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WRITE FOR Detailed Technical Rating and Data Sheets.
Industrial and communication engineers are invited to

consult with the Amperex Application Engineering De-
partment on all tube, circuit and related problems.
Amperex designs and engineers a complete line of

power tubes: Communication, Rectification, Industrial,
Electra -Medical, Special Purpose.

AMPERE)!
ELECTROI1IC CORPORAT10111

25 Washington Street, Brooklyn 1, N. Y., Cables: "ARLAB
In Canada and Newfoundland: Rogers Majestic Limited,

622 Fleet Street West, Toronto 2B, Canada

NO GAS -POISONING WORRIES: Pure Tungsten

Filament protects against reduced emis-
sion due to gas evolution and eliminates
grid contamination thus insuring more
dependable operation and longer life.

MAXIMUM RATINGS AND TYPICAL OPERATING CONDITIONS

R.F. Power Amplifier and Oscillator Class C -

Industrial, FM and Telegraphy

Maximum Rating Typical Operation

per Tube One Tube Two Tubes

Operating Frequency (mc) 110 200 27 110

Filament Voltage 15.0 15.0 15.0 15.0

D.C. Plate Voltage 3500 2000 3500 3500

D.C. Grid Voltage -450 -250 -330 -275

Peak RF Grid Voltage - - 830 675

D.C. Plate Current (amps) .900 .800 .860 1.43

Plate Input (watts) 3000 1600 3000 5000

Plate Dissipation (watts) 1000 1000 1000 1700

D.C. Grid Current (ma) (approx.) 200 160 110 220

Driving Power (watts) (approx.) - - 87 140

Plate Power Output (watts) - - 2000 3300

'Based on air flow data.



Again... FEDERAL makes NEWS...with the
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EVER DEVELOPED

THAT GIVES
YOU

It watts at00

ACTUAL
SIZE

4.111=1..

Now being used successfully
in the powerful CBS color tele-
vision transmitter operating at
490 MC carrier frequency with
10 MC bandwidth at 1 KW peak
power output.

Federal's 6C22 is the only tube of
this type ever to operate at this
power output at such high frequency.
It's the triode to use...as oscillator,
amplifier, or frequency multiplier.

Four years of Federal engineer-
ing effort were spent in its develop-
ment for radar equipment. Now it's
ready for commercial broadcast use
. . . with features making it espe-
cially suitable in the UHF spectrum.

For example, Federal's 6C22 has
ring -seal electrode construction
which reduces lead inductance . . .

and extremely close interelectrode
spacings to lower transit time losses.

And with 37 years of tube -building
experience behind all Federal tubes,
you'll find "extras" of rugged me-
chanical design in the 6C22, in ad-
dition to trustworthy electrical per-
formance. It has no internal spacers
to break down. Built with solid cop-
per anode block, and water cooled,
it works at the high power levels
with complete safety. Write for com-
plete information.

1

TENTATIVE MAXIMUM RATINGS AND TYPICAL OPERATION

Key -down conditions without amplitude modulation. Maximum ratings
for frequency of 600 MC.

FREQUENCY
MC

Typical operation-
Self-excited oscillator

PLATE
VOLTAGE

VOLTS

PLATE
CURRENT
AMPERES

POWER
OUTPUT
WATTS

300 2500 0.70 900
400 2500 0.65 800
500 2200 0.70 680
600 2000 0.65 500

DC Plate Voltage . 2500 Volts
DC Plate Current 0.75 Amperes
DC Grid Current ...075 Amperes
Plate Input 1875 Watts
Plate Dissipation 1000 Watts

Federal Telephone and Radio Corporation
Export Distributor:
International Standard Electric Corporation

Newark 1, New Jersey
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under the act of March 3 1879. Acceptance for mailing at a special rate of postage is provided for in the act of February 28, 1925, embodied in Paragraph
4, Section 412, P. L. and R., authorized October 26, 1927.
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ELECTRONICS

LECTROFILM ata. Fiance

Lectrofilm is the name of a new synthetic -resin
dielectric developed by General Electric Laboratories
which combines a greater number of desirable mechan-
ical and electrical properties than any other single
capacitor dielectric material. It is admirably suited for
use in dry -type, high -voltage capacitors because it -

1. Withstands high and low ambient temperatures

2. Has low power factor and its power
factor decreases as temperature rises

3. Has high dielectric strength and constant

4. Is chemically stable

5. Is strong and flexible

6. Has uniform characteristics

7. Is moisture resistant

Ainr High -Voltage

CAPACITORS for TELEVISION

Pulse Rectifiers
To smooth out the rectified high -voltage power

supply in television and similar electronic applica-
tions, G.E. has developed a new line of small,
light -weight, high -voltage capacitors. These new
components are specially designed to meet the
exacting restrictions in size and weight made
necessary by the compact design of modem
television receivers.

Currently available in two widely usable designs
-flat cylindrical and long cylindrical-these Lec-
trofilm* units are equipped with prong -type
terminals, designed to meet the special mounting
requirements of modern television receivers.

Constructed of thoroughly tested and proved
materials, these new Lectrofilm capacitors make
available to the television engineer the high quality
and reliability demanded by today's television
applications. Write for Bulletin GEA-4558.

G -E Lectrofilm capacitors, for use in television
pulse rectifiers, are now available in the ratings
given in the following table. (Other ratings and
designs will be available on request.)

RATINGS AND DATA
Capacitance ratings: all sizes .0005 Mu -f. Capacitance tolerance; plus
35 per cent, minus 0 per cent.

Peak
Working
Voltage

Cat. No.

Maximum R -F Current
(Milliamperes)

at frequencies of

20 Kr.. I 100 Kc. I 300 Kt.

FLAT CYLINDRICAL UNITS, with Terminals on Axis

5000
7500

10,000
16,000

29F201
29F200
29F196
29F206

15
20
25
30

50
75

100
120

150
200
300
350

LONG CYLINDRICAL UNITS, with Terminals on Axis

5000
7500

10,000
16,000

29F203
29F204
29F202
29F205

10
10
10
15

40
40
40
50

100
100
100
125

Net
Wt.

In Oz.

11/2
3

Approx Dimen-
sions in Inches

Length
Diam- (Inc.
Met termi-

nals)

1

2
31g2

21/2
3
4

1,4 5

* General Electric's new synthetic -resin dielectric

GENERAL ELECTRIC MI
2A Proceedings of the I.R.E. and Waves and Electrons May, 1946



TIMELY HIGHLIGHTS

ON G -E COMPONENTS

MORE MAGNET i#t ieA4 dram
G -E alnico magnets are the answer to many a tough problem in

design, where coercive force must be large, and the magnet small.
They are formed by the cast as well as the sintered process which

makes possible rapid, large-scale, close -tolerance manufacture of both
complex and simple shapes. Compact, with uniform flux distribution
and great stability, these mighty midgets facilitate the design of
small devices of high precision. Write for Bulletin GEA-3682A.

EVER NEED a otaa-listea4 4cIataoice?
Frequently, electronic designers need a non-linear resistance to

protect against voltage surges, to stabilize power voltages or to control
voltage -selective circuits. In Thyrite*, General Electric's silicon -carbide
resistance material, current varies as a power of the applied voltage.
That is, I varies as E".

For example, with a Thyrite resistor whose exponent is 4, doubling
the voltage multiplies the current by 24 or 16, whereas doubling the
voltage applied to a wire -wound resistor merely doubles the current.

Thyrite resistors are supplied in discs or rods, in diameters from
0.25 in. to 6.0 in. Write for Bulletin GEA-4138A.
* Trade -mark Reg. U. S. Pat. Off.

TIGHT, FACT JOINTS
ifeci#f with the saide4at iizo#t

With the new line of G -E soldering irons, operators
can solder just as fast as the nature of the job per-
mits. Tips stay hot during constant use. The Calrod
heating element close to the tip gives a short, low -
loss heat path to the work.

Sturdy construction prevents work interruptions
due to iron failure. Repairs are infrequent, even
under severe conditions. Available in five sizes and
types, from 75 to 300 watts, 115 volt or 230 volt.
Write for Bulletin GEA-4519.

REMOTE CONTROLS Mat Sta 1:4t Step

G -E selsyns stay synchronized; that
is why they are so widely used for
remote control and indication applica-
tions with single and multiple receivers.

Three sizes of high -accuracy selsyns
give operation to within plus or minus
1 degree. Where plus or minus 5 de-
grees is close enough, use lower cost
general-purpose selsyns.

Accuracy values are for 60 cycle,
110 volt operation. Write for Bulletin
GEA-2176A.

f

A LOT OF INSTRUMENT
i#t a &lite drace

These thin, internal -pivot panel
instruments have high torque,
good damping, and a lightweight
moving element that withstands
vibration. They respond rapidly
and accurately. They give you
more instrument in less space, because the internal -pivot
construction makes the entire element assembly 20 per
cent thinner than most outside -pivoted types. Ask for
details of the Type DW voltmeter or ammeter-milli,
micro, or radio frequency. Bulletin GEA-4064.

#miasummummimaimmuimmumimionia

I

General Electric Company, Sec. 642-11
Apparatus Dept., Schenectady 5, N. Y.

Please send me
GEA-4558 (Lectrofllm capacitors) GEA-4138A (Thyrite)
GEA-3682A (Sintered alnico magnets) GEA-4519 (Soldering irons)
GEA-4064 (Panel Instruments) GEA-2176A (Selsyns)

NOTE: more data available in Sweets' File for Product Designers

Name

Company

Address

City State

Proceedings of the I.R.E. and Waves and Electrons May, 1946 3A



Data for all designers

tARBON11.
IRON

POWDER

comes
in 5 different

grodes

TH SF

for use in cores for different
applications

the

powders
are processed:

.With different
amounts

of particle
-to-particle

insulation,

7.. With. different
types of insulation or material,

bonding
material,

3. With. different
ratios

of iron to inert ma

4. With different
pressures

to different
densities,

and

5. With different formfactors
and shapes.

To obtain
exactly

specified

2. Q valuel Permeability
current

loss cient
Hysteresis

loss

5. Temperature
coeffI3.

4A Proceedings of the I.R.E. and Waves and Electrons May, 1916



Data for circuit & coil designers

COMPARISON

OF

YL IRON
F7

AIR-CORED
AND

CARBON0 For
MediumMediumFrequencies111

Specification

l'otumE

WEIGHT
Exclus

iv of
,,stns, Mauing, etc, "t"

WIRE

15 ounces

C4TI807YNPYical

cored
coil

IR

ON

Typicalair-cored

coil

0.61
cubic inches

0.1 2
cubic

-inches

10 ounces

CORED
COILS.

Cg
Thus:

RaoNyt
IRON

Saves 8000 of

Saves
3300

of Weight
25 feet

I I feet
INDUCTANCE

Saves
60°6

of Wire
Q Vcdue

Alicrotienries
117

Mi 6y
9o-lienees

Increases
Inductance

40%

2F
ur he r data

write:
Ge

at 1.0
Mc

94

260

Increases
Q Value

170%

Avenue,

New
porleria71:Arnilrir:e

& Pilrn
Corp.,

Special
Products

Sales
T1.44

P oceedings of the I.R.E. and Waves and Electrons May, 1946



LLIj-"--1-1
IJEL-1-1 1_11 ,----11r1_LL_L1_111.1 -

.._I
L._ I 1

L__ _I __Li
i

a

_.11. Il ,,

IL _1;1, 2_

III I
t.111

Li-
I

11
1:

I 1.

A "SEARCHLIGHT" TO FOCUS RADIO WAVES

In the new microwave radio relay
system between New York and Boston,
which Bell Laboratories are develop-
ing for the Bell System, giant lenses
will shape and aim the wave energy as
a searchlight aims a light beam.

This unique lens-an array of metal
plates-receives divergent waves
through a waveguide in the rear. As
they pass between the metal plates
their direction of motion is bent in-

ward so that the energy travels out as
a nearly parallel beam. At the next
relay point a similar combination of
lens and waveguide, working in re-
verse, funnels the energy back into a
repeater for amplification and re-
transmission.

A product of fundamental research
on waveguides, metallic lenses were first
developed by the Laboratories during
the war to produce precise radio beams.

This "searchlight" is a milestone in
many months of inquiry through the
realms of physics, mathematics and
electronics. But how to focus waves is
only one of many problems that Bell
Telephone Laboratories are working on
to speed microwave transmission. The
goal of this and all Bell Laboratories
research is the same - to keep on mak-
ing American telephone service better
and better.

3( 8 BELL TELEPHONE LABORATORIES

EXPLORING AND INVENTING, DEVISING AND PERFECTING FOR CONTINUED IMPROVEMENTS AND ECONOMIES IN TELEPHONE SERVICE



he el/lea o Qtratity
With the dawn of the new electronic era CENTRALAB
again dominates the scene. The "CR L IN THE
DIAMOND" identifies a group of QUALITY compo-
nents engineered to the exacting requirements of the

- electronic age . . . . always specify CENTRALAB.

Division of GLOBE-UNIDIN INC., Milwaukee

PRODUCERS OF

Ceramic Trimmers
Bulletin 695

Variable Resistors
Bulletin 697

Ceramic High Voltage Capacitors
Bulletin 814

Tubular Ceramic Selector Switches
Capacitors Bulletin 722

Bulletins 630 and 586

Proceedings of the and Waves and Electrons May, 1946 7A



Note
HAS BEEN ADDED TO

IRC DISTRIBUTOR SERVICE ...
NEW INDUSTRIAL SERVICE PLAN GIVES YOU
QUICK DELIVERIES ON STANDARD RESISTORS!

Now, IRC Distributors are better prepared than ever before to give
manufacturers quick, complete and intelligent service. The IRC
Industrial Service Plan, developed by IRC in cooperation with its
more than 300 distributors, gives you "just around the corner"
sources of supply for the resistance units you need in experimental
work, pre -production models, pilot runs, smaller production runs and
for service and maintenance!

The IRC Catalog #50 lists standard IRC products stocked by
distributors. By aiming toward standardization of your resistor
requirements on these items, you will find that reasonable quantities
can be delivered quickly by local distributors. In addition, the wider
use of standardized items will eventually result in lower unit cost,
it will provide better emergency service for your products when in
use, and your customers will benefit by a more dependable piece
of equipment.

FOR BETTER -THAN -STANDARD QUALITY ... Stadedafteale ea IRC

WRITE TO DEPT.10-E FOR IRC CATALOG #50 AND NAMES OF LOCAL DISTRIBUTORS

ARIABLE

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

Canadian Licensee: International Resistance Co., Ltd., Toronto

Proceedings of the I.R.E. and 'ayes and Electrons May, 1946



cometimes they are

SIMPLER THAN THEY EEM

2.
4103

Original Award July 27,1942
Second Award February 13, 1943
Third Award September 25,1943
Fourth Award May 27,1944
Fifth Award December 2,1944

CUT

DRILLED

SOME intricate ceramic designs machined from
steatite seem unbelievably complicated. Ac-

tually they are simpler than they seem. By incor-
porating complex design details in extruded,
pressed or cast basic shapes, American Lava Cor-
poration frequently has been able to minimize
the relatively slow and costly machining process.
Production study may show desirable design alter-
natives which permit faster deliveries, lower cost.

COUNTER -SUNK

FIRED

Here in one organization you will find engineer-
ing vision and practical knowledge of AlSiMag
technical ceramics, backed by highly versatile
equipment of our own design. Send us your un-
usual, intricate, or complicated designs. Perhaps
we can suggest practical design simplifications
and streamline manufacture by a combination of
production facilities and experience available
from no other source. We like tough jobs.

AMERICAN LAVA CORPORATION
CHATTANOOGA 5, TENNESSEE

RLSIMFIG

43RD YEAR OF CERAMIC LEADERSHIP



Ku Can Dependon Theoe famouo Ala/1w

Aireon Electronic Phonographs, achieve a tone
quality never before approached in coin -operated
music. Heart of their sensational performance is
the specially designed 15 -inch, 12,000 cycle CM.
sudagraph Speaker which carries a maximum range
of harmonics and tone.

Subsidiary of I rE !I Manufacturing Corporation
SALES OFFICES: 1401 FAIRFAX TRAFFICWAY,

KANSAS CITY 15, KANSAS

The Aireon Manufacturing Corporation
is proud of the enviable reputation Cinaudagraph
Speakers have attained for high fidelity, superior
performance and ruggedness. This standard of
perfection will not only be maintained in Cin-
audagraph Speakers but will be extended through
the exceptional research, engineering and pro-
duction facilities of Aireon.. Recognition and
acceptance of Cinaudagraph Speakers by leading
radio manufacturers is an assurance of their high
fidelity performance.

A complete' line of speakers from two-inch
units for portable radios to fifteen -inch models
for commercial phonographs and public address
systems is' produced at the Slater, Missouri plant.
Write us about your speaker requirements.

Spt...ers,
MANUFACTURED AT SLATER, MISSOURI

S

10A Proceedings of the I.R.E. and Waves and Electrons May, 1946



PLATE VOLTS

iliewZifrock LZeetiorifoalg
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LEWIS AT -340 was designed with several specific
ideas in mind. First, to give design engineers a
rugged and versatile 150 watt class beam tetrode
to simplify transmitter circuit design. Secondly, to
develop to a high degree the inherent low driving
power requirements of the beam tetrode. Thirdly,
to accomplish both these ends at low"per-h our -cost"
by conservative ratings and careful manufacture.

A minimum of structural insulation support
enables operation under maximum conditions to
120 megacycles. Also permits high dissipation with
a relatively small bulb cooled by convection only.

The AT -340 has a 5 -pin metal sleeve base and
top plate connection. Filament is thoriated tung-
sten at 37.5 watts, plate is molybdenum, dark body.

Tubes and catalogs are now ready.

LEWIS, at its Los Gatos,
California, plant is pre-
pared to build transmit-
ting, rectifying, indus
trial or special purpose
vacuum tubes to your
specifications

MAXIMUM RATINGS
Class "C" Radio Frequency

Power Amplifier and Oscillator
D -C Plate Voltage
D -C Plate Current . . .

Plate Input
Plate Dissipation

4000 volts
225 ma
750 watts
150 watts

To 120 Megacycles

Filament . . 5.0 volts, 7.5 amperes

siewit Subsidiary of Ai re oii7
MANUFACTURING CORPORATION

LOS GATOS  CALIFORNIAQ

Proceedings of the I.R.E. and Waves and Electrons May, 1946



REVERE PHOSPHOR BRONZES

OFFER MANY ADVANTAGES
Strength - Resilience - Fatigue Resistance - Corrosion Re-
sistance - Low Coefficient of Friction - Easy Workability -
are outstanding advantages of Revere Phosphor Bronzes, now
available in several different alloys.

In many cases it is the ability of Phosphor Bronze to resist
repeated reversal of stress that is its most valuable property.
Hence its wide employment for springs, diaphragms, bellows
and similar parts. In addition its corrosion resistance in com-
bination with high tensile properties render it invaluable in
chemical, sewage disposal, refrigeration, mining and similar
applications. In the form of welding rod, Phosphor Bronze has
many advantages in the welding of copper, brass, steel, iron and
the repair of worn or broken machine parts. Revere suggests
you investigate the advantages of Revere Phosphor Bronzes
in your plant or product.

1. Flashlight clip
2. Refrigerator door catch
3. Fuse clip
4. Switch contact
5. Condenser member
6. Tension spring
7. Contact blade
8. Sliding contact
9. Guide fork spring

10. Switch tension spring
11. Spring pressure plate
12. 3 -way plug contact
13. Tin -coated bellows
14. Flexible hose

REVERE
COPPER AND BRASS INCORPORATED

Founded by Paul Revere in 1801
230 Park Avenue, New York 17, N. Y.
Mills: Baltimore, Md.; Chicago, Ill.; Detroit,
Mich.; New Bedford, Mass.; Rome, N.Y. -
Sales Offices in principal cities, distributors
everywhere.
Listen to Exploring the Unknown on the Mutual
Network every Sunday evening, 9 to 9:30
p.m., EDST.

12A Proceedings of the I.R.E. and Waves and Electrons May, 1946



Not jet propelled ...

The belt on step pulleys slips instantly to any
position to set cutting pitch at 96-104-112-120-
128 or 136 lines per inch. Other pitches available
on special order.

PRESTO'S newest turntable . . . for highest quality master
or instantaneous recordings. The 8-D features instan-

taneous change of cutting pitch. An improved cutting head
provides higher modulation level, more uniform frequency
response and retains its calibration under all normal
temperature conditions.

The heavy cast-iron turntable and mounting base insure
exceptionally low background noise. Adjustable feet permit
accurate leveling on bench or stand at a height to suit
the operator.

Sit
RECORDING CORPORATION
242 West 55th Street, New York 19. N. Y.

WALTER P. DOWNS, Ltd., in Canada

WORLD'S LARGEST MANUFACTURER OF INSTANTANEOUS SOUND RECORDING EQUIPMENT AND DISCS

Proceedings of the I.R.E. and Waves and Electrons



VIJ
-features that emphasize the versatility of

The DUMONT TYPE 247 OSCILLOGRAPH

all these featuresAks...
exceptionally fine quality . . . well planned
mechanical design . . . and completely de.
pendable electrical performance . . . all of
which make the DuMont Type 247 Cathode -

Ray Oscillograph the logical choice for all
applications that require a measuring instru-
ment of fine accuracy.

* WRITE FOR DESCRIPTIVE LITERATURE

L © ALLEN B. OUMONT LABORATORIES, INC

AUTOMATIC BEAM CONTROLV
FOR PHOTOGRAPHIC PURPOSES

Permits high -contrast photographic recordings by
holding the spot brightness at zero until the tran-
sient under study is initiated - then the spot is
automatically raised to full brilliance.

