coupled oscillators have shown a frequency
stability of better than 5 parts per million for a two-to-
one supply-voltage change.
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It has been pointed out that the measured and calculated fre-
quency-variation curves for the case Ce=0 do not have the same
shape. This dnscrepa.ncy. 1s probably caused by the fact that there was
some residual capacityin the cathode circuit during measurement,
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A Method of Simulating Propagation Problems”

HARLEY TAMS{}, SENIOR MEMBER, IRE

Summary—Problems relating to reflection, refraction (including
continuously variable index of refraction), or scattering can be
gimulated by propagating centimeter-wave energy in a large sheet of
low-loss dielectric material. The conditions of the problem are set
up by imbedding objects in the sheet, varying its thickness, or
coating its surfaces. One surface of the sheet is then scanned with
the probe of a phase-front plotter, and lines of equal phase are re-
corded on a separate sheet of paper. The behavior of the energy
can be judged from the recording so obtained.

7TYHE PHASE-FRONT PLOTTER! is a device
q]: which records on a sheet of paper lines represent-

ing those parts of a radio-frequency field which
have the same phase. It consists essentially of a probe
which scans the area of interest, a radio-frequency
reference signal which adds to or subtracts from the
probe signal according to their phase relation, and a de-
tector and amplifier, connected to a stylus which scans
current-sensitive paper in synchronism with the scan-
ning of the probe.

Although the plotter was originally intended for use
in developing microwave antennas, the pictorial repre-
sentation which it produces has been found useful for
other purposes. The purpose of the present discussion
is to call attention to a technique which permits the
simulation of problems relating to the reflection or scat-
tering of radiation by obstacles, or refraction (including
the case of a continuously variable refractive index).

The method is simply that of propagating the radia-
tion in a large sheet of low-loss dielectric, such as poly-
styrene, having a thickness of the order of a quarter of a
free-space wavelength. When the electric vector of the
field is at right angles with the surface of the sheet, it is
found that the energy is kept from spreading in one
dimension by the action of the dielectric, and that the
probe of the phase-front plotter picks up a strong
enough signal (when it scans within a tenth wavelength
of the surface) to observe how the energy propagates.
Problems in reflection or scattering can then beset up by
imbedding various discontinuities in the dielectric sheet.

Fig. 1 is an illustration of such a test. A low-power
oscillator having a free-space wavelength of 1} cm (0.492
inch) delivered power through a waveguide which ended
between two parallel metal sheets spaced % inch apart.
The end of the waveguide served as a point source from
which the energy spread, while the metal sheets insured
that all of the power was coupled into the }-inch thick
dielectric sheet. In this particular test, it was desired
that the phase fronts incident upon the model should be

* Decimal classification: R113.7. Original manuscript received by
the Institute, July 11, 1949; revised manuscript received, December
1, 1949, Presented, 1949 West Coast IRE Convention, San Francisco,
Calif., August 31, 1949,

{ Formerly, RCA Laboratories, Princeton, N. J., now, Hughes
Aircraft Co., Culver Cit , Calif.

! For description, see t,larlcy lams, “Phase-front plotter for centi-
meter waves,” RCA Rev., vol. 8, pp. 270-275; June, 1947,

straight, as though the source had been distant. There-
fore, the input edge of the polystyrene sheet was curved
with a radius R, according to the familiar optical for-
mula for a plano-convex lens

o)

where 7 is the refractive index (1.6 for bulk polysty-
MODEL BEING TESTED

\ (-POLYSTYRENE SHEET
i

~ S

7

4 — / I‘, il
— = co-"""
POWER /,i’:%' g
- t /
T —— l\( 1 L~
METAL SHEETS"

STYLUS”  RECORDING PAPER
Fig. 1—Test arrangement.

rene), R is the radius of curvature of the lens, and f is
the focal length. Also, in order to minimize the reflec-
tion which occurs when the refractive index changes
abruptly, the edges of the sheet were tapered from full
thickness to zero over a distance of } inch. (A taper
longer than a half-wavelength would have reduced the
reflection still more, but it was not needed.)