IVEXTENDED TIME BASE RANGE
0.5 to 50,000 C. P. S.

A compensated circuit assures a linear sweep at
all operating frequencies. The single sweep op-
erates over a range corresponding to 0.5 to 10,000
c.p.s. The sweep is initiated by the controlling
signal.

IVVERTICAL AMPLIFIER RESPONSE
UNIFORM -2 to 200,000 C. P. S.

The. response curve does not exhibit a positive
slope above 1,000 c.p.s., thus assuring a linear
phase -frequency relationship for the amplifier.

1;17HORIZONTAL AMPLIFIER MAY
BE USED AS A D -C AMPLIFIER

This amplifier is direct -coupled throughout, with
the exception of an input capacitor which can be
shorted out by operating a front -panel switch.

IV3,000 -VOLT ACCELERATING
POTENTIAL PROVIDES
BRIGHTER CRT PATTERN

Sufficient brilliance for all but the highest writ-
ing rates without using special equipment.

ALLEN B. DUMONT LABORATORIES, INC., PASSAIC, NEW JERSEY  CABLE ADDRESS: ALBEEDU, PASSAIC, N. J., U. S. A.

14A Proceedings of the I.R.E. and Waves and Electrons May, 1946



The "Super -Pro's" tigh-
fidelity amplifier provides
excellent broadcast qual-
ity - fine for use with
record players whert DX
isn't coming through.

ycu are troubled with spurious beats and

images from powerful stations, you need a "Super -Pro." Complete shield-

ing right up to the antenna terminals is one of the many features of the

new Series 400 "Super -Pro."

ESTABUSHED 1910

THE HAMMARIUND MFG. CO., INC., ilSO W. 34TH ST., NEW YORK 1, N.Y.

MANUFACTURER$ OF PRECISION COMMUNICATIONS EQUIPMENT

Proceedings of the I.R.E. and Wares a.cd Electrons May,



..iroeztketwif;

Whether your television plans embrace direct -viewing, projection, or both, you'll
find RAULAND Cathode Ray Tubes adaptable to your needs. Research, continuing

from television's early beginnings to development of theatre -size screen projection,
has enabled RAULAND engineers to produce the finest direct -viewing and

projection type tubes, using either reflective or refractive optics.

Consult with our engineers about your television problems
with respect to Cathode Ray Tubes.

Be sure to visit Rauland Booth No. 83 while at Radio Parts and Electronic Show, Stevens Hotel, Chicago. May 13-16.

.RoalidandRADIO  RADAR  SOUND ,_ COMMUNICATIONS raiww,
Electroneering is our business

THE RAULAND CORPORATION CHICAGO 41, ILLINOIS
16A Proceedings of the L.R.E. and Waves and Electrons May, 1946



I -1A -101X
Some os impedance

ut wth tri-olloy
internal

shield to
effect very

low hum pickup.
HA 100X

HA -101

FOR HIPERM
ALLOY

TRANSFORMERS

The LAC 1-liperm
alloy audio transformers

are specifically
designed

for portable
and compact

service.
While light in weight and small

in dimensions,
neither

dependability
nor fidelity has been sacri-

ficed. The
frequency

characteristic
of the Viiperm

alloy audio units

is uniform
horn

30 to 20,000
cycles.

These units are similar

in general
design and characteristics

to the faMOUS
Linear Stand-

ard audio Series.

...maximum
neutral ,ction of Oroy

. . permits
vighest fidelity on evey lap of a universal unit . .

to line ra..f ections or transverse couplings.

. permits above chassis
3, sub chassis wiring.

. . . maximum shielding from induc-

lien 13.c k -up

minirriLwi distributed capacity and leakage reactonce.

. . . UTC Hiperm Alloy Transformers
hove c guaranteed uniform response of {- 1.508
from 20.00,000 cycles.

No.
ApplicationType

$A 100
Low impedance

mike,

Si
or multiple

line to grid.

Primary
Impedonce

50, 125, 200, 250,

Some os
above but with tri-olloy

internal
shield to

effect very
low hum pickup.

HA 108
Mg, low

50, 125,
200, 250,

50, 125,
200, 250,

30-20,0130

mike, Ocicup
or multiple

333,
500 ohms

333, 500 ohms

line.

HA -106
Single

plote to
push -

2,4
.1,42

z 0
02

20

333, 500 ohms

Low impedance
mike,

50, 125, 200, 250, 120,000
ohms over- 30-20,000

pickup,
or multiple

line
333, 500 ohms

all, in two sections

to push-pull
grids.

HA -113

HA 134

1-141/4-135

pull grids

Single
plate to multiple

line.

Push-pull
B9's or

2A3's to line.

Push-pull
2A3's to

voice coil.

Secondary
Impedance

60,000 ohms
in

two sections

8,000 to
135,000

ohms

15,000 ohms

1.5;1 ratio,
each side

,000 to
50, 125,

200, 250,
30-20,000

15,000 ohms

333, 500 ohms
8

5,000 to

50, 125,
200, 250,

30-20,000

300, 500 ohms

10,000 ohms

3,000 to

30, 20,
15, '10,

30-20,000

7.5, 5, 2.5, 1.2
v

5,000 ohms

The above listing includes
only a few of the mon

Hiperm
Alloy Transformers

available
..write for cotolog.

1 db
from

30-20,000

30--20,000

30 $° 70

Max.
Level

+22 DB

too e 3 5 7 1000
2

3 5 7

FREQUENCY IN CYCLES PER SECOND

Typical Curve for HA Series

Max Unbol.
DC in
primary

5 MA

+22 DB

+22 DB

+22 DB

+22 DB

+32 DB
5 MA

+32 DB
5 MA

5 MA

5 MA

0

STREET
,

150 VARICK
'STREET

NE.V.I
YORK

/3,

EXPORT
DIVISION:

13 EAST
400%

NEW
TORN 16, N.V.,

CABLES:
"PROW'

1 MA

IS 20

List
Price

16.25

20.90

18.55

23.20

16.25

13.90

15.65

17.40

16.25



CAPACITOR SPECIFICATIONS

MATCHED
Whatever your capacitor requirement, Sprague can match it
-mechanically as well as electrically. The many standard
types plus literally hundreds of specials regularly produced
offer a broad range of selection from which even the most
exacting specifications can be met. Catalog of any type on request.

PAPER
DIELECTRIC

PRAG

DRY
ELECTROLYnc

SPRAGUE ELECTRIC CO., NORTH ADAMS, MASS.

CAPACITORS  *KOOLOHNV RESISTORS  *CEROC INSULATION
'Trademarks Registered U. S. Pat. Off
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Designers of mobile equipment and amateur vhf enthusiasts asked
for this driver tube. The 2E30 (outgrowth of the Hytron develop-

ment type HD59) is a filamentary -type beam tetrode. Standby
current is eliminated. Yet the 2E30 is ready to operate a second after

electrode potentials are simultaneously applied.

In vhf equipment, the 2E30 is ideal as a class C oscillator, frequency
multiplier, or audio frequency amplifier. Important to you-the

2E30 is a transmitting tube-not just a re -hashed receiving type.
Check its versatility and its many features. Quite possibly you will

discover that the 2E30 was built to order for you too.

HYTRON TYPE 2E30
Instant -Heating Miniature Beam Tetrode

GENERAL CHARACTERISTICS

Filament ..........................
Oxide coated

volts
Potential, a -c or d -c ........... 6.0 10%

Current ..........
0.7 ampere............... 0.5 mmfd

Grid -plate capacitance ................ 10.0 mmfd
Input capacitance

.................. . .

Output capacitance . ................. 5.0 mmfd
2V8 in.

Max overall length .....................
Max diameter ................. . .min button 7 -pin

........ 34 in.

Base . . ............... l-51/2
ABSOLUTE MAXIMUM RATINGS

D -c plate potential ... . ............ . 250 volts max

D -c screen-grid potential . . . ......... 250
60
voma

max
lts max

D -c plate current ....................
D -c screen-grid input power ..... 2.5 watts max

Plate dissipation . .................. 10 watts max

OUTPUT-TYPICAL OPERATION

Output, class Al power amplifier........... 4 watts
7

Output, class C oscillator .............
.5 wattst

Output, class C doubler (80 to 160 mc) .. 3 wattst

tUseful power output delivered to load under norm
we

alactuallycircuit

efficiency. Total plate power output (including por

lost in circuit and by radiation) is at least two watts higher.

FEATURES THE 2E30 OFFERS YOU

 Designed, manufactured, and tested for transmitting

 Special testing controls assure interchangeability*

 Oscillator, frequency
multiplier, or a-f amplifier

 Filament power is fully adequate for transmitting

 1/10 watt driving power for 4 watts output at 80 mc

 10 watts plate dissipation-surplus
reserve for vhf

 Miniature bulb saves space and has low base losses

 Low lead inductance and capacitance-ideal for vhf

 High efficiency at low plate potential -250 volts

 Instant -heating filament-approximately
one second

*For example, characteristics are tested at positive

grid potentials.

TYPICAL CIRCUIT FOR VERSATILE HYTRON 2E30
Extremely Compact Driver Giving 3 Walls to Load at /60 Mc
2E30 2E30 2E30 2E30

MI al a
118 la a,
AB a

Osci//alor
6.8 mc

0
+250v

Quadruplet
2Z 2 rn c

O

+250v

IMP

Inal a MI

Trip/er
8/.6 mc

+25011 T 0

Doubler
/63.2 mc

+250V

OLDEST MANUFACTURER SPECIALIZING IN RADIO RECEIVING TUBES

vatair MUD IE:11-ECTIPLICIVIACS UMW
MAIN OFFICE: SALEM, MASSACHUSETTS
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Here are the
will need for
designed to
high -Q units
fine perform
stages or freq
able covering th - rang
form, Type XR-51
three are small and
all are designed fo
single -hole mounting.

 ostwar high frequency coils amateurs
rk with the micro -waves. Originally
et Navy requirements, these new

ave stable inductance and give
nce h frequency oscillators, RF

ers. Two coils are avail -
fro 37 to 220 Mc. A blank

wound as desired. All
mpact, and

venient

NATIONAL COMPANY, INC., MALDEN, MASS. U.S.A.
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... THANKS TO

MYCALEY
THE "PERFECT" LOW LOSS INSULATION

The problem was to mold insulating material of
exceptionally low loss factor and high dielectric
strength into a closely integrated bond with a metal
insert of high conductivity. The difficulty was acute,
for both materials had to have virtually the same
coefficient of expansion in order to insure an effi-
cient electrical and mechanical seal. High resistance
to arcing in the insulator was also imperative. It had

to be moisture -proof and heat -resistant.

MYCALEX 410 (Molded Mycalex) proved to be the
only solution after many other insulators had been
tested and rejected ... because MYCALEX has the
ideal combination of electrical and mechanical

properties for today's high frequency applications.

Have you a problem involving the sealing of high-
est type insulation with metal? Are your specifica-
tions particularly exacting? More than 25 years of
leadership in solving the toughest high frequency
insulating problems make MYCALEX a "natural"
to solve yours. Our engineers will be pleased
to cooperate.

*PANEL JACK

MYCALEX CORPORATION OF AMERICA
"Owners of 'MYCALEX' Patents"

Plant and General Offices, CLIFTON, N. J. Executive Offices, 30 ROCKEFELLER PLAZA, NEW YORK 20, N Y.
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GA IDGET CAPACITORS

*d'defifet°941101444.
Still twisting insulated wires together to
form inefficient, makeshift "gimick" low
value capacitors?

Stackpole GA Capacitors cost no more in
the long run. Even more important, they
bring you outstanding advantages in terms of
greater stability, higher Q, better insulation
resistance and higher breakdown voltage.

In addition, they are mechanically superior
and eliminate the undesirable inductive char-
acteristic common to twisted wires. Sturdily
molded, with leads securely anchored and
tinned, they are widely used in circuits
similar to those illustrated. Standard capac-
itors include 0.68; 1.0; 1.5; 2.2; 3.3
and 4.7 mmfd. with to..erances of ± 20%.

Electronic Components Division

STACKPOLE CARBON COMPANY, St. Marys, Pa.

GA
STACKPOLE

GA
STACKPOLE

GRID
PLATE

DETECTOR

BEAT
FREQUENCY
OSCILLATOR

GA STACKPOLE

SHIELD
I.F. TRANS.

GRID
PLATE

R. F. COIL I. F. TRANS.
COUPLING CONDENSER COUPLING CONDENSER

'GA STACKPOLE

f -GA STACKPOLE

SPACE CHARGE
I. F. TRANS. R. F. TUNED IMPEDANCE NEUTRALIZING

COUPLING CONDENSER COUPLING CONDENSER CONDENSER

FIXED and VARIABLE RESISTORS INEXPENSIVE SWITCHES

IRON CORES  COIL FORMS  POWER TUBE ANODES  BRUSHES AND CONTACTS  ALNICO II
RHEOSTAT PLATES and DISCS ANODES and ELECTRODES, ETC.
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WITH CABLES

AND CONNECTORS
REQUENCY

FOR
EVER v F

Amphenol
serves the electrical

and elec-

tronic industries
with the most complete

line of cables,
connectors,

plugs
and fit

tins for every application.
No matte

what the need -- from high-current,
low -

voltage
cables and connectOTS

StICh
as cae

used. in
pow ev lines, to high-voltage,

high -

frequency
coMponents

.required
in the

upper legions
of the

is an

Amphenol
product

far the job. Amphenol

andconnectors
are used in

Radar,

cables an

I ,Television,
Standard

'Broadcast,
elec-

tronic contro

numerous
industrial

appls

and equipment
... and in

lications

are engineered.

Amphenol
connector

and constructed
so as to atford the abso

ss of power,
potential

lute minimum
of lo

waveform
even at the highest

frequen-

or

cies.These
coMponents

*reflect
the greatest

advancement
in all phases of electrically

correct
design

and Mechanically
correct

manufacture.
Amphenol

Illakes
the most

complete
hne of most

connectors,
plugs

and fittings
far the most efficient

transnns

sion of powet
at all ftecluencies.

AMERICAN PHENOLIC CORPORATION
50,ILLINOISIn CanadaCHICAGO

Amphenol LimitedToronto

COAXIAL CABLES AND CONNECTORS INDUSTRIAL CONNECTORS,

CONDUIT ANTENNAS  RADIO COMPONENTS  PLASTICS FOR
FITTINGS AND
ELECTRONICS
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To accommodate the reading matter we find between
the covers of a small book would have required
several dozen unwieldly, hand inscribed, parchment
scrolls in Roman days. This is a striking example
of greater efficiency in miniature but no more so
than TUNG-SOL Miniature Electronic Tubes.

From everyone's viewpoint Miniatures are supe-
rior, especially for high frequency circuits. More
compact equipment and less storage space are
obvious advantages of Miniatures to both manufac-
turers and dealers. The engineer, however, sees
their greater resistance to the effects of vibration

Visit our booth No. 61 at the
RADIO PARTS AND ELECTRONIC EQUIPMENT SHOW

STEVENS HOTEL, CHICAGO, MAY 13 to 16

TUNG-SOL LAMP WORKS, INC.
Sales Offices: Atlanta  Chicago  Dallas  D
Also Manufacturers of Miniature Incandescent Lamps, All-Glass

and shock, lower lead inductance,
lower inter -element capacities and
higher mutual conductance.

Manufacturers of radio sets and
other electronic devices are invited
to work with TUNG-SOL engineers
in the development of more compact
and more efficient electronic equipment through the
use of Miniature Tubes. Of course, consultation
work of this nature is strictly confidential.

ACTUAL SIZE

TUNG-SOL
-Ie4fed

ELECTRON IC TUBES
, NEWARK 4, NEW JERSEY
enver  Detroit  Los Angeles  New York
Sealed Beam Headlight Lamps and Current Intermittors

24A Proceedings of the I.R.E. and Waves and Electrons May, 1946



RADIO TRANSMITTERS
by Press Wireless

Elg
0

tit
a a a OCCO g c;

tL

Radio Transmitter
Model T5OCF-1

This modern, 50 -kilowatt, 4 to 21 megacycle
radio transmitter is actually two transmitters in

one. The entire unit may be used as a 50kw
transmitter for on -off CW or frequency -shift

keying with an FS keyer and may be modulated
by a high-level Class -B modulator. Complete

controls and an individual power supply for the
exciter and driver stage provide a medium -power

r -f carrier of 3 -kilowatts on CW or FS-separate
and independent of the power amplifier section.

The separate controls and high -voltage power
supply for the PA make this section available as an

independent Class -C final amplifier unit for use

with a suitable double-sideband Class -B
modulator -driver. The PA section may be
adjusted for operation as a Class -B linear

amplifier when used with a suppressed -carrier
exciter or other r -f driver source.

i:5 i:5 C) 4D 4

Iry cap°
0 ts.i& J441

DESIGNED for CW or FS operation, this equipment

with companion Modulator Model TM 50-1 will trans-

mit MODUPLEX* where AM and FS signal intelli-

gence appear simultaneously on the same carrier.

MODEL T50CF-1 provides protection throughout for

personnel and equipment by elaborate interlocking

and automatic recycling control circuits. An auto-

matic -shutdown feature cuts off the transmitter after

a preset interval if the external (remote) keying line

is idle.

Press Wireless will deliver this high quality trans-

mitter and others of 2,500, 5,000, or 20,000 watts

with associated equipment within five months from

the receipt of your order.

Descriptive literature sent at your request.
* Trade Mark

PRESS WIRELESS MANUFACTURINGCORP OR A TION
Executive Offices: 38 -01 35th AVENUE, LONGASLAND CITY 1, NEW YORK
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HAVE you ever heard a sound system with
such natural tone, such emotional quality,

such "presence" that you didn't know instantly
that a sound system was in action? It's pretty safe
to say you never have. But now you can!

Revolutionary advances born of wartime re-
search have resulted in a new Western Electric
26A

loudspeaker that reproduces speech and music
with unsurpassed fidelity.

You'll find it hard to believe you are listening
to reproduced sound rather than the original.
That is why this new Western Electric loud-
speaker is destined to open a new era in all
fields of sound reproduction.

Proceedings of the I.R.E. and Waves and Electrons May, 1946



EVERY DE MORNAY-BUDD WAVE GUIDE

is Electrically Tested, Calibrated and Tagged

Crystal Mount DB-453 Rotating Joint D8-446

Uni-directional Broad Bond Coupler DB-442

Bi-directional Narrow Band Coupler DB-441

90° Elbow (H Plane) DB-433 Pressurizing Unit DB-452

Bulkhead Flange DB-451 Uni-directional Narrow Band Coupler DBL440

REFLECTOR

HORN

ROTATING JOINT

LAT 90' ELBOW

90' TWIST

MITERED ELBOW

STRAIGHT
SECTION

EDGE 90' ELBOW 90' TWIST R.F UNIT

Typical plumbing arrangement illus-
trating use of De Mornay Budd com-
ponents available from standard stocks.

When you use any De Mornay -Budd plumbing
arrangement, you know exactly how each compo-
nent will function electrically. You avoid possible
losses in operating efficiency through impedance
mismatches, or breakdown and arcing caused by
a high standing wave ratio. (See chart below.)

De Mornay -Budd wave guides are manufac-

The curve shows the manner
in which the reflected power
increases with an increase in
the voltage standing wave
ratio. The curve is calculated
from the following equation:

Vo Power Reflected =
Vrnax
Ymin )

m

2

t3

Mitered Elbow (H Plane) DB-439

90' Twist DB-435

RF Radar Assembly DB-412

tured from special precision tubing, and to the
most stringent mechanical specifications. Rigid
inspection and quality control insure optimum
performance.

Complete laboratory service and consultations
on micro -wave transmission line problems avail-
able.

ITKOIT 1,07: .ERECTED

VOLIUL 51.01.44 MONL PATIO

II 11 te
vo,aLr 5,01,1114 *AVE MATO

DE MORNAY

BUDD
EQUIPMENT

FOR
RP: OF ALL
RADAR SETS

De Mornay -Budd, Inc., 475 Grand
Concourse, New York 51, N, Y.

Be sure to visit the De Mornay -Budd display at Booth Ill, at the 1946 Radio Parts and Electronic Equipment Show, Hotel Stevens, Chicago, May 13 -16th.

Proceedings of the I.R.E. and Waves and Electrons May, 1946 27A



That hour -after -hour steady grind calls for

POWORMAIVCE
INSURA

Net as provided by

AEROVOXtf-pha CAPACITORS

 Interested in performance in-

surance protection for your assem-
blies? Then insist on rating -plus

specifications and continuous
service rating data or simply

specify AEROVOX. Literature on

request.

iE
capacitors

 This induction heating unit bears the name of a world-
famous manufacturer. A great reputation is at stake. Such
equipment must stand up-hour after hour, day in and day
out, for months and years to come.

None but outstandingly dependable components can be
risked in such equipment. And the selection of Aerovox
Series 1940 stack -mounting capacitors is based on two good
reasons:

First, Aerovox are rating -plus capacitors. A comparative
study of specifications is invited. Second, Aerovox provides
Continuous Service Rating Data for all its current -handling
capacitors. The equipment designer knows precisely what
such capacitors can and cannot do. These two points alone
can write a performance insurance policy.

Continuous
ServiceTYPES

1940-195 Rating Data
0-I96O 1970_ 980

Maximum Current M Amperes at an Ambient Temperature
60' C,

Barometric.
Pressure 18 to 32 inches Mercury and Relative H

of
Humidity 10 to

R0`;. Maximum
Ambient Temperature

70' C.
Cop,

Mids.

.000075

.0001
00015

.0002
.00025

0003
1035

.00, t
.0005
.0006

0007
0008
001

.00125
0015

Test Volts
ER.

3S 0
35,00,
35,000

35,000
35,000

:13;!,:00610°I00
-V002

2580(,00)0

TYPE 1940c..1"
Number 3000

lie,

1940-236
1940-203
1940-204
1940-205

0-206

22.
25.
3*

100
be.

1.2
1.5
2.0

11.5
12.
13.

FOR RADIO -ELECTRONIC AND
INDUSTRIAL APPLICATIONS

AEROVOX CORPORATION, NEW BEDFORD, MASS., U.S.A.
SALES OFFICES IN ALL PRINCIPAL CITIES  Export: 13 E. 40th ST., NEW YORK 16, N. Y.

Cable: 'ARIAS' In Canada: AEROVOX CANADA LTD., HAMILTON, ONT.
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your products hermetically sealed

againJt extreme Climatic Conditions

.. with STUPAKOFF KOVAR*-GLASS SEALS

Stupakoff metal -glass terminals form permanent pressure -tight seals,

without cement or gaskets. They protect your products under most ad-

verse climatic conditions land guard against humidity, fungus and other

elemental hazards.

Stupakoff Kovar-glass seals are made in standard shapes and sizes

or to your exact specifications for electronic tubes, transformers,

resistors, capacitors, condensers, vibrators, switches,

relays, instruments, gauges, transmitters, meters, re-

ceivers and other components ... with single, multiple,

solid or tubular electrodes.

Write today for Bulletin 145
for complete data on Stupakoff
Kovar-glass seals.

Trade Mark 337962 Reg. U.S. Pat. OR.

STUPAKOFF
CERAMIC AND MANUFACTURING CO. LATROBE, PA.
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One more step in AMERTRAN CARE

Vacuum impregnation helps to stabilize the performance
characteristics of AmerTran-Transformers. Each unit is sub-
jected to both heat and a vacuum process to withdraw all
moisture. While still in the vacuum chamber, the compound
is introduced and forced into every interstice and around all
surfaces of the windings.

This process eliminates trouble from deterioration of insula-
tion and corrosion of windings due to moisture. It insures
continuous conduction of heat to outer surfaces, resulting in a

cooler unit-or a smaller transformer for a given temperature
rise. It provides permanent protection from moisture.

AMERTRAN
MANUFACTURING SINCE 1901 AT NEWARK, N.J.

Pioneer Manufacturers of Transformers, Reoctori and

Rectifiers for Electronics and Power Transmission

AMERICAN TRANSFORMER CO.,

178 Emmet St., Newark 5, N. J.

The AmerIran
trademark is
found on...
Audio Transformers

and Reactors
Modulation Transformers

(to 500 KVA)
Hermetically Sealed

Transformers
Plate and Filament

Transformers
Filter Reactors
Wave Filters, High

Voltage Rectifiers
Microphone and Inter -

stage Transformers
Transfat A. C. Voltage

Regulators
Other Electronic and

Industrial Transformers
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1
/Flazing four trails

to better product control

Pioneer explorers fought their way across Amer-

ica, blazing single indistinct trails most of the
way. Today modern four lane highways speed

motor traffic on its way.

Alert to the needs of modern industry, North
American Philips developed high -efficiency
x-ray diffraction apparatus. And to further the
efficiency of that equipment the NORELCO four

window x-ray diffraction tube was introduced.
Through its use the speed with which mate-

rials can be analyzed is greatly in-
creased. In many cases the four
available camera positions make it
possible to carry on research inves-

tigations and control work at one
and the same time.

Reg.Reg. U. S. Pat Off.

NORELCO x-ray diffraction equipment has many

present and potential uses in industrial research.

In addition this equipment has found an im-
portant place in production control through
the analysis of materials before and during
manufacture.

The application of NORELCO x-ray equip-

ment to the problems of expanding industry is
further evidence of the Philips principle of wed-

ding science and productive ability in the elec-

tronics field.

NORELCO products include: Quartz

crystals, cathode ray tubes, indus-
trial and medical x-ray equipment,
fine wire, diamond dies, tungsten
and molybdenum products.

ELECTRONIC PRODUCTS

NORTH AMERICAN PHILIPS COMPANY, INC. DEPT. F-5 100 EAST 42"D STREET
NEW YORK 17, N. Y.
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BLUE

SENSITIVE

RCA -93 I -A. Current ampli-
fication is 1,000,000. Has 5-4
spectral response. Maximum
response at 4200 Angstroms.
Range, approximately 3000
to 7000 Angstroms.

BLUE

SENSITIVE

RCA- I P2 I. Current amplifi-
cation is 2,000,000. Has S-4
spectral response. Maximum
response at 4200 Angstroms.
The tube has extremely low
dark current.

BLUE -GREEN -

RED SENSITIVE

RCA- I P22. Current ampli113
cation is 200,000. Has S -S
spectral response. Maximum
response at 4200 Angstroms.
Range, approximately 3000
to 7500 Angstroms.

ULTRAVIOLET
SENSITIVE

RCA- I P28. Current amplifi-
cation is 200,000. Has S-5
spectral response. Maximum
response at 2537 Angstroms.
The Ltube has extremely low
dark current.

RCA Multiplier Phototubes
For Measurement and Detection at Low Light Levels

THE extraordinarily high values
of amplification obtainable from

RCA Multiplier Phototubes make
them particularly applicable to the
measurement and detection of weak
illumination in the fields of science
and industry. Because of the high
gain, amplifier stages are not required,
resulting in an improved signal-to-
noise ratio at very low light levels.

Because the photocurrent produced
at the light-sensitive cathode is multi-
plied many times by secondary emis-
sion occurring at successive dynodes,
multiplier phototubes are capable of
multiplying feeble currents produced
under weak illumination hundreds of
thousands of times. The resultant out-
put current is a linear function of the
exciting illumination under normal
operating conditions. Since second-
ary emission occurs almost instan-
taneously, frequency response is fiat up
to frequencies at which capacitance
effects become the limiting factor.

The characteristics of the RCA -
931 -A Multiplier Phototube make it
particularly suitable to light -operated

relay circuits, sound reproduction from
films, facsimile transmission and scien-
tific research. The extreme sensitivity
of the RCA -1P21 suggests its use in
scientific research involving exceed-
ingly weak light radiation. The RCA-
1P22 is especially useful in colorime-
try and spectroscopy, sound -on -film
applications and light -operated relay
circuits. The RCA -1P28 is intended
for specialized industrial and scien-
tific applications involving weak
ultraviolet radiation.

RCA tube application engineers are
ready to assist you in the adaptation
of these or any other RCA tube types
to commercial, scientific, or indus-
trial electronic equipment. Technical
data sheets on the phototubes illus-
trated are available and may be ob-
tained upon request. Address your
inquiries to RCA, Commercial Engi-
neering Department, Section D -18E,
Harrison, N. J.

TWO NEW PHOTOTUBES
WITH LOW -LOSS BASES

The RCA 1P39 and 1P40 phototubes
are provided with non -hygroscopic
bases which insure a value of resistance
between anode and cathode pins about
10 times higher than conventional bases
under adverse operating conditions of
high humidity. As a result, more output
for a given light input is obtainable
under high -humidity conditions.

RCA -11,39 is a high -
vacuum phototube similar
to the 929. It has very high
sensitivity to light sources
predominating in blue -
radiation, and has negligi-
ble sensitivity to infrared
radiation. It is particularly adaptable to
light -operated relay circuits, measure-
ment, and color -control applications.

Po
111,39

RCA-IP40 is a gas photo -
tube similar to the 930. It
has high response to red
and near infrared radia-
tion. Because of its high
sensitivity, it is recom-
mended for use in sound -
on -film equipment, light -
operated relays, and light -

measurement devices employing an in.
candescent light source.

The Fountainhead of Modern Tube Development is RCA

TUBE DEPARTMENT

RAD/0 CORPORATION of AMER/CA
HARRISON, N. J.
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Proceedings of the I.R.E.

Increasingly the position of the engineer, not only as a technically skilled
producer but also as an element in a more effectively co-ordinated social sys-
tem, becomes of major importance and interest. It is accordingly greatly to the
benefit of our readers that we present an analysis of this segment of the life of
the professional engineer ably prepared by a recent Director of the Institute,
who is himself a Vice -President of Sylvania Electric Products, Inc.-The Editor.

The Engineer's Social Responsibility
E. FINLEY CARTER

In the midst of the turmoil that historically follows great conflicts, we have heard the
question asked time and again-"Why can't we work together in peace as we did in war?"
It is a logical question that demands a logical answer. An approach to it can best be made
by asking why did we work so well together during the war, recognizing, of course, that
even then there was not perfect harmony and co-operation. The answer is simply that the
cause for which we were fighting was bigger than any one of us. Furthermore, the motiva-
tion was the very deeply entrenched law of self-preservation.

Now that the war is over and we are freed from the desperate urgency of self-preserva-
tion, it is necessary that we find new goals and a new motivating force. Without such a goal,
we are faced with the ugly prospect of an era when the slogan becomes "Every man for
himself."

Having made such great achievements through the logical mastery and application of
laws of the physical sciences, is it not time for the engineer to use his logic and ingenuity
in mastering and applying the basic social laws, and thereby insure the proper application
of his inventions to the good of society. For here is the proper sphere of science today. There
may not long be an alternative. The scientists who are so deeply concerned with the inter-
national control of atomic energy realize this. The devices we have invented can be applied
for great good or for evil; for developing understanding and co-operation or for arousing the
ire of mobs; for prolonging life or for destroying it; for serving mankind or for making him
a servant. No longer can an engineer say with a clear conscience, "I am not responsible.
The fruits of my effort have been diverted by others from good to bad uses," unless he has
interested himself enough in society and in its basic laws to be concerned with the social
aspects involved in the applications of his developments.

When an experiment goes wrong because of failure to apply a fundamental law properly,
a scientist does not become prejudiced against one component that is involved in favor of
another. He rather seeks to understand why results are as they are and to judge accord-
ingly. In some of the human conflicts we face, we are not as thorough. We fail to search
with the same intense interest for the motivating factors which create human conflicts and
misunderstandings. Rather, we are inclined to form prejudices and dislikes, often allowing
our good judgment to be so distorted that we become a party to mass disharmony instead
of a factor for co-operation and understanding. I should like to challenge our profession
not only to continue the adaption of its great discoveries to the physical welfare of man-
kind, but as effectively to apply the same logic and reason to the solution of our social
maladjustments. Each of us carries with him a portable research laboratory, namely, him-
self. There is not a day but that an opportunity is afforded to perform an experiment di-
rected toward improving human relations. Is not this worthy of some profound thinking
before we miss the opportunity that is ours today?
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David Beach Smith
Chairman Philadelphia Section, 1946

David Beach Smith was born on December 3, 1911,
in Newton, New Jersey, and received the degree of S.B.
in E.E. with high honors from Massachusetts Institute of
Technology in 1933, and the S.M. degree in 1934.

Mr. Smith joined Philco that same year and served
from 1934 to 1936 as a patent engineer dealing with a
wide variety of inventions in radio, television, and other
applications of electronics. He was later placed in charge
of a special advanced -studies group in the Philco re-
search and engineering department, handling a number
of projects that involved basic research in electronics.

Mr. Smith was appointed technical consultant to the
vice-president in charge of engineering in 1938, and was
promoted to director of research in 1941. In this ca-
pacity, he directed the fundamental microwave and
ultra -high -frequency research that led to the production
of many important types of radar used by the Army
and Navy. His department made numerous important
contributions, especially to the successful development
of microwave airborne search radar systems for anti-
submarine warfare and both high- and low -altitude
bombing, as well as identification friend or foe radar
systems, loran receivers for aircraft, and the VT
proximity fuze.

Mr. Smith was appointed vice-president in charge of
engineering of Philco Corporation in December, 1945,

to direct all research and engineering activities of the
corporation. He has also taken an active part in the de-
velopment of television and in the establishment of na-
tional television standards. He was a member of the
original Television Committee of the Radio Manufac-
turers Association, and chairman of Panel 9 on Propaga-
tion and Polarization of the National Television System
Committee in 1940. Named to the Radio Technical
Planning Board when it was organized, he served as
chairman of Panel 6 on Television, which formulated
and presented a detailed postwar program for the tele-
vision industry to the Federal Communications Com-
mission. In November, 1945, he was named chairman
of the new Television System Committee of the RMA
at the associations's Fall meeting.

He is a member of the American Association for the
Advancement of Science, the American Institute off
Electrical Engineers, and of Tau Beta Pi. Mr. Smith is
the author of various technical papers in the fields of
television, frequency modulation, and mathematics,
and is now serving as chairman of the Philadelphia Sec-
tion of The Institute of Radio Engineers. He is credited
with a substantial number of patents and patent appli-
cations, covering inventions in radio, radar, and tele-
vision. He joined the Institute as an Associate in 1939
and became a Senior Member in 1944.
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An Introduction to Loran*
J. A. PIERCEt, SENIOR NIFDIBER, I.R.E.

Summary-In less than five years, loran, the American embodi-
ment of a new method of navigation, has grown from a concept into
a service used by tens of thousands of navigators over three tenths
of the surface of the earth. Even under the stress of military urgency,
the direct development cost of this system has been less than two
per cent of the seventy-five million dollars so far spent for opera-
tional equipment.

The first part of the present paper describes the history of this
program as an example of the efficient "mass production" of research
and development under the National Defense Research Committee.
A second section deals with the fundamental concepts of hyperbolic
navigation and gives some details regarding the kinds of equipment
now employed for transmission, reception and interpretation of
pulse signals for this service. The third part of the paper discusses
the potential usefulness of hyperbolic navigation and suggests some
of the many devices which will simplify the navigation of the future
and enhance its reliability. The final section mentions the organiza-
tional problem immediately before us.

I. HISTORY
Project 3

/N NOVEMBER, 1940, the Microwave Committee
of the National Defense Research Committee, in
its third project, placed a number of contracts for

equipment to be used as an ultra -high -frequency radio
aid to navigation which had been suggested by A. L.
Loomis. The system was intended to permit navigators
to determine lines of position, and therefore fixes, by
the measurement of the difference in transmission time
of pulses of radio -frequency energy arriving from widely
separated synchronized transmitting stations. The
initial specifications were controlled by two obvious
facts. Since the velocity of propagation of radio waves
is about 983 feet per microsecond, the time of trans-
mission of the pulses would have to be controlled to a
few millionths of a second and the resolving power of
the receiving equipment would need to be equally good,
if the method were to yield fixes of an accuracy com-
parable to that of other methods of navigation. Sec-
ond, if the transmissions were to be of use over suffi-
cient area to be of interest to aircraft, it was necessary
that the power be high.

Two transmitters were therefore ordered, from two
large corporations, to emit short pulses at about 30
megacycles at an output level of two megawatts. Re-
ceiving and indicating equipment was ordered from
two other sources, according to two proposed methods of
indication, and very versatile timing equipment, ca-
pable of operation under any of several proposals, was
ordered to control the emission of the transmitters.

 Decimal classification: R512.2. Original manuscript received by
the Institute, January 3, 1946.

t Formerly, Radiation Laboratory, Massachusetts Institute of
Technology, Cambridge, Massachusetts; now at Harvard University,
Cambridge, Massachusetts.

This paper is based on work done for the Office of Scientific Re-
search and Development under contract OEMsr-262.

These contracts represented a total expenditure of about
$400,000, a figure which indicates the energy with
which this problem was attacked at the start.

In the clear light of retrospect, it is obvious that two
defects, one technical and one administrative, existed
in these original arrangements. The technical limitation
lay in the fact that none of the proposed schemes for
indication of the time difference could now be described
as other than cumbersome and inaccurate, while the
administrative difficulty was that the technical control
was exercised in occasional meetings of busy men, so
that revision of the original plans was essentially
impossible.

In the spring of 1941, during the long procurement
interval necessitated by the new and high standards set
for the equipment, a small technical group was formed
to receive and test the gear when it should be delivered.
This group, headed by Melville Eastham of the Micro-
wave Committee, was organized under the newly
formed Radiation Laboratory of the Massachusetts
Institute of Technology, from which it drew two or three
of its key personnel, while other members were recruited
from outside sources. The new group fully realized the
severe range limitations of the ultra -high frequencies
and began to wonder whether waves reflected from the
ionosphere in the high -frequency region might not be
used to extend the service radius without encountering
intolerable errors. After a preliminary paper investiga-
tion had indicated that maximum reasonable slopes of
the E layer might cause errors not greater than five
miles at distances of a few hundred miles, an experi-
mental study of the time stability of ionospheric reflec-
tions was begun in the summer of 1941.

Standard Loran

Until experiments in September; 1941, indicated
clearly the potential stability of sky -wave transmission,
the lower -frequency work was considered only as an
extension of the proposed ultra -high -frequency system.
By that time, it was realized that the measuring methods
proposed for the ultra -high -frequency system would
not be satisfactory and that entirely new treatment
would have to be worked out. This factor, as well as a
growing realization that an ultra -high -frequency system
could not give ranges commensurate with the opera-
tional requirement for a system to aid convoy operations
in the North Atlantic, served to discourage further
effort on the Project 3 proposal. Work on that system
was therefore immediately abandoned, even before the
delivery of much of the equipment on order. The entire
Radiation Laboratory group began the development of
new indicating equipment and of methods for syn-
chronization of the transmitting stations which would
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permit what is now known as loran to exist in its own
right.

During this first year of the project, some information
became available about a British system, now known as
gee, which was under development. Operating upon
identical principles, the gee system is exactly what the
National Defense Research Committee ultra -high -fre-
quency system might have become, given equally good
techniques and development skill. Loran copied gee
concepts rather than techniques and may be said to
have been invented in America in the sense in which
Galileo is said to have invented the telescope.

The first two loran transmitters, in Delaware and on
Long Island, were operated in synchronism at radio fre-
quencies of 3, 5, or 8 megacycles; and a receiver and
indicator were sent to Bermuda for a study of the
apparent "drift" of that island. Only one family of lines
of position was available and the transmitter peak
power of 5 kilowatts did not provide a ground -wave
signal at that distance, yet the experiments constituted
the first proof that the timing accuracy of sky waves
was good and that the indicator design was sound. The
average of all the readings agreed with the computed
figure within a microsecond, and the average deviation
of the readings corresponded to a lateral shift of only
2.8 miles.

Aside from this proof that the system could be made
to work, two factors of great importance to the future
program were discovered in Bermuda. The first was
that it would be very difficult to operate the wide -band
receivers necessary for reception of short pulses without
encountering overpowering interference from other serv-
ices at frequencies between 5 and 10 megacycles. Since
lower frequencies cannot successfully penetrate the day-
time atmospheric absorption, there seemed relatively
little hope of achieving a range of more than a few
hundred miles by sky -wave transmission in the day-
time. A second and more surprising fact was that the
nighttime E -layer transmission at a frequency of 3
megacycles failed to exhibit the expected skip effect
associated with penetration of the reflecting layer. This
meant that transmission at 3 megacycles or below might
well be available throughout the night at distances
overlapping and extending beyond the range of the
ground waves. The combined effect of these two factors
was to discourage the use of the higher frequencies, so
that the development of the system became concen-
trated in the upper part of the medium -frequency spec-
trum where a ground -wave range of 700 or 800 miles
could be expected in the daytime and where sky waves,
although effective only at night, would be useful to
about twice the daytime range.

The success of the Bermuda experiments led to ac-
celeration of the development of higher -powered trans-
mitters, which had already begun, and to the develop-
ment of new and simplified transmitter timers. The new
timing and monitoring equipment and new 2 -mega-
cycle 65 -kilowatt pulse transmitters were installed in

the two original test stations. The first air -borne and
sea -borne trials were conducted with the co-operation of
the United States Navy. These trials were so successful
that high-level interest within the Navy was immedi-
ately aroused. The National Defense Research Com-
mittee was requested to build and install a chain of
stations extending from Delaware to Greenland, and to
procure a few hundred sets of navigator's equipment
for shipboard use. The Royal Canadian Navy exhibited
an immediate and sustained interest in the system and
proceeded at once, under the supervision of Radiation
Laboratory engineers, with the construction of two
transmitting stations in Nova Scotia. At the same time,
other sites were chosen, and the United States Navy,
through its operating agency, the Coast Guard, began
preparations for the construction of stations in New-
foundland, Labrador, and Greenland.

On October 1, 1942, a chain of four stations, compris-
ing the two original experimental stations and the two
in Nova Scotia, began operation. By this date, a few of
the navigators' instruments had been delivered, and
installation on selected naval vessels was begun by a
group of radio technicians assigned by the Commander -
in -Chief of the Atlantic Fleet. Within the next six
months some forty or fifty shipboard installations were
made and a great deal of data were gathered on sky -
wave propagation and on the operational behavior of
the system. With the realization that an effective new
aid to navigation had come into being, a Naval Train-
ing School for station operators and navigators was set
up and the operation of the transmitting stations was
turned over by the Radiation Laboratory to the Coast
Guard and the Canadian Navy. The three northern
stations came into operation in the spring of 1943, and
were also turned over to the Coast Guard after opera-
tion had become routine. The Bureau of Ships began
to take over the procurement of ground -station equip-
ment, while the Army Air Forces were contracting for
the development of an air -borne receiver -indicator.

SS Loran
At this time, the Radiation Laboratory loran divi-

sion had grown to its stable size of about 60 people. Its
efforts, in the summer of 1943, were about equally
divided between the construction and procurement of
standard loran equipment, of which some $1,750,000
worth was delivered to the Navy, and the development
and testing of a new form of operating system called
"sky -wave synchronized (SS) loran." This modification
consisted chiefly in the use of pairs of 2 -megacycle sta-
tions separated by 1000 or 1200 nautical miles, rather
than the 200 or 300 miles in general use at that time.
Such a system can only be used at night when sky waves
are strong, but the average accuracy increases approxi-
mately in the proportion that the baseline is lengthened.