The model representing the cross section of a horn
consisted of metal strips imbedded in slots cut in the
polystyrene. The picture of Fig. 2 was recorded by
scanning the surface of the dielectric with the probe of
the plotter and recording its output on Teledeltos paper.
In this, and all the subsequent pictures, the direction of
propagation is left to right. The outline of the horn was
subsequently drawn on the paper. From this plot, one

Fig. 2—Radiation incident on horn.
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sees how the received energy was directed into the
throat of the horn, and observes the change in wave-
length which occurred in the narrower waveguide.
Another type of problem which can be simulated is
that of propagation in the presence of a variable index
of refraction, such as is met in nature in the ionosphere.
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Fig. 3—Effective refractive index versus sheet thickness.

The effective index of refraction (which may be defined
as the wavelength in free space divided by the wave-
length in the sheet) of a polystyrene sheet guiding radia-
tion in the manner described is a function of its thick-
ness. I'ig. 3 shows the experimentally determined effec-
tive index of refraction as a function of the thickness
measured in free-space wavelengths. The desired dis-
tribution of propagation conditions is sct up by cutting
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Fig. 4—Propagation through region having variable
refractive index.

a thick sheet of the dielectric to the required thickness,
or by piling up thin sheets in the form of contour maps
of the desired pattern. \WWhen an effective index of refrac-
tion less than unity is desired, one uses a thin section in
conjunction with a thicker one, calling the index of the
latter unity. It is the ratio of the indices which is im-
portant to the problem, not the magnitudes measured in
comparison with some arbitrary standard.

An illustration of the behavior of a variable-thickness

OF THE [.R.E.

Fig. 5—Propagation through abrupt change in refractive index,

model is given in Fig. 4. A disk of polystyrene was so
cut that the effective refractive index varied
to the following relation:

according

5
Megg = /2 — »?

where 7 is the radius to the point under consideration.

Power fed in at one edge of the disk was propagated
with a velocity depending upon the thickness, so that
the phase fronts are not arcs of circles. The transfer to
free space occurs without appreciable reflection and the
power continues in a parallel beam.

In comparison,.the constant-thickness model of Fig.
5 shows lack of bending of the phase fronts until the
edge of the disk is reached. and interference patterns
due to reflections at the boundaries. The final beam s
somewhat divergent.

Another way of controlling the effective index of re-
fraction of a diclectric sheet is to coat one or both sides
with metal foil, Of course, when both sides are covered,
the speed of propagation is the same as for a great thick-
ness. \When one side only is covered with metal, the be-
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havior is similar to that of a dielectric sheet twice as
thick as the one actually used.

Fig. 6 shows how a strip of tinfoil }-inch (one free-
space wavelength) wide applied to one surface of a poly-
styrene sheet 3/32-inch thick controlled the propaga-
tion well enough to keep the energy in a narrow path.
In this and other tests, it was found that the power

PROCEEDINGS OF THE [.R.E.
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could be deflected around moderate bends, but that it
was radiated at sharp ones.
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Design Analysis of a 7’M-Mode Piston Attenuator’

ANTHONY B. GIORDANOT, SENIOR MEMBER, IRE

Summary—The design analysis of a transverse magnetic mode
piston attenuator which may be utilized as a microwave absolute
standard in the comparison method of measuring attenuation is

" described. The system employs a coaxial section input and a coaxial
section output separated by a cylindrical waveguide section operat-
ing below cutoff. The electromagnetic coupling between the two
coaxial sections is comprised of exponentially decaying field com-
ponents of the 7M., modes associated with the waveguide section.
A method of satisfying input and output boundary conditions based
upon circular symmetry is detailed and applied in approximate
form to obtain numerically the attenuation, input impedance, and
VSWR characteristics of a model designed for a wavelength of 10
centimeters. The predicted data apply to coupling separations of
0.5 ¢cm and higher.

I. INTRODUCTION

~ ITH THE ADVENT of metallized-glass pre--
\/ cision-type attenuators for coaxial transmission

systems! designed for use at microwave fre-
quencies, it became necessary to devise an accurate
method of attenuation calibration. One of the most ac-
curate schemes for measuring attenuation is the com-
parison method utilizing an absolute standard. Such a
standard may be realized by employing a below cutoff
cylindrical waveguide as part of a standard coaxial
transmission line.