The most obvious use for such a system was to pro-
vide a nighttime aid to navigation over the continent
of Europe. The concept was therefore introduced to the
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Royal Air Force as well as the United States Army
and Navy, and preparations were made to conduct full-
scale trials of the system in the United States. A net-
work of stations was set up, linking Florida, Long
Island, Cape Cod, and NIinnesota, to provide fixes over
most of the United States east of the Mississippi. A
number of Army, Navy, and Royal Air Force aircraft
participated in tests in October and November, 1943,
and in addition many thousands of observations were
made at several fixed monitor stations. The average

the last months of the European war; so effective, in
fact, that the Royal Air Force's Mosquito Force used
it regularly for blind bombing of Berlin.

Other Radiation Laboratory and Service Efforts

While this SS loran system was being set up in Europe,
the Radiation Laboratory group undertook crash pro-
duction of a number of air -transportable loran ground
stations which were requested by the Army Air Forces.
These stations were essentially a redesign of equipment
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SOUTH PACIFIC

4'

NORTH,//
AMERICA, NORTH ATLANTIC OCEAN

SOUTH
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EUROPE

AFRICA

OCEAN SOUTH ATLANTIC OCEAN

Fig. 1-The shaded area shows where loran can be used for navigation at night (as of August 15, 1945). By day the service area is
about one fourth as great.

fix error was found to be only about 1.5 miles and the
serviceability of the system was good, except that the
more northern pair suffered somewhat from being too
close to the magnetic pole. The tests were considered
successful and equipment for the necessary stations
was shipped to the United Kingdom and to North
Africa as soon as possible, together with about ten
members of the Radiation Laboratory to assist with the
installation and training programs. At about the same
time, the first air -borne receivers were beginning to
come from the production lines, and a large fraction of
the earliest sets were sent to the Royal Air Force.

Because of difficulty in obtaining a frequency alloca-
tion, as well as slow shipment and the other more usual
delaying factors, it was found impossible to get the
system ready for operation before the first of May,
1944. Since the summer nights in Northern Europe are
short, it was decided to defer use of the system until
September, when it could be used more effectively. In
spite of these delays, the system was very useful for

which had been very hurriedly constructed for a half -

dozen stations to provide navigation across the Hump
between Burma and China. These Hump stations have
given very good service, but the air -transportable equip-
ment, although it had absorbed about eight months
full-time effort of the Radiation Laboratory group, had
not found its way into operation at the end of the war,
with the exception of six stations which were used in the
United States to provide signals for air -borne training of
B-29 crews.

As soon as the air -transportable loran construction
program was completed, the Radiation Laboratory had
its first opportunity to begin effective work toward loran
operation at low radio frequencies, a change which
seemed to offer hope of a system with about twice the
range of standard loran over sea water, and vastly im-
proved range over land, without any serious loss of
accuracy. This program was interrupted, while still in
the development stage, by the end of the war, although
a trial system had been in operation along the east coast
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of the United States for about four months. \Vhile it
did not lead to tactical operation during- the Nvar, this
program provided the first opportunity to re-examine
the concepts and standards of hyperbolic navigation so
that the prototype equipment constructed for low -fre-
quency loran represents a tremendous technical im-
provement over the equipment now ill operation.

which were erected closely upon the heels of the invad-
ing forces. Of special significance in the Pacific warfare
were stations in the Mariannas, which provided very -
effective guidance for the 20th Air Force in its bombing
of Japan.

At the end of the war some seventy loran transmitting
stations were in operation providing nighttime service

Fig. 2-A tracing of the more important features of a loran chart. Readings are ordinarily made to 1 /200 of the spacing of the lines
in the figure. On the actual chart the lines are more frequent and are numbered directly in the units indicated by the receiving
equipment, so that no computation is required.

In the summer of 1943, the United States Coast
Guard made its first independent installations of loran
transmitting stations in the Aleutian Islands. The equip-
ment in this case had been constructed in the Radiation
Laboratory, as Naval procurement had not yet come
into effect. Since then, the Coast Guard has installed
some twenty-five more stations in the Pacific, climaxing
its efforts with stations at Iwo Jima and Okinawa,

over 60 million square miles or three tenths of the earth's
surface, the approximate area being shown in Fig. 1.

About 75,000 ship -borne and air -borne navigator's re-
ceivers had been delivered by a number of manufac-
turers. The Hvdrographic Office, which had been pre-
paring loran charts since the early days of naval use
of the system, had shipped two -and -a -quarter millio
charts to various operating agencies.
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The total cost of the loran research, development and
procurement program of the Radiation Laboratory (in-
cluding the abandoned Project 3 work) was about
$5,300,000, but over $3,800,000 of this represented the
cost of equipment delivered to the Army or Navy for
operation. The actual costs of the research and develop-
ment which produced the loran system may therefore
be set at about $1,500,000. The total investment in
loran, neglecting shipping, installation, and operating
costs which are difficult to assess in the military system,
has been estimated by the Services at as much as
$130,000,000. This figure is certainly excessive; it pre-
sumably includes the contract figures for orders which
were cut back at the cessation of hostilities. A careful
survey, however, indicates that at least $75,000,000
worth of equipment had been delivered before V -J Day.
We may, therefore, conclude that, even if no further
orders should ever be placed, the charges for the research
and development which produced the loran system can
be assessed at no more than 2 per cent of the investment
in equipment. This would be a very favorable figure in
any organization and clearly indicates that research and
development can exist and be efficient even under the
difficult conditions obtaining in wartime.

II. TECHNIQUE
The Loran Idea

The basic operation performed by a loran navigator
is the determination of a line of position. He does this
by measuring the relative time of arrival of two pulses,
which are known to have left two separated transmit-
ters at times differing by a known interval. He observes
the received time difference, which is equal to the trans-
mitted time difference only if he is equidistant from the
two stations. If, for example, the time difference be-
tween pulses received from Nantucket Island and from
Cape Sable is found to be 2500 microseconds, while the
Cape Sable pulse is known to have been transmitted
3000 microseconds after that from Nantucket, the
navigator knows that he is farther from Nantucket,
the station whose signal is transmitted first and re-
ceived first, and that the difference in the distances
from the two points is the distance traveled by a radio
wave in 500 microseconds, or about 93 miles.

With this information, a chart, and a pair of com-
passes, the navigator could find a number of points
which would satisfy this relation and could connect
these points with a smooth curve which would repre-
sent his line of position; but he would have no way of
determining his position along this line without addi-
tional information, which might be obtained from a
similar observation on a second pair of stations, say
at Nantucket and Cape Hatteras. The crossing of this
second line of position with the first gives the navigator
his position, or fix.

These lines of position are approximately spherical
hyperbolas, and would be exactly plane hyperbolas,
with the transmitting stations at the focuses, if the earth

were flat. Because of this, the method is usually called
"hyperbolic navigation." The observations are made by
a sort of electronic stop watch, which uses a cathode-ray
tube and reads to a millionth of a second. The required
synchronism between the transmitted pulses is estab-
lished by a similar device. Since the stations are fixed,
the lines of position do not change; thus they can be
presented to the navigator on a chart or in a table,
eliminating the computation usually associated with
taking a fix. Fig. 2 is a sketch of such a chart, showing
some of the lines established by a chain of stations. In
practice, the lines in the different families are presented
in different colors and each line is marked with its dis-
tinctive number which is read directly from the indi-
cator. In Fig. 2, the interval between lines is 200 micro-
seconds, which is about 200 times the ordinary error of
a measurement at these short distances. Charts are
prepared in various scales and with various intervals
between the lines depending upon the use for which
they are intended.

A sample chart for the SS loran system of operation is
shown, with considerable deletion of detail, in Fig. 3.
The transmitting stations are in Scotland and North
Africa. In this case, the average timing error is larger,
about 8 microseconds. In the SS loran service area,
however, traveling a mile across a set of lines changes the
reading by from 5 to 10 microseconds, so that the aver-
age positional error is little more than a mile.

In all loran practice, each of the two stations of a
pair transmits its pulses in an indefinitely long train,
in which the pulses recur at a precisely controlled rate.
To facilitate instrumentation, the pulses from the two
stations are transmitted alternately instead of nearly
simultaneously, making the time difference to be meas-
ured always of the order of half the recurrence interval.

Range and Accuracy

Standard loran was developed primarily for over -
water navigation. It operates on one of several fre-
quencies between 1700 and 2000 kilocycles, and there-
fore enjoys propagation characteristics determined
primarily by soil conductivity and ionospheric condi-
tions. The transmitters currently in use radiate pulses
of about 100 kilowatts and give a ground -wave range
over sea water of about 700 nautical miles in the day-
time. The daytime range over land is seldom more than
250 miles even for high -flying aircraft, and is scarcely
100 niiles at the surface of the earth. At night, the
ground -wave range over sea water is reduced to about
500 miles by the increase in atmospheric noise, but sky
waves, which are almost completely absorbed by day,
become effective and increase the reliable range to
about 1400 miles. The transmission times of the sky
waves are somewhat variable, thus reducing the ac-
curacy of the system, but the timing errors grow
smaller with increasing distance and partially com-
pensate for the increasing geometrical errors; there-
fore, navigation by sky waves, appropriately enough,
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compares tolerably well with celestial navigation. Ex-
cept in the case of over -land ground -wave transmission,
the signal strength, and therefore the usefulness of the
system, does not vary at all with the altitude of the
receiver. Even in the over -land case, the signals increase
rapidly with height so that there is little improvement

The navigator can choose from among these the
pairs he will use for determining a fix in the same way
that he would choose stars for celestial navigation; that
is, by taking those whose lines of position cross at the
most favorable angle. In fact, he frequently uses three
or four line fixes if he wishes to attain maximum pre-
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Fig. 3-A portion of the area served by sky -wave synchronized loran over Europe. In this system, which was used by the Royal Air
Force for blind bombing in the last months of the European war, the average errors are about one twelfth of the line spacing shown.

to be had by going to altitudes greater than 3000 feet.
If three loran stations are used as a triplet, the aver-

age error at short distances is of the order of 300 yards
and increases smoothly throughout the ground -wave
service area to a little more than one mile at 700. At
night, the sky waves may be used at distances between
300 miles and 1400 with average errors ranging from
11 to about 8 miles.

The average errors of fix are frequently smaller than
these estimates at long ranges, because pairs can often
be found with crossing angles better than those obtain-
able from a triplet. Loran stations are often installed
in a chain, along a coast line, or between islands. The

o number may be anything greater than two, and each
station may or may not operate as a member of two
pairs with the stations at each side.

cision, the reading of a single line of position at a time
permitting great freedom of choice. This arrangement
stems directly from the concept that loran navigation
is to be effective over an area large in comparison to
that which could be served by a single pair or triplet.

The operation of selecting and matching the pulses
and reading the time difference ordinarily occupies
somewhat less than one minute, so that the taking of a
fix may be thought of as requiring about three minutes;
one minute each for two lines of position and a third
minute for finding the corresponding point on a chart
of the form of Fig. 2 or Fig. 3.

The Navigator's Instrument

Neglecting, for the moment, the method of establish-
ing synchronism between two transmitters, let us
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examine the method of measurement of the time in-
terval with a navigator's receiver -indicator. Assume
that, as indicated in Fig. 4(a), a series of pulses is re-
ceived from transmitter A at a recurrence rate of 25
per second, and a similar series is received from a more
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Fig. 4-Diagrams of various oscilloscope patterns exhibited on
a loran indicator.

distant station B with each B pulse arriving 22,515
microseconds after an A pulse, and consequently
17,485 microseconds before the succeeding A pulse.
These pulses are displayed, as shown in Fig. 4(b), as
vertical deflections on an oscilloscope whose beam is
deflected horizontally by a 50 -cycle, or 20,000 micro-
seconds, saw -tooth wave and vertically by a 25 -cycle
square wave, so that alternate traces appear as parallel
lines. The sequence may be thought of as beginning at
the left of the upper trace (1). A nearly linear sweep
(1-2) of almost 20,000 microseconds duration is fol-
lowed by a fast retrace (2-3) with a downward com-
ponent; the lower trace begins (3) exactly 20,000 micro-
seconds after the beginning (1) of the upper trace, is
equally long (3-4=1-2), and is followed by a retrace
(4-1) with an upward displacement to complete the
cycle. The pulse intervals are always such that when
the A pulse (which is defined as the one followed by the
longer interval) is placed on a pedestal near the begin-
ning of the upper trace, the B pulse will fall somewhere
to the right and on the lower trace. The A and B
pedestals are small square -wave deflections, indicating
regions of the total picture which can be examined later
in detail. The A pedestal is fixed near the beginning of
the upper trace, while the B pedestal is always on the
lower trace and can be continuously adjusted to occupy
any position to the right of the A pedestal.

If the recurrence rate of the horizontal sweeps on the
indicator is exactly twice the recurrence rate of the
received signals, a single A pulse and a single B pulse
will be seen, and both will stand still on the pattern,

provided the receiver is not moving.' A small temporary
change in the recurrence rate of the indicator may be
made to cause the pulses apparently to slide around the
oscilloscope pattern from their original random posi-
tions until the A pulse occupies the upper pedestal.
Then the pedestal on the lower trace may be brought
into position under the B pulse to produce the pattern
illustrated in Fig. 4(b). After this adjustment has been
made, the oscilloscope may be switched so that its
horizontal deflections are provided by a fast sweep
circuit which operates only during the intervals indi-
cated by the tops of the pedestals. This produces a
much magnified exposition of the pulses, as shown in
Fig. 4(c). Most of the horizontal separation of the
pulses has now disappeared, although small readjust-
ments of the "delay controls," which establish the posi-
tion of the B pedestal, now cause the B pulse apparently
to slide to the left or right.

The pulses are now to be "matched" by removing the
separation between the upper and lower sweeps and at-
tempting to produce visual coincidence, as shown in
Fig. 4(d), by small readjustments of the delay controls.
Because the B pulse, in our illustration, is the smaller
in amplitude, it is necessary to make the gain of the
receiver greater during the time occupied by the lower,
or B, sweep than during the A sweep. This is done by
introducing into the receiver a voltage obtained from
the square -wave generator which establishes the trace
separation.

When the pulses have been matched, the knowledge
of their time difference has been stored in the indicator,
because the pips which trigger the fast sweeps and the
pedestals on the A and B traces, at X -X in Fig. 4(c),
have now exactly the same time separation as the A
and B pulses. The receiver is, therefore, disconnected
from the indicator and the time difference is read from
families of marker pulses which are switched onto the
traces as in Fig. 4(e), where a reading of 15 microseconds
may be obtained by intercomparison of 50 and 10
microsecond markers and by interpolation. Other
families of markers (not shown, but often at intervals of
500 and 2500 microseconds) may be switched onto traces
of appropriate lengths so that the 15 microseconds
shown may be added to one 2500 -microsecond interval
(there are no 50 -microsecond or 500 -microsecond inter-
vals included in this example) seen on the pattern of
Fig. 4(b) between the point on the lower trace directly
below the beginning of the A pedestal and the beginning
of the B pedestal. This establishes the time interval
from the A pulse to the B pulse at 22,515 microseconds,
although, for convenience, half the recurrence interval
is neglected and the "reading" or "time difference" is
considered to be 2515 microseconds. The making of this
reading is simplified by locking the A pedestal at the

If the receiver is on a moving vehicle, the Doppler effect will, in
general, be of different magnitude for the A and the B pulses. The
crystal which times the sweeps may be adjusted to make either pulse
stand still, but cannot stop the apparent motion of both pulses.
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first 2500 -microsecond marker on the upper trace, so
that the interval is read from the first similar marker
on the lower trace to the beginning of the B pedestal.

Because of the large bandwidth of pulse transmis-
sions, about 100 kilocycles for the pulses used in loran,
it is necessary to operate a number of pairs of stations
in each of the three radio -frequency channels in use.
This is done by establishing each pair of pulses at an
individual recurrence rate so that, when the receiving
equipment is adjusted for that rate, the selected pulses
will stand still while pulses from other pairs drift
around the screen. The relative rates are so chosen that
the interfering effects of unwanted pulses are not notice-
able on the fast sweep, while the motion visible on the
slow sweep is slow enough not to be distracting. The
first loran operations were at repetition frequencies of
the order of 25 per second, or pulse intervals of about
40,000 microseconds. The various "rates" were estab-
lished by successively substracting 100 microseconds
from the basic interval. Thus, eight pairs of stations
operate at 40,000-, 39,900-, and 39600...39,800
microsecond intervals, or approximately 25, 25-1/16,
and 25-2/16, . . . 25-7/16 cycles per second. When
crowding made it advisable to add more discrete rates,
a family based on 331 cycles was chosen. In that case
the intervals are 30,000, 29,900, and 29,800 . . . 29,300

microseconds.
Fig. 5 shows a very much simplified block diagram of

a loran receiver -indicator. A crystal oscillator, at 100
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Fig. 5-A b ock diagram showing the major components of a
loran navigator's receiver -indicator.

kilocycles, drives a divider chain of the step -counter
variety which reduces the frequency to fifty cycles and
incidentally provides several families of marker pulses
at intermediate frequencies. The output of the divider
chain operates a square -wave generator, which further
divides the frequency by two, and also drives a saw -
tooth sweep generator when "slow sweeps" are desired
on the oscilloscope. The output of the square -wave
generator is used to provide trace shift for separating
the traces on which the A and B pulses are exhibited and
also, if necessary, to decrease the gain of the receiver
throughout the trace displaying the stronger signal.
The delay circuits A and B are operated, respectively,
by the positive and negative fronts of the square -wave
cycles and, after suitable intervals, trip the pedestal

generator and, if desired, the coincident "fast -sweep"
generator. The A delay circuit controls the position of
the pedestal and fast sweep on the upper trace (see
Fig. 4(b)) and is locked at a suitable position. The B
delay performs the same functions on the lower trace,
but is adjustable with coarse and fine controls. The re-
currence -rate control is comprised in the divider chain.
It is operated by a switch which is often marked
"station selector." This switch, the B delay controls,
the amplitude balance, and a sequence switch (which
selects the sweep speeds and trace separation, and
which connects the markers or received pulses to the
oscilloscope) are the primary operating controls.

One of the more common ship -borne receiver -indi-
cators is shown in Fig. 6, and an air-borne receiver -
indicator, which is roughly similar although consider-
ably lighter, is shown in Fig. 7. In an effort to conserve

Fig. 6-A typical ship -borne navigator's set. The small unit at the
left is the receiver. A separate loading coil is ordinarily used at the
base of the antenna.

Fig. 7-An air -borne loran receiver -indicator, shown without the
interconnecting cables. The smaller unit contains the receiver and
the main power supply for both units, and need not be immedi-
ately accessible. 45,000 of these sets had been delivered by Au-
gust 1, 1945.

valuable space, the receiver and power supply are con-
signed to a separate box which need not be immediately
accessible to the navigator. A later model of the air-
borne set, in which the weight is about halved, is shown
in Fig. 8.
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The Transmitter Timer

Synchronization of the transmitting stations in
pair is achieved through the use of a "timer," which

Fig. 8-A later form of air -borne set which weighs about 40 pounds.
Production had almost completely swung to this set at the end of
the war, but only about 25,000 had been delivered.

very similar to the navigator's indicator, as seen in
the block diagram of Fig. 9. The philosophy of opera-
tion differs in this case, because the time difference is
established in advance. This means that the delays,
here adjusted by selector circuits rather than simple
delay multivibrators, are preset to the required time
difference so that synchronism is reached and main-
tained by operating upon the oscillator frequency. One
station of the pair is designed as "master" and usually
emits the A pulse of the pair. Its only primary duty is to
establish the pulse repetition frequency within a few
parts in a million of the nominal frequency and to main-
tain the frequency constant over short periods with an
accuracy of the order of one part in a billion. The second
station is called the "slave" and is charged with main-
taining its emissions at the same repetition frequency
and at constant phase (or "time difference"). This is
done by tripping the local (slave) transmitter with the
same trigger pulse which initiates the B fast sweep, so
that the local pulse always appears in the same position
on the oscilloscope trace, while the distant pulse drifts
about as the crystal -oscillator frequency is varied. With
the A and B pedestals and sweeps set for the desired
time difference, the master pulse may be drifted to ob-
tain and maintain visual coincidence. Since highly
stable oscillators are used, it is necessary to use a phase
shifter between the oscillator and the divider chain so
that momentary changes of frequency can be induced
without creating a residual permanent change in the
oscillator frequency. A mechanical link between the
phase shifter and the oscillator frequency control is a
great operating convenience. If the phase shifter is being
consistently rotated in one direction to maintain syn-
chronism, the oscillator frequency is automatically cor-

rected in the proper sense. Thus, the necessary phase
a shifting reduces to zero and the frequency converges
is upon the frequency of the master station. When this

condition is obtained, in about half an hour in most
cases, an adjustment every ten or fifteen minutes is ade-
quate to maintain synchronism to about half a micro-
second.

In addition to the inclusion of the phase shifter, the
diagram of Fig. 9 differs in only two major respects from
that of Fig. 5. Two cathode-ray tubes are used (neglect-
ing one provided for inspection and maintenance) so
that both the "slow -sweep" and "fast -sweep" pictures
can be seen without switching. The second, and more
serious, difference stems from the fact that the timer is
used in the same station, and usually in the same room,
with a 100 -kilowatt transmitter. As a result the ampli-
tude of the local signal is typically some hundreds of
thousands of times greater than that of the distant sig-
nal, while, as noted above, the two must be displayed
at very nearly the same amplitude if errors are to be
kept small. Further, the circuits in which the attenua-
tion of the local signal is obtained must have a band-
width of several megacycles if the time difference is to
be trustworthy to better than a microsecond. These
requirements have been satisfied in an electronic attenu-
ator which operates as a wide -band amplifier with small
gain except during an interval within which the local
signal is transmitted. At this time, it sensibly discon-
nects the receiving' antenna from the receiver, leaving
the local signal to be introduced through a special net-
work which may operate from the transmitting antenna
coupling unit, from a separate "sampling" antenna, or
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Fig. 9-A block diagram of the major units in the timer which is used
to maintain synchronism between transmitting stations.

from the receiving antenna itself. Each of these arrange-
ments is in use to some extent, as none has been de-
veloped which combines all their minor advantages.

Since space, weight, and cost are not serious problems
in the ground -station equipment, the construction of the
transmitter timers is, as shown in Fig. 10, not hampered
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by considerations of economy. The design is such as to
lead to easy operation and maintenance and to over-all
reliability.

Fig. 10-A typical transmitter timer. The high -precision crystal os-
cillator is at the right, with the "central," or timer proper, above
it. The twin oscilloscopes are at the left, surmounted by a control
panel, receiver, and oscilloscope for servicing the equipment.
Power supplies are below the shelf. At the right is a small control
box for an automatic -frequency -control unit which may be used
with the oscillator.

The Station Assembly

The transmitters used for loran are not (with the ex-
ception of some improved varieties so far used only
experimentally) unorthodox, except in the sense that
pulse transmitters are still a little unusual. As the duty
cycle is low, about one part in a thousand, the problems
of power consumption and heat dissipation are minor,
but the voltage requirements are the same as for any
100 -kilowatt transmitter. A simple push-pull oscillator
is used with a form of grid modulation. A sharp trigger
pulse is received from the timer and formed in the modu-
lator into a square wave about forty microseconds long
which effectively reduces the oscillator bias from far
Leyond cutoff to the operating value. Rather surpris-
ingly, there is little tendency to instability, so that suc-
cessive pulses are not only similar in shape but start
always in the same radio -frequency phase. Transmission
lines and antenna -coupling networks are normal, and
the antenna usually consists of a guyed tower about
110 feet high set upon a good ground system. A typical
transmitter is shown in Fig. 11, in which the unit at the
right is the 25 -kilovolt power supply, and that at the
left contains the radio -frequency oscillator and modula-
tors. A monitor oscilloscope, used for checking the radio
frequency and pulse shape, stands on a shelf bolted to
the left side of the transmitter.

To enhance the reliability of operation, all units ap-
pear in duplicate with provisions for quick interchange
of operating and stand-by units. In addition to this, a
"double" station, which is simultaneously a member of

Fig. 11-A loran transmitter, capable of about 100 -kilowatt pulse
output. The high -voltage power supply is at the right, with the
modulator and radio -frequency unit in the center. On the shelf
at the left is a monitor oscilloscope used to check the output fre-
quency and pulse shape.
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Fig. 12-A block diagram showing the general scheme of interconnec-
tions between the major operating and stand-by units in a double
transmitting station.

two pairs at two recurrence rates, has two timers for
each rate. The two operating timers both trigger a com-
mon transmitter, thus creating a slight irregularity at
times when the two timers request pulses almost simul-
taneously. This effect is fortunately infrequent and is
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negligible, as far as the navigator is concerned, so that
the net result is a considerable saving in equipment.
Fig. 12 shows the major equipment and the approxi-
mate interconnections in a double station. The shielded
room is ordinarily used to protect the timers and re-
ceivers from the ambient field of the transmitter, al-
though it may be dispensed with when very careful
attention is given to construction and assembly.

pair are satisfactory about 99 per cent of the time.
It is always difficult to locate transmitting stations

where the coverage will be that desired, because, in gen-
eral, the world does not have enough islands in the right
places. This results in a sort of natural law that stations
will be erected in the most inconvenient places which
can be found. A station in the Faeroes is shown in Fig.
13. Installations run the gamut from this sort of location

Fig. 13-An aerial view of a loran transmitting station in the Faeroes Islands. The wooden antenna towers are about 120 feet high. The
height of the cliff is not an advantage.

It will be noticed that there is no distinction in the
equipment of master and slave stations. They differ only
in the operating instructions given to them. As shown in
Fig. 9, the transmitter may be connected to provide
either an A or B pulse and, in other ways, the equipment
may be preset for either use. A secondary duty of the
master station is to provide the primary check on im-
proper operations of the pair. Because the time at which
the slave pulse should reach the master station is known,
the master continuously monitors this quantity and is
prepared to alert the slave station if a discrepancy is
observed. Either station may initiate a signal of warning
to navigators, if, for any reason, the operation of the
pair is below standard. In practice, even with the rela-
tively primitive gear so far in use, the emissions of a

to atolls so small as to be completely covered by the
ground system.

III. POTENTIAL USES

Potential Accuracy and Range

The factors which control the timing accuracy with
which two pulses can be compared do not, in general,
vary except with radio frequency. If the pulses are
visually superimposed and have their amplitudes made
equal, and if the signal-to-noise ratio is really good, the
precision of measurement is of the order of one per cent
of the length of the pulses. This accuracy can be realized
in practice because, in the hyperbolic systems, the two
signals to be compared pass through the same receiving
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networks and encounter exactly the same artificial de-
lays and distortions, so that their time difference is not
at all affected by the circuit parameters, except to the
extent that the pulses are lengthened beyond their
proper duration.

A considerable number of experiments indicate that
the length of pulses which can be used effectively cannot
easily be made less than some fifty or sixty cycles of the
radio frequency employed. Combination of this esti-
mate with that of the preceding paragraph indicates
that a loran system should yield matches which are
accurate to about a half wavelength. This accuracy
corresponds to a minimum position -line error of a
quarter wavelength, or 125 feet at the frequency used
for standard loran. Actually the minimum error in

standard loran is about 500 feet, an increase due in part
to the use of pulses of about twice the length quoted
above, and in part to the use of reading techniques
which are not as precise as they might be.

The accuracy of loran, in the ground -wave service
area, could no doubt, be quadrupled by the use of shorter
pulses and navigators' indicators having more stable
circuits and more closely spaced families of marker pips,
but these improvements would not enhance the sky -
wave service (which contributes a large part of the use-
fulness of the system) because in that case the accuracy
is controlled by propagational variations which seldom
permit an average error of less than two microseconds,
which is twice the current reading error.

The low -frequency loran system which was under de-
velopment at the end of the war should, on this argu-
ment, give average errors of about a quarter-mile in the
best areas.' Unfortunately, propagational factors as well

as geometrical factors will probably operate to increase
the errors over a large part of the service area.

Transmission ranges and service areas also depend
primarily on frequency, but in this case the lower the
frequency the better. Throughout the microwave region
the reliable range is little more than the optical range.
Even in the ultra -high -frequency band, ranges are not
more than about 1i times the optical range. This often
results in good cover for high -flying aircraft, but the dis-
tances usable at the surface of the earth are discouraging
from the point of view of navigation.

As the frequencies decrease through the high- and
medium -frequency regions, ground -wave ranges in-

crease and the differential between high- and low -
altitude behavior grows smaller, especially over sea
water, but the propagation of signals is no longer simple
because of the complex structures of multiple sky -wave
reflections, which vary tremendously with the time of
day and which, at the higher frequencies, are extremely
unpredictable.

These sky -wave phenomena become simpler and more
predictable in the lower part of the medium-frequency

2 A new technique, however, shows promise of permitting drastic
revision of this estimate, at least for distances up to six or eight hun-
dred miles. The method is mentioned in the last section of this paper.

range, but only at the low frequencies is there such a
degree of stability that sky waves can be used without
some undesirable confusion of the navigator. At the
very low frequencies propagation over thousands of
miles is easy and reliable, but wide -band antenna sys-
tems are not available (because the required size is
prohibitive) so that, as long as current techniques pre-
vail, the pulse methods cannot be expected to operate
there. It seems at present that 100 to 150 kilocycles is
about the lower limit at which pulse systems can be
used. At these frequencies, ranges of 1500 miles should
be obtained by day or night, over land or sea, and at
any altitude.

Automatic Data Analysis

It requires only limited acquaintance with a loran
receiver to realize that it will be simple to perform all

of the set manipulations automatically. That is, there
is no technical problem in producing a receiver which
will automatically present, say, the loran readings on
two lines of position at two selected rates on a pair of
dial counters. For military purposes there has been little
or no requirement for this sort of receiver, and it has
been advisable so far to apply the available research and
development efforts to standardization and rapid pro-
duction of manually operated sets.

With the application of hyperbolic navigation to com-
mercial transportation, however, there will be a demand
for a position -determining set which operates continu-
ously, like the chronometer in the chart room, and at
which the navigator may look when he wishes to know
his position. There are a great many ways in which such
machines can be built, but all, or most, of them may be

so complicated that the navigator would be properly
skeptical of their reliability.

The most common suggestion for a device of this kind
is that, essentially by recording loran charts or tables in
mechanical form, the machine be made to read directly
in latitude and longitude rather than in loran co-ordi-
nates. This is a natural but a misguided desire, as there
is little that is inherently more desirable in latitude and
longitude than there is in the loran co-ordinates them-
selves. The two things a navigator always wants to
know are the distance and direction to one or to several

points.
The next picture which comes to mind is that of a

black box containing a number of push buttons and a
pair of visible counter mechanisms. A navigator might
push the button marked "Bermuda," whereupon the
counters would spin and stop so that he could read
"distance, 342 miles; course, 114 degrees." This device,
however fine a toy it may be, fails because the navigator
should not be satisfied unless he is told his relation to a
great many different places. To obtain this information
he must, with either the black box or the latitude -
longitude indicator, proceed to plot his position on a
chart before he can understand the interrelations be-
tween his position and all other interesting points.
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Obviously, the only really effective automatic aid to
navigation will plot the vessel's position continuously,
and preferably leave a permanent track on the chart, so
that the navigator can see at a glance his current posi-
tion in its relation to all other points on the chart, and
also can have the history of his voyage presented before
his eyes.

There are many ways to build a device of this sort,
and most of them suffer from a high degree of complex-
ity. The desirability of such an instrument, however,
will be especially obvious to the sales managers of our
larger electronic corporations who, after the war as be-
fore it, may be expected to be in a position to see that
the necessary development time is spent to reduce such
a device to practice. The only prerequisites are that
ground stations must be in operation to provide the
necessary coverage, and that the control of the ground
stations be in responsible hands.

It is worthwhile here only to point out a single con-
cept which, while it violates sea -going tradition, may
have some influence because of its simplicity. In any
loran indicator there is sure to be a shaft whose rotation
is more or less linearly proportional to the loran reading.
This shaft may be connected to a pen through a mecha-
nism such that the lateral position of the pen also bears
a linear relation to the loran reading. A second shaft
from the same or a second indicator may be connected
so that a rotation of that shaft in accordance with a
second loran reading produces a linear motion of the pen
at an angle to the first motion. With this arrangement
any pair of loran readings which define a point on the
earth's surface also define a position of the pen point
on a plane. A sheet of paper over which the pen moves
is therefore a chart drawn in loran co-ordinates. This
simple system has the defect of considering all loran lines
in a family to be straight and parallel, and also consider-
ing that the angles of intersection between the lines of
the two families are constant all over the chart. These
limitations, however, may not be too severe, especially
in the case of an area at some distance from the ground
stations. The angle between the two directions of motion
of the pen may be set at the mean value of the crossing
angle of the loran lines in the area and the rates of mo-
tion in the two directions may be set to be proportional
to the relative separations of the lines in each family.

This plotting board concept has the immense advan-
tage of mechanical and electrical simplicity. In many
cases, if the area on a chart is not too great and if the
ground stations themselves are not in the charted area,
the distortions encountered in drawing such a chart in
loran co-ordinates are no greater than those involved
in many other projections.

Fig. 14 is a chart in these loran co-ordinates which
represents nearly the worst possible conditions. In this
case, as seen in Fig. 2, both of the families of lines have
a focus at a station on Nantucket Island, so that the
curvature and the divergence of the lines are both at a
maximum. Even though the distortion of Cape Cod,

Nantucket, and Martha's Vineyard is extreme, the out-
line of Southeastern New England is clearly recognizable
and the chart is useful for navigation.

Right -Left Indicators

It is mentally only a very short step, and mechani-
cally not a long one, from automatic presentation of
position on a map to the making of a connection be-
tween the map and the rudder of a vessel so that a pre-
determined track may be followed automatically. The
means are easy to visualize and are already at hand.
Only a little incentive and time are required, so that,
here again, commercial enterprise may be relied upon to
bring a family of such devices into being.

One variant from past experience with direction find-
ing must be pointed out. When using a direction -finding
system, any change of course is immediately indicated
and measured so that its correction, if it be accidental,
may be made instantaneously. When a hyperbolic sys-
tem is used, however, a change of course does not lead
to any change of indication until after the new course
has been held for a finite time. That is, the hyperbolic
system gives an indication of position, not of direction,
and the indication does not at all depend upon the atti-
tude of the vehicle. This is an important point and a
valuable one. It makes navigation independent of
currents in sea or air because all courses and speeds
directly derived from hyperbolic systems  are ground
courses and ground speeds.

If a simple right -left indicator be built to show an
airplane pilot whether he is to the right or left of a loran
line he wishes to follow, and even how far to the right
or left he is, it will not be very successful as a means for
aiding him to follow the line. This is so because there is
no appreciable relation between the indications on the
meter and the course the pilot should follow, so that he
tends to turn more and more to the right, if the meter
shows him to be to the left of his desired track, until he
crosses the line at a large angle and has to repeat the
process in reverse. The net result is a very zigzag track
which does, in fact, pass nearly over the objective but
which wastes unconscionable quantities of time, fuel,
and pilot's energy on the way.

This difficulty could be removed theoretically if the
pilot would study the behavior of the right -left meter in
enough detail to appreciate both his displacement from
the line and his rate of progress toward or away from
it. With a knowledge of both these factors, he could
determine a reasonable course change which would
bring him gently to the desired track and maintain him
on it with only small excursions. The pilot is, however,
too much occupied with his proper business to enter
into such a study; so it is necessary to advance the
equipment another stage and to present to the pilot
both his rate of approach and the distance to the line
he wishes to follow. Thus he may be shown two meter
readings, one of whiCh tells him, perhaps, that he is
thousand feet to the left of the line, while the other
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shows him he is approaching the line at fifty feet per sec-
ond. It is immediately clear that, if he continues on the
same course he has been holding, he will reach the line in
twenty seconds and that, if he wishes to come smoothly
onto the line he should begin to change course to the
left. This conclusion is, of course, the opposite to that
which would be derived from the simple right -left indi-
cator and shows clearly the defect in that presentation.

Within certain limits, it is possible to combine the
factors of displacement and rate of change of displace-
ment automatically, so that, instead of the two meters
mentioned in the preceding paragraph, the pilot could
be presented with a single indicator calibrated in terms

that case the linkage to the automatic pilot could easily
be given the appropriate time constant to prevent over -
correction.

The Lorhumb Line
The mechanism suggested above is the simple and

natural way to build a device which will automatically
follow a loran line. This is worthwhile because there is
always a line passing through any target in a loran serv-
ice area, but it falls far short of the really desirable
solution. The most important quality which the auto-
matic equipment, like the human pilot -navigator com-
bination, should have, is the ability to proceed by a
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Fig. 14-A map drawn by assuming that loran lines of position are straight
and parallel. By use of this sort of map the construction of devices for
automatically plotting position becomes easy. The example shown exhibits
almost the worst possible distortion.

of the appropriate course correction such as "two de-

grees to the left." The only defect in this instrument
would be the existence of a time constant dependent
upon the time required to analyze the rate of approach
to the track, so that the pilot would have to learn not to
make a second correction too closely upon the heels of

the first.
This difficulty would vanish if the meter indication,

instead of being presented to a human pilot, were con-
nected to a gyro -controlled automatic pilot, because in

0

O

simple and reasonably direct course from wherever the
vessel happens to be to wherever it should go.

This ability can only stem from simultaneous exami-
nation of two families of hyperbolas. There are many
ways to make this examination, as there are many ways
to make a plotting board, but one of them offers such
great advantages of simplicity that it should be de-
veloped here.

Assume a loran receiver capable of automatically fol-
lowing two loran readings in two families of hyperbolic
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lines. The shaft rotation corresponding to either of these
readings could be connected through the displacement -

and -rate device mentioned previously to the rudder of
the vessel, so that any desired loran line in the corre-
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Fig. 15-Two examples of the lorhumb line, or curve which intersects two families of loran hyperbolas at a constant ratio. These lines
can be followed automatically by the use of relatively simple equipment.

sponding family could be followed automatically. A
loran line passing through the initial position of the
vessel could, for instance, be followed until it inter-
sected a line passing through the objective, after which
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instant the second line could be followed. This would
produce the desired end result, but it might be by a very
indirect route indeed.

A much more direct path would be one cutting across
both families of lines in such a way that the rates of
change of the two loran readings constantly bore the
same ratio to each other as the total changes between
initial and final readings. Along such a path, if the
changes in one loran reading were automatically fol-

lowed while the delay between the second pair of cath-
ode-ray traces were constrained to vary in the designated
ratio to the variation in the first reading, then the second
pair of pulses, once set to coincidence, would remain so.
The steering mechanism might be controlled by the sec-
ond pair of pulses so as to maintain the coincidence, thus
directing the vessel along the chosen path.

For example, if the readings were 3500 at the initial
point and 2700 at the objective on the first loran pair,
and 1400 and 1800 on the second pair, the linkage be-
tween the indications would be set at - 1. The vessel
would then follow a course such that it would succes-
sively pass through points whose loran co-ordinates were
(3400, 1450) (3300, 1500) (2800, 1750) to the objec-
tive at (2700, 1800). The course would be quite direct
unless it passed very near one of the transmitting sta-
tions. In fact, the course would differ from a great circle

only in proportion as the loran lines differed from being
straight and parallel.

Fig. 15 shows two lines of this sort drawn upon a loran
chart of part of India. The great circle from Calcutta to
Benares is shown as a dashed line while the proposed
curve, or "lorhumb line," which crosses the east -west
lines at two-thirds the rate that it crosses the north -
south lines, is shown as a solid line. In this case the short-
est distance is 387 miles. The lorhumb line is 1.9 miles,
or 0.5 per cent longer.

A second lorhumb line is drawn between Benares and
point Q, which is about halfway from Benares to Cha-
bua. Here the geometry of the loran lines is less favor-
able, so that the proposed course is 2.0 per cent, or 7.0

miles, longer than the great circle distance of 358 miles.
If an attempt were made to span the distance from
Benares to Chabua with a single lorhumb line, the ex-
cess distance would be about 30 miles, or 4 per cent of
the total distance.

This sort of path has been called the lorhumb line
because it is the exact parallel, in hyperbolic navigation,
of the rhumb line in Mercator sailing. Various lorhumb
lines might be connected together by the navigator as
indicated in Fig. 15 to form an approximate great -circle

or any other desired path. Devices utilizing this prin-
ciple probably will be adequate for navigational pur-
poses (as distinguished from problems of pilotage) and
will presumably be more simple than others which,
through more complete analysis of the exact forms of
the hyperbolic lines, could follow slightly more direct
paths. The advantages of the design are so obvious that
devices which embody this principle may be expected to

be ready for experimental operation soon after the re-
lease of engineering talent from more immediate mili-'
tary requirements.

Relayed Fixes

A device for retransmitting the hyperbolic indications
from the receiving point to a remote indicator may be
applied to loran. Equipment of this sort may take the
form of a pulse transmitter which is triggered by the
various pulses in the output of a receiver tuned for a
hyperbolic system, or may be essentially a superhetero-
dyne receiver in which the intermediate frequency is
sufficiently amplified and radiated. An indicator, of
course, may or may not be used at the relay point.

The obvious uses fora system involving relayed fixes

are those in which it is more necessary or convenient for
a distant controller to have knowledge of position than
it is for the occupants, if any, of the vehicle under con-
trol. Probably the only really military use might be in
the control of fighter aircraft (or pilotless aircraft) where
it could be expedient to relay fixes to a carrier or other
base for analysis and appreciation, and then to retrans-
mit the appropriate action information through a com-
munication circuit.

A somewhat similar use may be for extensive study of
ocean currents. In this case, a number of automatic
drifting buoys could relay their fixes to one or more
control stations, afloat or ashore, and thus permit the
gathering of precise continuous data in any weather and
over long periods of time.

Probably the most important peacetime use of such a
system, however, would involve the standardized instal-
lation of relay equipment in lifeboats. The information
received from them would be far more useful for rescue
work than directional data because it would permit
potential rescuing vessels to determine at once not only
the direction but the distance to those in need of as-
sistance. Such a program must await the general use of
loran receivers on shipboard, but could then easily be
integrated with an automatic distress signal receiving
mechanism, provided that a frequency channel entirely
devoted to such operation can be made available.

Guidance of Pilotless Aircraft
Since hyperbolic navigation does not call for the trans-

mission of any information from the vehicle under con-
trol, it is a mechanism with vast potentialities for the
two-dimensional guidance of automatic projectiles. If
flying bombs are to become the all-weather air forces
of the future, no other system offers such immediate
possibilities for the mass control of very large numbers of

projectiles.
Systems which require some contact between a pro-

jectile and ground operators, other than the launching
crew, may well have many tactical uses in close support
operations, but the possibility of maintaining strategic
bombardment by such methods is remote. A hyperboli-
cally controlled flight of pilotless aircraft, on the other
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hand, could be operated without any close co-ordination
between launching crews and the controlling groups, and
without saturation of the guiding facilities.