The electromagnetic behavior of a waveguide is simi-
lar to the behavior of a high-pass filter as frequency is
varied, Below the cutoff frequency of the waveguide,
the cxcited electromagnetic ficld does not propagate.
It develops as an induction field. the magnitude of which
decays exponentially as the field distributes itself be-
tween the input and output planes of the guide. It is sub-
stantially an electro- or magnecto-static field distribu-
tion varying harmonically in time. The magnitude of the
ficld at the output end of the guide is dependent on the
physical length of the guide. As this length increases,
the output field decreases, and, consequently, the out-
put power diminishes. The difference in input power and

* Decimal classification: R396.9. Original manuscript received by
the Institute, August 9, 1948; revised manuscript received, November
18, 1949. Presented, 1948 IRE National Convention, March 25,
1948, New York, N. Y., under the title, “Analysis of a Microwave

Absolute Atienuation Standard.”

t Microwave Research Institute, olytechnic Institute of Brook-
lvn, Brooklyn, N. Y.

' C. G Montgomery, “Technique of Microwave Measurements,”
vol. 11 —Radiation Laboratory Series: McGraw-Hill Book Co., New
York, N. Y., 1947; also, chapter 12, “General Laboratory Attenu-
ators,” by 2. Weber.

output power of the guide appears as reflected power
from the entrance into the guide. Thus, the over-all
effect is a reduction of output power and the waveguide
behaves as an attenuator.

Numerous types of cutoff attenuators or reactive at-
tenuators or piston attenuators have been described in
the literature.2¢_However, the piston attenuator to be
analyzed is rather unique, since the structure becomes
a matched coaxial section when the physical length of
the guide is zero.

The classical Maxwell field theory as applied to
bounded structures reveals that the electromagnetic
fields within such structures may be represented as a
superposition of mode functions. In general, there are
three types of mode functions or modes, namely: the
Transverse Electromagnetic or TEM mode, the field
components of which are oriented entirely in the trans-
verse plane; the Transverse Electric or TE mode which
has electric field components only in the transverse
plane; the Transverse Magnetic or T'M mode having
magnetic field components oriented solely in the trans-
verse plane.

[For a given geometry, perhaps, all three mode func-
tions are required to describe rigorously the electromag-
netic field which satisfies the boundary restrictions of
the structure. For example, the electromagnetic field
within a coaxial line of proper dimensions away from the
generator consists of the T/ZAf mode which propagates
since its cutoff frequency is zero. The field in the vicinity
of the gencrator is usually highly distorted and equiva-
lent to the superposition of TEM, TE, and TM modes.
These latter modes are high-pass modes and will propa-
gate only if a proper relationship exists between the ex-
citation frequency and the cross-sectional dimensions.
In coaxial system, these high-pass modes are usually
helow cutoff.

1 See chapter 11 of footnote reference 1, “Cutoff Attenuators,”
by R. N. Griesheimer.

3 R. 5. Grantham and J. J. Freeman, “A standard of attenuation
for microwave measurcments,” AILLLL Technical Paper 48-50, pre-
sented, AIEE Winter Mceting, Pittsburgh, Pa., January 26-30, 1948,

¢C. W. Oatley, “Ultra-high-frequency measurements,” Jour.
IEE, vol. 93, Part I1IA, no. 1, pp. 199; 1946.

* G. F. Gainsborough, “A method of calibrating standard-signal
enerators and radio-frequency attenuators,” Jour. IEE, vol. 94,
2art 111, no. 29, pp. 203; May, 1947.

* D. 2. Harnettand N. P, Case, “The design and testing of multi
range receivers,” Proc, LR, vol. 23, pp. 578-592; June, 1935,
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If a discontinuity is introduced in a coaxial line which
is far removed from the generator, then both TE and
T'M modes may be generated at the discontinuity and
the original field becomes distorted. If the discontinuity
is caused by a cylindrical waveguide terminating a co-
axial line, only TM modes will be generated in both the
coaxial and waveguide sections if the discontinuity is
circularly symmetrical. Throughout the following an-
alysis, circular symmetry will be assumed.

Each type of high-pass mode is characterized by field
components which possess spatial harmonic variations.
To indicate these variations, subscripts are added. The
first subscript yields the harmonic variations around the
periphery and the second subscript refers to the har-
monic variations along the diameter. If circular sym-
metry is assumed, the first subscript becomes zero. The
field components of the mode functions will be set up in
cylindrical co-ordinates Z, p, 6.