The receivers for hyperbolic operations of this sort
would differ greatly from the present loran receivers. In
fact, their evolution should be in nearly the opposite
direction from that suggested in the last few pages. In-
stead of being adapted to more flexible and versatile
methods for general navigation, the equipments for
pilotless aircraft should be reduced to the stage where
they know only a single time difference, but know it
well. The corresponding ground equipment, however,
must have a degree of flexibility not now in use, so that
the hyperbolic lines recognized by the aircraft might be
made to lie across any desired target. A pair of ground
stations would establish a line of position extending from
the launching area to the target, while a second pair
would define the intersecting line at which the projec-
tiles would descend. Under gyroscopic control the pro-
jectiles could be launched at any time and in any
number, and the accuracy of their initial courses would
need only to insure an intersection with the first hyper-
bolic line before passing the target.

With a system of this sort, aircraft could be launched
from many points in a large area. Dozens or hundreds
of launching sites would independently send off aircraft
sensitive to a single line of position, without any re-
quirements for co-ordination except that the control
system would have to be in operation. These aircraft
would follow their independent courses, perhaps for half
the distance to the target, until they came within the
zone of influence of the hyperbolic line; whereupon, each
would change its course and come about exponentially
to ride the line to the objective. The effect would be that
of raindrops falling into a gigantic funnel and being con-
centrated into a steady stream playing upon the target.

Such a stream of bombs would, of course, rapidly
obliterate any objective. In practice, therefore, the
ground station operators would steadily alter their tim-
ing constants so that the line followed by the projectiles
would be caused to sweep back and forth over the target
area, while the constants of the release line would be
altered, perhaps in steps, to provide the requisite varia-
tions in range. Thus the stream could be played back
and forth across the target area like the stream of a fire
hose or, more exactly, like the stream of electrons scan-
ning a television screen; and all this control could be
exercised without any co-operation from the launching
crews who would, like the loaders on a battleship, simply
maintain the flow of projectiles without giving thought
to their destination.

Similarly, the beam of pilotless aircraft could be
swung from target to target, to satisfy tactical require-
ments, without requiring any change in the launching
technique or orders, provided only that the rate of sweep
of the beam must be commensurate with the transverse
acceleration available in the aircraft.

This use of the hyperbolic principle differs from loran

in that many types of transmission should be made
available for it. While coding and other features may
reduce the susceptibility to jamming, the best defense
is unexpected variation of the operating frequency. If
this sort of mass control of pilotless aircraft is to be de-
veloped, great attention should be given to all the timing
elements to insure that none of the boundary condi-
tions of the system shall inhibit the free choice of radio
frequency. The indicating and control mechanisms
should be standardized and reduced to practice in
the simplest and most reliable form, but the method of
transmission and detection of the hyperbolic informa-
tion should be capable of alteration at a moment's no-
tice, so that, while loran frequencies might be used for
one tactical operation, microwaves, or infrared, might
be used for the next.

In this respect, as in the additional flexibility of the
ground stations and the simplification of the air -borne
equipment, the development of hyperbolic control of
pilotless aircraft lies in a direction different from that
in which commercial development of a general naviga-
tion system may be expected to go. It is, therefore, clear
that, while the exploitation of the new methods of navi-
gation may be left to private enterprise, the develop-
ment of a "hyperbolic air force" must, if it is desired,
be obtained through direct and positive action by the
Armed Services.

Hyperbolic Surveying

A version of low -frequency loran which may become
extremely important, at least for certain applications, is
called "cycle matching" and consists in comparing the
phase of the radio -frequency or intermediate -frequency
cycles of a pair of pulses, rather than in comparing the
envelopes of the two pulses. Equipment for utilizing
this technique is still in such an early stage of laboratory
development that an accurate appreciation is impossi-
ble, but it seems reasonable to expect that measure-
ments may be made to a tenth of a microsecond over
ground -wave ranges. The facility with which such
readings can be taken is as yet unknown, but it is prob-
ably safe to predict that, after a difficult development
program, cycle matching can provide a blind -bombing
system with errors in the tens of yards and with a range
of six or eight hundred miles.

Whatever the merits of cycle -matching low -frequency
loran for navigation or blind bombing, it shows great
promise for the precise measurement of distances of
several hundred miles. Under "laboratory" conditions
it seems reasonable to expect an error of the order of
ten feet in a single measurement of the distance between
two transmitting stations, and the average of a number
of observations made under good conditions in the field
should exhibit about the same precision in the hands of
skilled crews. This is about the accuracy with which a
good trigonometrical survey measures a distance of one
hundred miles.

It seems probable, therefore, that radio surveying
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can supplement the ordinary methods for regions in
which the basic triangulation system can be on a large
scale. The procedure might be as follows. Three stations
could be set up at the vertices of an equilateral triangle
several hundred miles on a side, and the lengths of the
side determined by repeated measurements of the
bounce -back time over a period of several weeks.
During these measurements a number of "navigators"
receivers could be set up and operated for brief periods
at points which could be identified on airplane photo-
graphs, thus providing a network of points of secondary
accuracy, based upon the original triangle. After thus
surveying the area contained in the triangle, one station
could be removed to a new location on the opposite side
of the remaining base line, and the process could be re-
peated. Thus a precise triangulation would be extended
over immense areas in a relatively short time, while as
many points as desired could be located with respect to
the basic network. Neighboring secondary points would
not be known, with respect to each other, with the pre-
cision obtainable by optical survey, but the absolute
errors should not be more than a few yards and the speed
of the whole operation should make it economically
available in parts of the earth's surface which could not
otherwise be surveyed for many years to come. By this
method, of course, islands and shoals which cannot be
reached by optical means could be accurately charted.

Unfortunately, this is the sort of enterprise which
cannot be undertaken on a small scale but which must
be attacked with vigor and with the expenditure of con-
siderable money and time. It appears, however, that,
once in motion, the method could produce surveys of an
accuracy comparable to that of any other method, and
produce them in a time far shorter than that now re-
quired. Good co-ordination of these methods with air-
plane photography may permit the charting, within the
next few years, of very large areas which are relatively
inaccessible and therefore not well known, but which
nevertheless may be of actual or potential military or
economic importance.

IV. THE CURRENT PROBLEM

Hyperbolic navigation is no longer a secret. It may
develop into a great aid to international commerce, but
its availability for wartime navigation is at an end. If
we are faced with another war, one of the first steps
taken at its onset will be to shut down all loran stations
exactly as the lighthouses were darkened at the begin-
ning of the last war. Hyperbolic navigation must, there-
fore, be exploited commercially or reserved for occasional
specialized and limited military purposes. It is obvious
that the first course will lead to the greater good.

All of the equipment now in loran operation is of 1942
design. In every category it was necessary, because of
the wartime need for speed and for standardization, to
adopt and build in quantity the first device which could
be shown to be reasonably satisfactory. While the pres-
ent equipment is obsolete, it cannot be abandoned

immediately because of the financial investment it
represents and because nothing is available with which
to replace it.

The major question of the moment is this: who is to
be responsible for the development of new equipment
and, more especially, who shall control its introduction?

During the war, loran was used internationally with
good success because there was only a single source of
transmitting equipment-the "Navy pool" -and, there-
fore, problems of technical and operational standardiza-
tion were reduced nearly to zero. As we look forward
into an era of peace, this unifying force will no longer
exist. Major decisions must be made on an international
basis, if loran service over the oceans of the world is to
be available to all. This can only mean that control of
loran in the United States must be vested in an author-
ity which can make the necessary international commit-
ments and enforce American compliance with them.

Even on a national basis, unified control must be set
up. At present, with the dissolution of the Massachu-
setts Institute of Technology Radiation Laboratory,
there exists no central technical organization. The Naval
Research Laboratory should accept much of this re-
sponsibility but has, so far, had to confine its activities
to routine testing of equipment after the fact of its
manufacture. The Bureau of Ships and Bureau of Aero-

nautics of the Navy and the Army's Air Technical
Service Command have all made efforts to assume
technical control by writing specifications for produc-
tion equipment and, to some extent, by writing develop-
ment contracts with commercial manufacturers. These
steps, however successful, will not lead to the establish-
ment of a single, qualified, technical group having
cognizance of the operational needs of all services. The
system planning, which should be similarly unified and
based upon the knowledge of such a technical group, has
hitherto been exercised by arbitration between the Chief

of Naval Operations Office and the Air Communications
Office of the Army Air Forces, with some independent
action by the Royal Air Force. The United States Coast
Guard, which has done well as the Navy's operating
agency, has made some attempts to conduct research
leading to improved equipment, but has been forced by
circumstances to spend most of its available energy on
day-to-day operation, as have the Royal Navy and
Royal Canadian Navy. The latter service has dealt mag-
nificently with the simultaneous problems of loran
transmission, navigation, and training, but has had to
follow the lead of the United States Navy in all techni-

cal matters.
The problem of integrating all the varied activities

which have contributed to make up loran as we know it,

and, we hope, of adding other activities in the future, is
complicated by the fact that most of the Army and
Navy officers who have been closely associated with the
program are now returning to varied civilian activities.
They must be replaced. Ways must be found for giv-
ing civil aviation and maritime groups a voice in the



technical and administrative decisions of the future. The
organizational problem is severe enough on a national
basis. Internationally, it is acute.

Probably those of us who have been close to loran
throughout its development feel too strong an urge to
see it find its place in the sun, and find it quickly. We
believe that hyperbolic navigation, now less than five
years old, will become the primary method of the future.
It may be that our desire to see the infant trained and
guided leads us to expect too much from its young
strength. We should, perhaps, have faith in the inherent
power of the method and trust that the system which
can best serve the public cannot fail eventually to find
its place in the spectrum, if not in the sun.

(1)

(2)

(3)

(4)
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Army -Navy Precipitation-Static Project
Part IV Investigations of Methods for Reducing

Precipitation -Static Radio Interference*
GILBERT D. KINZERt AND JOHN W. McGEET

Summary-Investigations of methods for control of precipita-
tion static are discussed. Because of difficulties associated with
careful studies of the performance of antistatic devices on aircraft
flying in natural charging conditions, methods were devised that
permitted natural conditions to be simulated in fair-weather flights
and in a laboratory hangar constructed especially for this purpose.
Studies showed that interfering noise associated with the use of
bare -wire antennas was roughly proportional to the amount of
.corona -current discharge. It was found that the use of antennas
nsulated with polyethylene provided comparatively static -free
radio reception by preventing corona discharge from the antenna.
Correlated ground and flight experiments showed that, unless the
corona discharge occurs at areas adjacent to antennas, little
noise is produced in the radio receiver. The characteristics of several
types of electrostatic dischargers, intended to reduce the equilibrium
potential of the airplane for a given charging condition, were exam-
ined. The dry -wick discharger recently adopted by the military serv-
ices was found to give the best over-all electrical and mechanical
performance.

HE PURPOSE of this paper is to describe an
investigation that has been made of precipita-
tion static and of means for its control. Some of

the experimental methods that will be discussed are
new, others are adaptations from older methods de-
vised independently, in some cases, by more than one
investigator. Most of the practical methods for control-
ing or limiting precipitation -static interference have
been examined carefully, and those showing the most

* Decimal classification: R521.3 X R272.3. Original manuscript
received by the Institute, November 19, 1945.

f United States Naval Research Laboratory, Washington, D. C.
Aircraft Radio Laboratory, Wright Field, Dayton, Ohio.

promise have been carried forward to a point where
guiding principles are established for the use of the
design and development engineer.

It is known that a discharge of electricity or a redis-
tribution of surface electric charge accompanies either
autogenous or exogenous electrification of aircraft. The
discharge and redistribution occur mainly in the form
of corona or sparks, and constitute the main sources of
the radio interference called precipitation static. Elec-
trification of aircraft in flight and the accompanying
corona discharge have been discussed in an accompany-
ing paper,' but no mention has been made of quantita-
tive measurements of noise interference, or of the rela-
tive amounts of noise produced by many possible sources
on an airplane.

The interfering signal found in precipitation static is
a rapidly rising transient voltage coupled into the
radio antenna circuits. It is generally agreed that the
interference consists of a shock excitation of the tuned
circuits in the radio receiver into damped oscillation.
When factors responsible for these voltage transients
are such as to maintain a rapid rate of production of the
pulses, radio reception becomes not only difficult but
often impossible.

One of the important tasks performed in the investi-
gation was the determination of the relative importance
of the various sources of interference. It had been

1 R. G. Stimmel, E. H. Rogers, Franklin Waterfall, and Ross
Gunn, "Electrification of aircraft flying in precipitation areas,"
PROC. I.R.E., vol. 34, pp. 167P -178P; April, 1946.
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previously established by several investigators2'3,4 that
when corona occurs directly on antennas, it produces an
especially intense interference. Anticipating measure-
ments to be discussed later, it may be simply stated
with respect to corona discharge on other parts of the
airplane, that unless the area in corona is close to an an-
tenna the noise produced is not severe.

Although it has been stated frequently by responsible
observers that there is an appreciable noise associated
with the impinging of precipitation particles on an-
tennas or, possibly, even on other surfaces of the air-
craft, such impressions have not been verified in the
present investigation.

Certain areas of an airplane, such as plexiglass domes
and turrets, windshields, and exposed metallic objects
insulated from the main structure, are charged by pre-
cipitation particles to voltages which frequently differ
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Fig. 1-Corona-current and 300 -kilocycle noise characteristics for
0.04 -inch bare -wire antenna on a B-25 airplane flying in natural
autogenous charging conditions. Airplane charged negatively.

from the equilibrium voltage of the airplane. The
voltages may then equalize by a spark -over along the
insulating surfaces, and signals originated by these
sparks may be coupled into nearby radio antennas. It
has been found, for example, that if the lead-in wire on
the interior of the B-17 research airplane is placed
within 12 inches of the plexiglass cover of the radio
compartment, the precipitation -static noise intensity
may be increased an appreciable amount by spark -over
on the outside of this plexiglass.

Most of the longer antennas installed on aircraft
extend from some forward position on the fuselage back
through a highly exposed region to the vertical or hori-
zontal stabilizers, and are unusually susceptible to
corona discharge. A typical set of measurements of the

2 Ross Gunn and W. C. Hall, "First Partial Report on Precipita-
tion Static Problem," Naval Research Laboratory Report No. 0-1919;
August, 1942.

3 Herbert M. Hucke, "Precipitation -static interference on air-
craft and at ground stations," PROC. I.R.E., vol. 27, pp. 301-316;
May, 1939.

' E. C. Starr, "Precipitation -Static Radio -Interference Phe-
nomena Originating on Aircraft," Oregon State College Eng. Exp.
Sta. Bull., No. 10, June, 1939.

corona noise and current on the long exposed command
antenna of the B-25 research airplane, when flown in
autogenous charging conditions, is shown in Fig. 1,

plotted against the electric field on the bottom of the
fuselage. It will be seen that the radio interference
rises above the base noise level as soon as appreciable
corona current exists. Thereafter the noise rises with in-
creasing current.

In making these measurements, it was necessary to
adopt a standard noise detector rather than to depend
upon aural estimates. An RCA Model 312-B Radio -
Frequency Noise Meter, measuring directly the micro-
volts of noise signal on an antenna, was found to serve
this purpose when used in the circuit shown in Fig. 2.
Most flight measurements have been made with the
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Fig. 2-Diagram of instrumentation used for measuring antenna
noise and current characteristics.

receiver circuit of the noise meter tuned to a frequency
of 300 kilocycles, because at such frequencies the inter-
ference encountered is ordinarily severe. The frequency
and magnitude of individual bursts of corona discharge
can be detected as unidirectional pulses of electric cur-
rent by the use of oscillography, but it is inconvenient
to do this in a flying airplane. It has been found that a
satisfactory measure of the corona intensity is the ef-
fective direct current to the areas in question. The usual
arrangement for measuring the corona current employ-
ing a current amplifier and a recorder is shown in Fig. 2.

The amount of corona noise produced by discharge
from the tail structure, the wing tips, and other sharp
points or edges on an airplane has never been measured
directly in flight because of the impossibility of sorting
out the individual components of signal which combine
to give the readings of the noise meter. In experiments
to be described later, where the conditions of electrifica-
tion in the air were simulated in a laboratory hangar,
it was found possible to evaluate some of these corona
sources.

Exogenous electrification varies rapidly in time be-
cause of the nature of the isolated and unpredictable dis-
tribution of atmospheric charge occurring in thunder-
storms and in convective meteorological activity.
Autogenous electrification, on the other hand, remains
much more steady, but even here the resulting airplane
potential varies in an uncontrolled manner. It is not
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surprising, then, that natural electrification of aircraft
encountered in flight was of too variable a nature to per-
mit making careful studies of radio interference, and
that a means had to be found for simulating the electri-
cal conditions produced by natural charging. Flights in
bad weather were used in this investigation only for spot
checks to corroborate results obtained under simulated
conditions.

The artificial charger using water jets, described in
the paper on instrumentation,' was found adequate to
produce moderate voltages on flying aircraft, and its

Fig. 3-B25 airplane suspended on strain insulators in Minneapolis
hangar. High -voltage generator shown in background.

use permitted carefully controlled studies to be made
in fair-weather flight. Even an airplane so equipped,
however, does not satisfy all the requirements desira-
ble for careful investigation. In the first place, the
artificial charger cannot produce airplane potentials
approaching those found in the more severe natural
charging conditions. Furthermore, it is difficult to con-
struct and shock -mount delicate electronic instruments
of high sensitivity for use in flying aircraft subjected
to the shock of rough flight conditions.

An arrangement was set up whereby a full-size air-
plane could be suspended on strain insulators in a labo-
ratory hangar constructed especially for this purpose.
Such an airplane could then be connected to a high -volt-
age direct -current generator, and potentials equivalent
to the most severe autogenous electrification could be
easily applied and adjusted at will. It was found that co-
rona and noise on such an airplane suspended in the
hangar were similar to the corona and noise encountered
in flight. There were, however, measurable differences
due to the absence of the exhaust gases, and due to the
fact that corona discharge ions form a space charge
throughout the hangar which is more concentrated than
that in flight. In correlating laboratory data with flight
data it was necessary, because of the presence of nearby

6 R. C. Waddel, R. C. Drutowski, and W. Blatt, "Aircraft instru-
mentation for precipitation static research," ['Roc. I.R.E., vol. 34,
pp. 156P -161P; April, 1946.

hangar walls, to apply corrections to the electric fields
measured on the surface of the airplane in order to re-
duce them to values equivalent to those found in flight.

Most of the research work carried out for reducing
precipitation -static interference was performed in the
laboratory hangar. The photograph shown in Fig. 3
shows a B25 Mitchell twin -engine bomber suspended
in the middle of the hangar on three strings of strain
insulators. The strings of insulators are raised and
lowered by elevators that may be controlled individu-
ally, or operated as one unit to adjust the airplane
to any desired elevation. A 1,200,000 -volt direct-cur-
rent generator visible in the background consists of
a bank of rectifiers arranged in a voltage -multiplying
circuit and topped by a large umbrella -shaped dome
which serves as a corona shield for the high-voltage
terminal. The instrumentation used to make measure-
ments inside the suspended plane is shown in Fig. 4
and consists of direct -current amplifiers, a noise meter,
an electric -field meter, and a standard aircraft receiver
for monitoring noise signals. The noise and current
meters used in this antenna study were coupled to the
antennas and other sources of corona discharge ac-
cording to the schematic diagram of Fig. 2.

An antenna that was free of self -generated noise was
necessary to evaluate the interference caused by the
antenna system and by surfaces other than antennas,
in terms of microvolts input to the receiver. Separating
the noise caused from that
generated on the antenna is difficult, especially when
an antenna is located in a region where it is susceptible
to corona discharge. The problem was to free an antenna
from the electrostatic fields that would cause it to dis-
charge corona, without interfering with its radio -fre-
quency characteristics. This was accomplished by mount -

Fig. 4-Instrumentation, installed in cabin of RB-37, consisting of
noise meter, electric -field meter, current amplifiers, and radio
receiver.

ing a high -resistance cord impregnated with aquadag
solution parallel to and four inches above a bare -wire an-
tenna. The resistance of this cord was 10 megohms per
foot. The amplitude of the voltage transients associated
with the corona discharge from the cord was so limited
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and pulse shapes were so modified by the high resistance
of the fibers, that the noise signals coupled into the
antenna were of negligible strength. The high resistance
cord served as a termination for the electrostatic lines
of force that would otherwise.: terminate on the an-
tenna wire, and thus it prevented corona from occurring
on the antenna. A typical base noise curve of the lab-
oratory hangar setup obtained with this antenna is il-
lustrated in Fig. 5. For the convenience of correlation
with aural observations, all hangar -noise measurements
were made with the noise meter tuned to 900 kilocycles.

If a bare rod, 1 -inch in diameter, is placed on the
wing tip of the airplane in the laboratory hangar and
simultaneous readings of electric field, current from
the rod, and noise are taken, the noise is found to in-
crease suddenly when the rod reaches its corona thresh-
old voltage. Thereafter, the noise continues to rise
with the corona current from the rod. The noise also
becomes greater when the rod is moved nearer to the
receiving antenna. For example, the coupled noise for a
given current discharge from the rod placed on the
wing tip may increase the base noise of the airplane by
20 microvolts. If the rod is placed on the vertical
stabilizer, there will be a noise increase of 200 micro-
volts. If it is placed at the top of the antenna mast, the
noise will increase to 500 microvolts.

This method of evaluating the noise is very useful
in determining the best location for aircraft accessor-
ies, from a precipitation -static point of view. As an
illustration, Fig. 5 showed that the base noise without
accessories installed was 14 microvolts when the
airplane electric field was 1000 volts per centimeter.
After placing a pitot tube in a position on the leading
edge of the right wing, 20 feet from the receiving an-
tenna, and repeating the test, the noise level increased
to 30 microvolts at the same field.
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Fig. 5-Base noise characteristic of 0.128 -inch bare copper wire pro-
tected by a high -resistance cord and installed on RB-37 suspended
in the hangar. Noise measured at 900 kilocycles, airplane charged
negatively.

As evidence that these discharge surfaces behave in a
similar manner in flight, the B-17 research airplane
was equipped with the same i-inch rod placed at cor-
responding positions, and the noise coupled from the
rod was found to be nearly the same as observed in the
hangar experiment for the same corona current.

A plot of noise on bare -wire antennas unshielded by a
high -resistance cord is shown in Fig. 6. Comparing this

plot to the curve shown in Fig. 5, it is clear that the mag-
nitude of the noise coupled from various accessories is
insignificant compared to that generated on a bare -wire
antenna. It is also evident from the observed increase in
the measured noise when the 4 -inch rod is moved to points
closer to the antenna protected by the high -resistance
cord, that surfaces adjacent to the antenna must not be
permitted to discharge corona. Summarizing, corona dis-
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Fig. 6-Noise characteristics for three hare -wire antennas measured
at 900 kilocycles on RB-37 suspended in the hangar. Airplane
charged negative.

charges from other surfaces on the airplane become impor-
tant as noise sources only after the antenna itself is relieved
of the effects of corona discharge.

The most important objective of the antenna in-
vestigation was to increase the threshold of self -gener-
ated antenna noise to a value of the airplane potential
high enough to be of practical value in flight. If an
antenna had a threshold of noise at an electric field on
the bottom of the fuselage of 280 volts per centimeter,
it was felt that by increasing this threshold to 400 or
500 volts per centimeter the number of flights where
the radio would be usable would be notably increased.
This method of approach has been followed throughout
the program of antenna investigation and "threshold"
as used has become an expression of merit when making
comparative antenna tests.

Antenna studies on the laboratory hangar airplane
have been made principally with two fixed -wire installa-
tions. One is thirty feet long extending from an antenna
mast mounted on the fuselage above the cockpit to a
position on the right vertical stabilizer one fourth the
distance from the top. The second is a mirror image
of the first on the left side of the airplane. The position
on the right, called the liaison antenna, has been used to
interchange various types of wires for test purposes,
while the left-hand antenna, called the command an-
tenna, has served as a standard of comparison protected
by the high -resistance cord.

Precautions were taken when examining an experi-
mental antenna, to cover all strain insulators, tension
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units, and any other fittings with several layers of in-
sulating rubber tape. This was a necessary precaution
in order to insure that any measured noise or current
was from the antenna itself, and not from associated
parts. In the investigation of bare -wire antennas of
various diameters, care was taken to see that each sur-
face was cleaned and polished in a uniform manner.
Even then, some doubt existed as to the exact threshold
for the bare wires, due to extreme sensitivity to surface
conditions. In one case it was found that the threshold
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Fig. 7-Corona-discharge characteristics for three bare -wire antennas
on RB-37 suspended in hangar. Airplane charged negatively.

of corona was 100 volts per centimeter lower, because
of the failure to clean the wire with alcohol after buffing.

Bare -wire antennas are of interest because they have
been used universally on aircraft. In the case of a
small dianieter bare wire, it is readily seen that the
antenna will be among the first elements to start dis-
charging because of its small radius of curvature as well
as its exposed position. It is well known that the
potential gradient required to produce corona on a wire
depends upon the radius of the wire; that is, for a given
voltage, the surface electric field decreases as the di-
ameter increases. In general, the field at the surface of
the wire must be reduced to as small a value as possible,
and this is most easily accomplished by using a larger
wire. However, a practical limit soon intervenes be-
cause, for aerodynamic reasons, it is usually considered
inadvisable to use a wire of greater than 0.2 inch in
diameter.

In a series of carefully checked tests, bare wires
consisting of 0.153 -inch aluminum, 0.128 -inch copper,
and 0.04 -inch copperweld have been examined as an-
tennas. Curves in Fig. 7 give the observed relationship
on the airplane in the hangar between the corona cur-
rent associated with these antennas and the electric
field measured on the bottom of the fuselage. It can be
seen that the corona current to the antenna is inap-

preciable for the 0.04 -inch wire below 190 volts per
centimeter. The 0.128 -inch wire has no appreciable cur-
rent below 440 volts per centimeter, and the 0.153 -inch
wire has no current below 580 volts per centimeter.
Remembering that the electric field is approximately
proportional to the airplane voltage, it will be seen that
the order of appearance of corona current is in proper
agreement with the wire diameters. Particular refer-
ence to Fig. 6 containing curves of noise as a function
of electric field for these antennas reveals that the noise
rises very rapidly after the threshold voltage for corona
current shown in Fig. 7 is reached. Due possibly to
the lack of similarity of the two surfaces, it has been
observed in repeated checks that, while onset field for
noise on the 0.153 -inch aluminum is above that of
0.128 -inch copper wire, the noise of the larger aluminum
wire rises immediately to a higher value than the noise
of the latter.

Because the measured noise interference is such a critical
function of discharge current, an antenna cannot be per-
mitted to discharge more than a fraction of a microampere
of direct current, if communication is to be maintained.

Since the corona current from the antenna is so
critical, there remain two possible methods of reducing
the noise. One method is to insulate the wire with a
dielectric material that will prevent corona from occur-
ring on the surface of the wire. An alternate method is
to allow the wire to discharge, but to treat it in a man-
ner that will make the discharge noiseless.

Studies have been made of the possibilities of cover-
ing bare -wire antennas with high -resistance fibers and
semiconducting material for the purpose of forcing the
corona transients to assume a time variation, which is
known to produce noninterfering corona discharge. For
the purpose of the test it was convenient to use a No.
16 copper, cotton -covered magnet wire saturated with
a solution of water and glycerine. There were then a
multitude of tiny high -resistance fibers that reduced the
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Fig. 8-Noise characteristic for discharging magnet wire antenna
measured at 900 kilocycles on RB-37 suspended in the hangar.
Airplane charged negatively.

steepness of the discharge current wave front. Also, the
coupling capacitance along the very fine fibers was so
small that transient electrostatic effects were not coupled
into the radio receiver. It is interesting to observe that,
while being tested in the laboratory, this type of an-
tenna wire discharged up to 300 microamperes and still
permitted intelligible reception of a local broadcast
station. A plot of noise versus electric field in Fig. 8
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shows that the maximum noise measured is but a few
microvolts above that of the corona -free antenna
(Fig. 5). This system of providing an improvement in
reception during precipitation -static conditions was be-
lieved to be of real significance for two reasons: first, be-
cause of the quiet nature of the directly coupled corona
discharge; second, because the antenna acts as an effi-
cient airplane discharger.

The use of this type of antenna as a noise -free an-
tenna in actual flight has not been found satisfactory.
While it is apparent that the effect of the wind blowing
over the discharge fibers has an effect upon discharge,
thus changing the character of the corona noise, a com-
plete explanation for the discrepancy must await the
development of a sufficiently high-speed oscillograph
suitable for flight tests.

As emphasized previously, the noise produced in a
receiver by an antenna is usually quite small until
corona current is observed. This suggests that if corona
current could be suppressed completely by covering the
wire with an insulating layer the antenna would be satis-
factory. This, however, offers several problems in choos-
ing the proper insulating material. If it be remembered
that the antenna is in an exposed location and subject
to very high electric fields, and, also, that aircraft are
flown in a wide range of weather and temperature con-
ditions, the varied requirements for the material be-
come apparent. In general, the following specifications
must be met:

(1) very high electrical resistance;
(2) high dielectric strength;
(3) low radio -frequency loss;
(4) operating temperature range (-100 to +100 de-

grees centigrade);
(5) minimum deterioration due to ultraviolet radia-

tion.
Extensive laboratory and flights tests have shown

that a comparatively new plastic, known as polyethyl-
ene, comes close to meeting all of these requirements.
Completely insulated antennas will not discharge corona
current until electric fields sufficient to puncture the
dielectric are encountered, and they will be compara-
tively free of noise until that time. The puncture,
when it occurs, is usually about ten mils in diameter
and extends radially from the outside of the insulation
to the surface of the embedded wire. It is interesting to
note that on polyethylene insulated antennas having
well taped fittings, the puncture always occurs at the
point most exposed relative to the surface of the air-
plane, or more specifically, in the position of maximum
field intensity. With a single puncture the discharge
current and accompanying noise are about the same as
if the wire were completely bare.

Another characteristic of the insulated antenna wire
is the quasi -periodic redistribution of free charge on
the outside surface of the insulation, due to the changing
electrical conditions. This redistribution of charge in-
troduces into the receiver an occasional popping noise

of low intensity that is found not to interfere with the
intelligibility of the communication.

When it became clear in the course of investigation
that the interfering signals generated by corona bursts
from the antenna itself were of much greater im-
portance than the signals coupled from other sources of

corona discharge, and the insulated antenna had been
devised experimentally as a remedy, flights with the
B-17 research airplane were made under simulated
autogenous charging conditions to check the extent of
reduction of precipitation static that could be accom-
plished by the replacement of bare -wire antennas.

Measurements of the 300 kilocycle -noise on an 0.04 -
inch bare -wire antenna and on a polyethylene insulated
antenna are shown in Fig. 9. These antennas were sym-
metrically located on the B-17 in much the same manner
as the command and liaison antennas on the RB-37
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Fig. 9-Noise and corona -discharge characteristics for bare -wire and
insulated antenna installed on B-17 in flight under simulated
autogenous charging conditions. Airplane charged negative. No
measurable corona current observed from insulated antenna at
highest electric field attainable with artificial charger.

airplane. The noise measurements necessarily include
components from all interfering signals on the air-
plane which might be coupled into the receiving an-
tenna, including noise due to corona discharge from
antenna accessories, and commutator sparking in servo-
motors and similar equipment. The base noise level
may, therefore, vary slightly from day to day or be-
tween the two test antennas as indicated by the differ-
ence in base noise levels of the two noise curves. To
show the correlation between the noise level on an
antenna and the corona -discharge current, the dis-
charge current from the bare -wire antenna is plotted
in Fig. 9. No discharge current was measured from the
insulated antenna wire at the highest potential attain-
able by use of the artificial charger. The noise curves
show clearly that, as the electric field of the airplane
is increased, there is a fairly constant base noise signal
until some potential is reached which produces inter-
fering corona -discharge current, either from the an-
tenna itself, as was the case for the bare -wire antenna,
or from some adjacent portion of the airplane or an-
tenna system, as must have occurred in the case of the
insulated antenna at an electrk field of about 350 volts
per centimeter.
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It is desirable, as will be shown later, to promote dis-
charge from an airplane flying through charging condi-
tions and the 1 -inch rod tests have shown that it is
feasible from the point of view of noise interference to
encourage discharge of corona currents from the air-
plane extremities farthest from the antennas, for ex-
ample, the wing tip. This can be done by means of
special discharging devices designed to take advantage
of the high electric fields existing at these points.
If these dischargers can be so constructed that the
corona current from them is "quiet," that is, does not
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Fig. 10-Discharging characteristics of B-25 airplane in flight under
simulated autogenous charging conditions. Airplane charged
negative.

cause as much noise interference as a blunt point dis-
charging the same current, there will be an additional
gain. Mechanical strength must play an important part
in discharger design, because the areas of efficient op-
eration are almost always exposed to turbulent, high-
speed air streams.

Many types of discharge elements have been pro-
posed, among them the Bendix Trailing Wire discharger
which has been widely used by commercial airlines,
arrays of sharp points, radio frequency arc dischargers,
flame dischargers, and the wick discharger developed
by the Naval Research Laboratory.i.4 Nearly all of
these dischargers are "quiet." The arc and flame dis-
chargers operate quietly because they furnish a copious

J. R. Clement, Jr., "Seventh Partial Report on Precipitation
Static Problem," Naval Research Laboratory Report No. 0-2309.
June, 1944.

supply of ions from which those of proper sign can be
carried away by the electric field surrounding the air-
plane without producing a disruptive spark or corona
breakdown. The sharp points have an inherent quiet"
type of corona discharge. The wick and wire dischargers
are quiet because the discharge is from a sharp point
and because the discharging elements are isolated from
the airplane structure by a high resistance that rounds
off the sharply rising fronts of the corona pulses. The
wick discharger has been found to have the most satin'
factory mechanical and electrical characteristics. Two
types have been in production for the armed services,
the earlier "wet" wick discharger requiring the use of a
reservoir of glycerine or ethylene glycol and a later,
or "dry," type prepared by impregnating cotton wicking
with a silver deposit and providing mechanical strength
by inserting the wicking in a flexible plastic tube.

Fig. 10 illustrates the advantages of discharger in-
stallation on a B-25 airplane. The currents represent
the rate of charge generation on the airplane at cor-
responding values of the electric field measured on the
bottom of the fuselage. If, for example, a condition
exists in which a 100 -microampere charging current is
supplied to the airplane (a typical autogenous charging
condition) it will be noted from Fig. 10 that with no
wicks on the airplane the electric field would rise to a
value of 430 volts per centimeter with a corresponding
bare -wire antenna current of 25 microamperes, which'
is large enough to block all signals on that antenna.
However, with an installation of two dry -wick dis-
chargers on each wing tip and one at the top of each
vertical stabilizer, the same charging current would
raise the airplane field to only 200 volts per centimeter,
which is below the corona onset field for the bare -wire
antenna. The performance of this and, correspondingly,
the performance of all other antennas on the airplane,
will be tremendously improved. Engineering data re-
lating to the number and location of wicks for maxi-
mum effectiveness have been prepared for issue to the
services.4.5

The above considerations are intended to show the
value of the dischargers under autogenous electrifica-
tion. Their value in exogenous fields is not as great,
because the current conducted through the dischargers
usually does not result in any appreciable reduction of
the exogenous field, and also because the orientation
of the exogenous field may not always be such as to
draw corona from an aircraft extremity equipped with
a discharger. However, some advantage is gained by
the noise -free character of the discharge currents when
they pass through wick units.

John W. McGee and R. C. Drutowski, "Installation of dry wick
type electrostatic dischargers," Army -Navy Precipitation Static
Project, Tech. Report; October 1, 1945.



Part V The High -Voltage Characteristics of
Aircraft in Flight*

ROSS GUNNt, ASSOCIATE, AND JAMES P. PARKERt

Summary-The important high -voltage electrical characteristics
of aircraft in flight are determined from (a) flight operations in pre-
cipitation areas; (b) flight operations using a new artificial charger to
electrify the airplane in flight; (c) high -voltage experiments on the
airplane supported in a giant hangar; and (d) theoretical analysis.

It is shown how the fundamental electrical constants of the air-
plane may be approximately determined and how these may be used
to forecast the high -voltage behavior of a flying aircraft. It is shown
that, at a given altitude, the current I discharged by an airplane in

flight is of the form
I = AE + B(E2 -E2o)

where E is the magnitude of the electric field as measured on the
belly and A, B and E0 are constants.

The electrical capacitance of an aircraft in flight is about 20 per
cent of the wing span expressed in centimeters.

S S A RESULT of hundreds of bad -weather air-
plane flights by the precipitation -static research
team at Minneapolis, it is well established that

airplanes flying through various kinds of precipitation
become highly electrified and break into corona. The
estimated voltages may exceed 500,000 volts under
severe conditions and it is of value to analyze the elec-
trical characteristics and the performances in flight of
airplanes when subjected to such high voltages. It is
evident that an airplane in free flight does not permit
the direct determination, by the use of a voltmeter, of its
potential even with respect to its immediate surround-
ings, and therefore new methods and a new approach
must be used.

In all flight operations it has been found necessary to
photograph simultaneously on a photorecorder all the
measured electrical quantities because meteorological
conditions are highly variable when encountered in a
high-speed aircraft. Even then, the interpretation of the
data is frequently difficult and it has been found profit-
able to supplement the air observations by a study of
the behavior of aircraft when subject to very high volt-
ages and supported by long strings of insulators in the
middle of a giant hanger especially built for the work.
Voltages up to 1,200,000 have been applied to full-size
airplanes and their electrical behavior compared with
the same airplanes when highly electrified by actual
flight through natural precipitation. As a guide to the
interpretation of the transition from flight to laboratory
experiment, an artificial charger was invented that per-
mits an experimenter, in flight, to place a free electrical
charge of either sign on the airplane and control its
potential up to 350,000 volts. Because this device can
maintain steady charging conditions and can be oper-
ated in any kind of weather it has been most valuable
in expediting the work of the project.

* Decimal classification: 629.13 X537.26. Original manuscript re-
ceived by the Institute, November 19, 1945.

t United States Naval Research Laboratory, Washington, D. C.

In general, a flying airplane encounters two different
types of electrical conditions. The most important one
occurs when the airplane is charged by encountering dry
snow or ice crystals that communicate a normally nega-
tive electric charge to the airplane. In this case the sign
of the electric charge carried by the plane is everywhere
the same. We have described this type of unipolar
charging as "autogenous" because the charge is self -

generated by the plane. Another important type of air-
plane charging occurs whenever the airplane is adjacent
to a highly charged thundercloud. Because in this case
the charge is transferred from a free charge already
existing in a cloud outside the airplane, this type of

charging is called "exogenous."

ELECTRIC FIELD AND CHARGE DISTRIBUTION
UNDER AUTOGENOUS OR UNIPOLAR

CHARGING CONDITIONS

In another paper' of this series is described an electric -

field meter for measuring the electrical field at selected
positions on the airplane. These meters, operating on
electrostatic -induction principles, may be installed any-
where on a metallic airplane and will measure the
direction and magnitude of the electric field where they
are installed. It has been found convenient to mount
them on the belly of the plane just aft of the main wing
sections, on the top of the fuselage, and on the nose. By
the use of these meters, it has been possible to determine
a multiplier for any selected point on the plane. This
factor when multiplied by the electric field at the refer-
ence position on the belly of the plane, gives the electric
field at the selected point.

Another convenient way to determine the distribution
of electric field over the plane in terms of the electric
field on its belly (which may always be determined in
flight by means of an electric -field meter) is to use a
small model airplane. This model may be supported by
a wire connected to a high -voltage source whose po-
tential is known. The model may be supported at great
distances from the walls of the laboratory, or it may be
enclosed by a grounded metallic shield having the
scaled -down dimensions of the large hangar. By the use
of a "proof -plane" consisting of a small ball bearing
attached to a quartz fiber, the charge from selected
areas on the electrified model may be transferred to an
electrometer for measurement. It can be shown that the
charge carried by the proof plane is proportional to the
electric field on the model at the last point touched.
Thus, the small proof plane may be touched to a point

Ramond C. Waddel, Richard C. Drutowski, and William N.
Blatt, "Aircraft instrumentation for precipitation -static research,"
PROC. I.R.E., vol. 34, pp. 161P -167P; April, 1946.
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on the belly of the plane where the electric -field meter is
normally installed in the full scale, and the charge from
this point measured. In a similar way, the proof plane
is brought in contact with various interesting points on
the airplane and the ratio of the measured charge to
that at the referenced point on the belly is noted. Evi-
dently, then, the ratio of the electric fields at the
two points may be specified. Care is taken to see that
the charge supplied to the model airplane from the high -

voltage source is through a wire which the proof plane
cannot "see" at the time of its last contact. In this way
the corrections for distortion are kept at a minimum.
Representative results for a typical two -engine airplane
are shown in Figs. 1 and 2. The numbers in the circles
when divided by ten give the ratio of the electric field at
the point to the field at the point of reference. For ex -

Fig. 1-Top view of model plane showing the field measurements
relative to reference base of 10.

ample, the field at the wing tip is 7.3 times the reference
field at the belly of the plane.

As a result of these model tests, adequately checked
by full-scale measurements using the induction electric -
field meters, it is found that the outermost areas of an
airplane experience electric fields many times the value
measured on the belly. Therefore, as the average charge on
the airplane increases, these outermost areas are the
first to experience fields sufficient to break down the air
and thus produce corona. On many planes the antennas
extend so far from the plane that these go into corona
first. On a typical midwing monoplane, the observed
order of appearance of corona is as follows: antenna,
propeller tips, pitot tube, wing tips, and empennage.
Thus, as the charging current to an airplane increases
and its voltage rises, various areas, beginning frequently
with the antenna, successively break into corona and
in this way discharge more and more current until an
equilibrium is established between the charging and dis-
charging rates. In a darkened hangar one may actually
watch the development of corona on the airplane. At
750,000 volts, beads of corona become visible on a bare -
wire antenna and at 1,100,000 volts, all the outer areas
of considerable curvature are outlined. We have success-
fully photographed the distribution of this corona but

unfortunately the pictures are not suitable for reproduc-
tion.

It is important to determine just how the magnitudes
and distributions of electric field over the airplanes are
modified by bringing them into a hangar where the walls
play an appreciable part. Employing Gauss' law, one
may write

4rQ = 4irCV = f EdA (1)

where Q is the total charge on the airplane, C is its ca-
pacitance, V is the applied voltage relative to space sev2
eral wing spans away or the walls of the hangar, E is
the normal component of the electric field and dA is the
element of surface area. Assign the subscript H to the

Fig. 2-Bottom view of model plane showing the field measurementt
relative to the reference base of 10.

airplane in:the hangar and F for it in free flight; then one
may write

QH CHV H (ffEdA)H EH

QF CFVF (ffEdA)F EF
(2)

One observes that the ratio of the belly electric fields is
equal to the ratio of the surface integrals of the field
because model experiments show that, although the
fields are increased by the presence of conducting walls,
yet at the distances actually employed the distribution
of electric field was not appreciably changed by their
presence. Thus by (2) it is seen that at constant voltage,
the ratio of the measured belly electric fields inside and
outside the hangar is proportional to the capacitance of
the airplane in the two situations.