The derivation of the field components of electro-
magnetic mode functions will not be detailed since such
equations are available in most books on the subject.”10
The rationalized mks system of units will be employed
throughout, together with complex notation.

II. PRELIMINAKY ANALYSIS

The basic structure of a TM-mode piston attenuator
is illustrated by Fig. 1. The diameter of the waveguide
section is selected to yield a desired mode decay rate
corresponding to the asymptotic valve of curve B of
Fig. 4.
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Fig. 1—Preliminary design of a TM-mode piston attenuator.

Referring to Fig. 1, the TEM mode of section a pro-
pagates from the generator toward plane 1-1 where it is
reflected. At plane 1-1, TM modes are generated in sec-
tion a and section b. The coaxial TAM modes of section a
decay to zero in the direction of the generator. The
waveguide TM modes decay toward plane 2-2 where
they are reflected. At plane 2-2, these modes excite
the TEM mode of section ¢, as well as TAf modes which
decay to zero. The TEM mode propagates to the load
where it is completely absorbed, since the load repre-
sents a matched termination. The magnitude of the
TEM mode of section ¢ depends on the magnitude of the

7S. Ramo and J. R. Whinnery, “Field and Waves in Modern
Radio,” John Wiley and Sons, Inc., New York, N. Y.; 1944.

8 S. A. Schelkunoff, “Electromagnetic Waves,” D. Van Nostrand
Co., New York, N. Y.; 1943,

* J. A. Stratton, “Electromagnetic Theory,” McGraw-Hill Book
Co., New York, N. Y.; 1941,

1 Ernst Weber, “Lectures on Ultra-Short Electromagnetic
Waves,” Polytechnic Institute of Brooklyn, Brooklyn, N. Y.; 1943,
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TM modes of section b at plane 2-2. Thus, the wave-
guide length controls the coupling between the TEM
modes of section a and section ¢. What is the interpreta-
tion of this coupling in terms of transmitted power to
the load?

To illustrate, it will be assumed that the T M, mode
is the only high-pass mode excited in the structure. (For
identification purposes, the zero subscript will be sub-
stituted by subscript b. Thus, the TAf,; mode identifies
the T Mo, mode of section b.) This condition is depicted
in Fig. 2. 4 and C represent the amplitudes of the elec-
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Fig. 2—TM, or T'My waveguide mode coupling between
TEAM modes of the coaxial sections.

tric field of the TEA mode at planes 1-1 and 2-2, re-
spectively, and they are related by equation (1), where
ay is the attenuation constant or decay

_ 1
C = A(log b/u) <]()g d/c) e ! (1)

rate of the Ty mode. An expression relating power
transmitted to the coefficients C and 4 will be derived.

The field components of the TEM mode of section
a®!? are

1

Fo = [Toei@emye 4o goo+itzam :J (2)
p

_ 1

110,, = — [_.]oe 127Ny 2 Joe+i‘2’1'\)"J, (3)
]

where 7 is the intrinsic impedance of the medium and
equal to Vu/e, where u and € are the permeability and
permittivity factors, respectively; Ay and ao are the co-
efficients of the incident and reflected components, re-
spectively; the center of plane 1-1 is the zero reference
of the co-ordinate system and the positive z direction is
toward the load end.

At z=0, the TE) mode components reduce to

_ To+dw T
E” _ 0 ay _ (4)
p p

— Ay —ay  _ _
My, = Vi Fp. (5)
o
where A is constant at plane 1-1 and Y, is the input
wave admittance at plane 1-1, a variable depending on
the waveguide length and reduces to 1/9 when /=0,
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Similarly, the field components of the TEM mode of
section ¢ are
C.ei2r/M =D

E, = (6)

e, = — C-ei2r =0, 1)

assuming that section ¢ is ideally terminated. At plane
2-2, these components reduce to

C — C
— and Hy = —- (8)
p o

E, =

Power flow may be ascertained by utilizing the Poyn-
ting theorem.® When the waveguide length is zero, the
input power is evaluated from the integral

1 b 21_ .
Py= Zf f E Hu*p-dp-db ©)
a 1]

where Hs * is the conjugate of Ha,.
Substituting (4) and (5) in (9) when the waveguide
length is zero, the integral becomes

|4

b
()
7 a

where the vertical lines signify absolute value.
For a given waveguide length, the output power at
plane 2-2 is evaluated from

])|=1I'

(10)

1 d 2x _ _
P, = 2f f E,.-Ho* p-dp-do (11)
¢ 0
which reduces to
Cl? d
P,= log( ) (12)
7 ¢

by utilizing (8).
The attenuation introduced by the waveguide length
is defined to be

Py
L=10 logm (;—) db. (13)

Substituting (12) and (10) in (13), the attenuation
becomes

L =101 lA 1 (b> : (14)
. = O = 14 .
Bio | Z | "B\ ) Tog (d/0)

Upon substituting (1), (14) evaluates to be

L= 8.68(db1)ldb. (15)

Thus, the ratio of two powers reduces to a measurement
of waveguide length.
It is important to note that the evaluation of (14) is
dependent upon the relationship between A and C.
The difference between P; and P, is reflected from
plane 1-1 toward the generator and is completely ab-
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sorbed by a bilaterally matched lossy attenuator, so
that the output power of the generator remains con-
stant at all times. The over-all effect is an attenuation of
power as shown by Fig. 3.
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Fig. 3—Ultilization of a piston attenuator as a power attenuator.
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Py
Attenuation =log 10 (—) decibels.

Py
Curve A of Fig. 4 is a plot of (15) referred to as the
ideal attenuation equation. However, the experimental
curve is shown by curve B. The curvature at the lower
end of curve B is influenced by the presence of modes
higher than the TMyu mode and by the interaction be-
tween planes 1-1 and 2-2. As the waveguide length in-
creases, the influence of these higher modes diminishes
and the slope approaches the ideal slope represented by

om. A rigorous analysis will follow.

SLOPE = (8.68) 4

AT TENUATION

7 SLOPE+868) (o))

£

Fig. 4—Qualitative attenuation curves of the piston attenuator
indicating the effect of modes higher than the TMu or TMu
mode; ! represents the waveguide length and attenuation is
expressed in db

A =Theoretical .curve for TMn mode.
B =Experimental curve.
Ideal attenuation=(8.68) (au)l.

I1I. RiGOROUS ANALYSIS

Throughout the present discussion, the center of
plane 1-1 of Fig. 1 is the selected zero reference of the
co-ordinate system. To the right of plane 1-1 along the
waveguide section, z is positive; to the left of plane 1-1,
z is negative. At plane 2-2, z is equal to . To the right of
plane 2-2 along the coaxial section with reference to the
center of plane 2-2, zis equivalent to (z2—1).

For circular geometry hased upon ideal bounding
conductors, the TM mode functions may be derived®1°
in terms of boundary constants which are dependent on
conditions at the discontinuity planes 1-1 and 2-2. These
conditions are that the total transverse electric and mag-
netic field components be continuous across planes 1-1
and 2-2.

At plane 1-1 of Fig. 1 for 2=0, the conditions to be
satisfied are

E»r =0,

(16)

when 0 <p<a
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E,p = E,uy, when a<p<b (17)
.1—1051 = ﬁﬁbf) When a < p < b. (18)
The corresponding mode components!® are
_ A SN
Emﬂ‘ = + Z Am’zl(knm’p) (1())
F mal
_ o A =
Hor = Yo+ 2. Vin A -z1(kam-p) (20)
P me=1
prT = Z (-En + l;n)"]l(kbn'p) (2])
nesl
ﬁObT = Z -}—,bn(ﬁn - 6n)'-]l(kbn'l))~ (22)

n=1

The subscript 7 signifies total field component. T
is related to the TAf mode admittances as follows:

Yin = ﬁonﬂ/Epam (23)

_  we

Von=j—- (24)
(43

where as. is the attenuation constant and dependent on
kam'®; the k’s are the distinct roots corresponding to the
boundary condition at the enclosing cylindrical surfaces.

Thus,
= e (Y
Qpn = 1 ks ()\) nepers/meter (25)
! kyn = nth root of [Jo(ksa-b) = 0] (20)
' where J,=RBessel function of the fi<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>