Although the above discussion considers the distribu-
tion of electric field over the airplane, the reader is re-
minded that the surface free -charge density a is con-
nected to the electric field E by

E = 4rcr (3)

so that the approximate magnitude and distribution of
the free charge are simultaneously described.
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THE CAPACITANCE OF A FLYING AIRPLANE

Because of the complicated geometric shape of an air-
plane it is impossible accurately to calculate its capaci-
tance. The electrical capacitance C of an isolated sphere
is equal to its radius expressed in centimeters. Similarly,
the capacitance of a thin flat disk is 63 per cent of its
radius. An airplane is not equivalent either to a sphere
or a disk but obviously its capacitance will be some
appreciable fraction of its semiwing span. The above -
given capacitance is that which results when the com-
pensating charges are at infinity. When these com-
pensating charges are brought close to the plane, as on
the walls of an enclosing hangar, the capacitance is
always increased. The capacitance C of a sphere of
radius R1 enclosed by, and concentric, with another
sphere outside of radius R2, is

C =
R1

(4)
R11 - -
R2

The analogous equation for a thin disk of radius R1 sur-
rounded by an ellipsoid of revolution spaced from it
along the axis of the disk by a distance bR1 is

R1
C = (5)

tan -'b

From (4) and (5), one may make Table I where CF is
the capacitance when the concentric enclosing equipo-
tential surface is at infinity, CS=R when the enclosing
surface is separated by one radius from the central con-
ducting system, and CS=.2R is its value when the surface
is two radii away. Table I is given to emphasize the fact

TABLE I

Sphere
Circular

Plate

CF

Cs -25

Cs -R

2R

2

3R

2

4R

2

2R

7r

3R

7r

4R

that the distance of an enclosing equipotential surface
from the central electrode (expressed in the dimensions
of this electrode) produces substantially the same frac-
tional increase in the capacitance and is relatively
insensitive to the exact shape of the body. Thus, it is
permissible to determine the approximate capacitance
of an airplane in free flight by measuring its capacitance
suspended in the middle of a large hangar and correcting
for the presence of the walls by a relation having the
form of (4). Noting that the capacitance of a sphere in
free space is equal to its radius and employing (4), it is

found that

CHR2
CF =

CH + R2
(6)

Where CH is the capacitance measured in the hangar,
R2 is the radius of the equivalent sphere surrounding the
plane whose effective radius or isolated capacitance is
CF. It has been found convenient in discussing the dis-
tribution of electric fields and potential around an air-
plane to describe these quantities in terms of an
"equivalent sphere" whose radius is identical with the
capacitance of the airplane in flight. As an example, the
measured capacitance of one of the laboratory planes
(a B25 or Mitchell Bomber) suspended in the closed
research hangar was 769 micromicrofarads or 700 centi-

meters, while the height of the shielded hangar was 2000
centimeters. Therefore, taking R2 =1000 centimeters and
CH equal to 700 centimeters, it is found that CF is equal
to 412 centimeters. Expressing this capacitance in terms
of the semiwing span of the plane which was 1004 centi-

meters, it is found that the plane's capacitance is 41 per
cent of the semiwing span. The capacitance of a similar
airplane model suspended in a room so large that the
presence of the walls could be ignored turned out to be
40 per cent of the semiwing span expressed in centime-
ters. Thus, a rough rule of value in quickly determining
the capacitance of a typical midwing monoplane once
its dimensions are known is simply to take 40 per cent
of its semiwing span or 20 per cent of its wing span, all
expressed in centimeters.

THE EFFECTIVE POTENTIAL AS DETERMINED FROM

THE BELLY ELECTRIC FIELD

The potential of an airplane in relation to the space
several airplane diameters away is an important
characteristic of the airplane. The total current dis-

charged depends on the integrated value of the electric
field throughout the discharge circuit rather than the
electric field as measured at the belly. That is to say, the
current flowing in any circuit depends on the voltage ap-
plied rather than the electric field at some selected place.
All our experimental data point to this fact and show that
comparable interfering conditions are encountered on an

aircraft at the same voltage whether the airplane is in
the air or supported on insulators in the hangar.

Laboratory experiments show that, except at the very
highest voltages, the voltage is proportional to the elec-
tric field on the belly of the plane, and this constant of
proportionality is easily determined from hangar meas-
urements because both quantities may be measured
simultaneously. However, in free flight the determina-
tion of voltage from the measured belly electric field
must be determined in other ways. Two methods are
useful and lead to results that approximately agree.

One method of determining the voltage from observed
quantities in free flight is to determine the effective dis-
charge resistance of the airplane from measurements of
the time of discharge of an initial quantity of free elec-
tricity. A free charge is placed on the airplane in flight
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at a selected altitude; the charging device is sharply cut
off, and the subsequent decay of charge as determined
from the belly electric -field meter is measured. Provided
the discharge obeys Ohm's law, and this is usually true
only at the lowest voltages, the decay is exponential with
a time constant r = RC where C is the capacitance of the
charged system and R the effective discharge resistance.
Now at the same altitude and employing the artificial
charger a curve is obtained for the relation between the
equilibrium current I to the airplane as a function of the
belly electric field E. Since the charging and discharging
currents are identical in the steady state, the resistance
R of the equivalent discharge circuit in flight is

V KE

I I (7)

Thus one may solve for K the constant of proportional-
ity between electric field and voltage in terms of measur-
able quantities or

VF IR Jr
K = (8)

EF EF EFCF

The method is satisfactory if r can be determined with
sufficient accuracy. Another more practical method of
determining the effective voltage on the airplane in
flight is to solve (2) for

CH VH
VF = EF =

CF EH
Thus, if hangar data are available so that VH/EH can be
determined and if the capacitances both inside and out-
side the hangar are known, then K is easily determined.
From this the effective potential on the aircraft in flight
is easily determined by multiplying k by the observed
belly electric field.

CURRENT, ELECTRIC FIELD, AND VOLTAGE
RELATIONSHIPS IN FLIGHT AND IN

THE HANGAR

By use of the artificial charger it is practicable to de-
termine the current discharged by an airplane, in flight,
as a function of its electric field. For small values of
electric field the discharge current rises linearly with the
electric field but starts to increase more rapidly as the
belly fields exceed 75 volts per centimeter, as may be
seen by reference to Fig. 3. This curve was obtained in
free flight in a B25 medium bomber at an altitude com-
parable to that of the hangar. A project airplane sup-
ported in our hangar and supplied by the high -voltage
source has been shown.' It is of interest in view of our
ability to estimate the effective voltage applied to the
airplane in flight, to compare these discharge charac-
teristics with those measured in the experimental hangar.
Attention is drawn to the fact that the physical condi-
tions existing in the hangar and in flight are not strictly
comparable. In flight the air surrounding the airplane is
constantly being replaced and space charge is not a very

2 Gilbert D. Kinzer and John W. McGee, "Investigations of
methods for reducing precipitation -static radio interference," (Fig.
3), pp. 234-241; this issue.

KEF. (9)

important factor. Moreover, in flight the engine exhaust
provides a copious supply of ions that serve to discharge
a part of any accumulated electrification.
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Fig. 3-Observed charging current versus belly electric field in flight

It has been observed in many experiments in which
the mixture and operating conditions of the engine were
changed, that the effective discharge resistance at small
electric fields was approximately doubled when a single
engine was used instead of two. The recombination of
ions outside the actual flame areas of the exhaust stacks
is so great that the ion stream does not extend very far
behind the airplane, but in spite of this rapid recombina-
tion, some free ions do escape and these contribute to
the discharge of the airplane. In normal flight a B25
airplane will dissipate about 30 microamperes without
appreciable interference, and this corresponds, as will
be seen presently, to the general area where the current
is directly proportional to the voltage and to the electric
field and therefore obeys Ohm's law. At high discharge
rates the current is carried by corona -produced ions and
the current -voltage relationship is distinctly nonlinear.
When comparing the discharge performance of an air-
plane in the hangar and in flight one must recognize
that the ohmic portion of the conduction will not be
present in an ordinary hangar because the engines are
not in operation and the normally copious supply of ex-
haust ions existing in free flight are quite absent. The
current discharged in the hangar is largely that due to
the ions produced by localized corona discharges widely
distributed over the airplane. It is evident that this type
of discharge also occurs in flight and the observed dis-
charge relationship for the flying airplane should be the
sum of the ohmic and corona discharge currents.

Fig. 4 shows the measured relationships on the B25
when it is supported in the giant laboratory and high
voltage applied, as the electric -field meter and the charg-
ing current are read by an observer hoisted in the air-
plane. Simultaneously the electric field is measured on
the floor below. The airplane supported in position is
shown in Fig. 5. Because of space charge in the stagnant
air surrounding the airplane, the electric field is not a
linear function of the applied voltage, but evidently
the slope of the curve for small potentials is significant
when used in (9). The electric -field meters are arranged
exactly as they are used in flight while the voltage is
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measured on the ground by the use of a calibrated high-

voltage resistor.
The total currents discharged from the airplane in

flight cannot be read directly because the current dis-
charged by the engine exhaust cannot be made to pass
through any microammeter. However, the current may

9
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Fig. 4-Voltage-belly electric field -charging current characteristics
for B25 supported in hangar.
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be determined by noticing that, in a steady state, the
charging current to the airplane is exactly equal to the
total discharging current. Therefore, by the use of an
artificial charger whose charging rate can be measured,
the total -discharge characteristic curve of the airplane
may be determined as a function of the belly electric
field. These data for the B25 are plotted in Fig. 3.

50W1OrmOV mem A
AAAAA mom A

AA AA omo.

Fig. 5-B25 airplane supported and ready for study.

Upon plotting the discharge current from the airplane
in the hangar and in free flight, it may be seen that the
flight curve of Fig. 3 systematically lies above the value
measured in the hangar (see Fig. 4), even though the
latter is corrected for the influence of the adjacent walls
on the readings of the electric -field meters in accordance
with (2). The reasons for this situation will become ap-
parent if the discharge current is plotted against applied
voltage rather than belly electric field. These data are
immediately available in the hangar, but the electric
field in flight must be converted to applied voltage by
means of the conversion factor of (9).

From the data of Fig. 4 it is found that VH/EH = 455
centimeters and, since CH/CF was determined to ap-
proximate 1.70 in our particular hangar, it follows from

(9) that K = 774 centimeters. Utilizing these constants,
a and b of Fig. 6 may be plotted. It is possible that K
may be somewhat large because space -charge effects
at low voltage have been neglected.

A study of Fig. 6 shows that the current discharged in
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Fig. 6-Charging current to airplane in the hangar. Compared with
that in the air for same applied voltage.

flight always exceeds that measured in the hangar. This
is obviously due to the ions discharged by the engine.
The effective discharge resistance, for low fields, can
be calculated from the measured relaxation time
(r =RC) which was observed to be 2.8 seconds. Since
the in-flight capacitance of the B25 is 455 micromicro-
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Fig. 7Effective discharge resistance of B25 in free flight at 4000 feet.

farads, the discharge resistance at 1000 -feet altitude is
6.2 X109 ohms. The voltage -current relationship for such
a resistance is plotted in curve c of Fig. 6. Assuming that
the exhaust discharge obeys Ohm's law, curve d may
be plotted to represent the sum of the hangar -discharge
and exhaust -discharge currents. Curve d of Fig. 6 is
to be compared with the measured in-flight values of
curve a. The agreement is satisfactory in view of the
consecutive steps necessary to determine curve d, and
is within the limit of experimental error.

Using the data of curve a of Fig. 6, a curve for the
equivalent discharge resistance of the B25 airplane
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operating at 4000 feet altitude has been plotted in Fig.
7. It is of value to note that, at low and modest electric
fields, the discharge is essentially ohmic and creates
relatively little noise disturbance, but at the higher
values of the field the discharge becomes unstable be-
cause of the nonlinear discharge characteristics, and
severe radio interference may intervene.

MAGNITUDE OF THE CORONA CURRENT
TAKING ACCOUNT OF SPACE CHARGE

The parallelism in behavior of the currents discharged
in flight and in the hangar emphasizes the desirability
of obtaining a quantitative understanding of the proc-
esses that take place around the airplane under steady-
state conditions. Because the air surrounding the air-
plane in the hangar is essentially stagnant, it is evident
that the effects of space charge must be carefully con-
sidered. It was thought worthwhile to examine theo-
retically the distribution of current, electric field, free
charge, and potential when a very high potential was
artificially applied to the airplane suspended in the
middle of the hangar. At these voltages, due to the
produced corona, it is legitimate to assume that a
copious supply of ions all around the plane is available
and sufficiently uniformly distributed to simulate the
assumed conditions necessary for calculation.

In order to formulate the problem precisely, assume
the airplane is again equivalent to a sphere of radius
Ro whose capacitance is the same as the flying airplane.
Suppose, further, that this equivalent sphere is covered
by conducting textile dischargers like those employed
on some of our discharging antennas. Then, as ap-
preciable voltages are applied to the sphere the sharp,
fuzzy points break into corona and produce a copious
supply of ions. Although the field at the end of the fuzzy
fibers is very large, the electric field a very short dis-
tance outside the sphere will be normal for the free
charge carried by the sphere. The electric field on the
sphere is measured by a generating electric -field meter
and we seek to determine the current flowing from this
suspended sphere both as a function of the observed
electric field on the surface of the sphere and the effec-
tive voltage. To evaluate the current at the surface it
is necessary to consider the volume of air outside the
sphere and determine the currents and charge densities
there.

By Poisson's equation, the free space charge per unit
volume p surrounding the sphere is given by the familiar
relation

1 d dIT)

R2 dR dR
- 471-µ (10)

where V is the electric potential and R is the radius
from the center of the sphere to any selected point. The
total current I from the sphere is

I = 47t-R2ppE (11)

where µ is the mobility of the ions in the air and E is

the electric field. Substituting from (10) and noting
that E=-dV/dR one finds

dE
I = 2µRE2 pR2E - 

dR

The solution of this relation is

(12)

2/ C
E2 = (13)

3µR

where C is a constant of integration. Directing atten-
tion to the electric field as measured at the surface of
the sphere or belly of the airplane, (13) may be written

I = -1.µRo(E2 - E02) (14)

where Ro is the effective radius of the central conductor
and Eo is the electric field as determined just as ap-
preciable current is measured. In spite of the irregular
shape of the airplane compared to a sphere, (14) may
be compared with the current actually measured in the
hangar. One adopts µ =510 centimeters per second per
electrostatic units per centimeter, C=R0= 412 centi-
meters, and Eo = 2.2 electrostatic units per centimeter.

It is interesting to note that the observed and calcu-
lated currents as shown in Fig. 8 agree very well over
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Fig. 8-Charging current to B25 in hangar compared with
the calculated values.

most of the range and that the agreement is better at
the high electric fields than at the lower. It is seen that
some current is actually discharged at values of E be-
low Eo. This emphasizes the fact that an airplane is
very irregular in shape and that electric fields sufficient
to produce corona are produced in special outer areas
before the surface is generally covered by corona dis-
charge. Attention is drawn to the fact that the form of
(14) is such that the discharge current rises sharply
after the critical surface electric field is reached. This



form of variation is consistent with that observed both
for the airplane suspended in the hangar and for the
general behavior of the textile -type fuzzy -wick dis-
charger. Considering the simplicity of (14), the agree-
ment with observation is perhaps better than one has a
right to expect.

One now turns to the evaluation of the radial dis-
tribution of electric field, space charge, and voltage in
the air outside the sphere. From (13)

Eo2R04 21E=
R4 3/.1.1?

and the space charge is, by (11),

I

(15)

P = (16)
21R3

47rtt VEo2Ro4
31.1,

The potential with respect to surrounding space several
wing spans away is an elliptic integral given by

R 21
V = EdR = dR. (17)

Ino R4 3µ12

It may be noted that, when the threshold values are
negligible or when I is very large, this reduces to

81R
V2 = (18)

3µ

The foregoing relations all contain important terms
that involve the space charge in the air outside the air-
plane. It has been determined that rapidly circulating
air in the hangar due to open doors and an outside wind
have a noticeable influence on the magnitude and dis-
tribution of the space charge. In actual flight through
precipitation, space -charge effects are not as big as
they are in the hangar. Qualitatively, however, the
relations show that the space charge around the air-
plane is of the same sign as the airplane and therefore,
were the airplane suddenly grounded, there should be a
reversal of electric field as measured on its belly. This
experiment has been performed in the hangar and re-

versed electric fields observed for a considerable period
of time even though the airplane and the surrounding
walls of the hangar are grounded. The magnitude of this
reversed field approximates one hundred volts per centi-
meter even after the plane has been grounded for a
period of three seconds. The decay after this period ap-
pears to be roughly inversely proportional to the length
of time measured from the instant of grounding.

In general, the measurements of the current dis-
charged from an airplane obey ordinary electrodynamic
laws and it is possible to calculate approximately its
general behavior even in flight. It is clear from Fig. 6
that the current discharged from an airplane in flight
is given approximately by

KE 3
I = R 0(E2 Eo2) (19)

R 2

where the equivalent discharge resistance R depends
critically on the detailed design of the engine exhaust
stacks and upon the gasoline mixture employed.
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Part VI High -Voltage Installation of the Precipitation -
Static Project*

M. NEWMANt AND A. 0. KEMPPAINENT

Summary-A special artificial -lightning generator has been de-
veloped through the University of Minnesota co-operation with the
Naval Research Laboratory, to provide accurate laboratory duplica-
tion of thunderstorm -cloud field conditions. Conditions of electrical-

* Decimal classification: 537.4 X621.375.6. Original manuscript
received by the Institute, November 19, 1945.

t University of Minnesota, Minneapolis, Minn.
United States Naval Research Laboratory, Washington, D. C.

field stress before the lightning discharge are produced by an auto-
matically controlled transition of a generator of high -voltage direct
current into a surge generator, resulting in a doubled field stress and
a surge breakdown with lightning current characteristics. The com-
bination is thus very suitable for studying certain phases of aircraft
operation, particularly communications, under controlled laboratory
conditions, corresponding to flight under electrical -storm condi-
tions.
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I. THE HIGH -VOLTAGE AND LIGHTNING -GENERATOR
INSTALLATION

HE HIGH -voltage -installation design was largely
influenced by the particular application to re-
search requiring the production of electrical

stresses about an airplane corresponding to flight con-
ditions. The laboratory production of a lightning stroke
to an airplane is illustrated in Fig. 1. Besides the
lightning phases of the work where impulse voltages
and currents were necessary, researches on precipita-

Fig. 1-Artificial lightning discharge in the laboratory.

tion static required the test airplane to be brought up
to, and held at, various steady potentials. This led to a
generator design which would allow, by simple reconnec-
tions, any of the following:

(a) direct -current voltages controllable up to 1.5 mil-
lion volts at 5 milliamperes;

(b) impulse voltages of different wave shapes up to
5,000,000 volts;

(c) impulse currents up to 200,000 amperes.
Preliminary calculations indicated that the installa-

tion should come close to reproducing electrical-stress
conditions encountered by an airplane in flight. An ex-
perimental check on differences to be expected from the
proximity of the generator and the surrounding wall
surfaces was made by using a scale model of the entire
installation immersed in an electrolyte, and measuring
the IR drops in the electrolyte which are then propor-
tional to the electrostatic field potentials about the ac-
tual laboratory apparatus and test objects. Measure-
ments checked that the physical presence of the generator
had a negligible effect on gradients about the plane un-
der test.

An important requirement of the installation was that
the direct -current connection should be reasonably free
from radio noise radiation up to 750 kilovolts. Since the
generator was insulated for impulses to 5000 kilovolts,
it was considered that in the direct -current connection
for only 750 kilovolts the subdivided voltages per ele-
ment would be so low as to eliminate serious corona
effects. The same general approach was used in the de-
sign of the over-all corona -shield cap for the generator,
as shown in the close-up photograph of Fig. 2. Instead
of a solid spherical cap surface, it was found simpler to
fabricate a system of curved lengths of aluminum tub-
ing. The field outside the multiple -pipe system is similar
to the field about a grating such as the classical calcu-

lated plot by Maxwell.' A short distance away from the
cap the field is essentially the same as if the cap were
solid, while the individual pipes are largely shielded by
the presence of all the others so that in the particular
configuration the maximum gradient at a given pipe
surface is only about four times greater than if the cap
surface had been perfectly smooth. The curvatures of
the cap aggregate were designed with sufficient margin
for the much higher impulse voltages, so that it was
found in actual practice, as expected, free of corona for
the required 750 -kilovolt direct -current voltages.

The vertical column to the left of the generator, Fig.
2, is a voltage -measuring resistance potentiometer. The
resistance elements are under oil and the connections
between them are made externally with tubing loops
which form a corona -shielding network in the same man-
ner as the shielding -pipe system in the generator corona
cap. This potentiometer gives a very accurate check of
the generator voltages in the direct -current connection
but is not suitable for impulse measurements because
of stray -capacitance effects. Therefore, in the case of
impulse measurements, a low -resistance potentiometer is
lowered from the ceiling opening above the generator to

Fig. 2-Photograph of the generator and voltage -

measuring potentiometer.

the corresponding opening in the generator corona cap.
That space location provides a fairly uniform field in
which a potentiometer may be placed for accurate
impulse -voltage measurements. Measurements can be
made either on the ground or inside the shield cap. The
inside of the shield cap acts as a Faraday cage2 and was
designed to provide laboratory space for measurements
from the high -voltage termination, in either impulse or
direct -current applications.

A special connection system was incorporated into the
design so that a direct -current field may be created

Clark Maxwell, "Electricity and Magnetism," vol. 1, third
edition, Clarendon Press, 1904, plate XIII.

2 M. Faraday, "Experimental Researches," the "Ice -Pail Experi-
ment."
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about the airplane preceding a simulated lightning
surge, corresponding to flight conditions where a rela-
tively steady field precedes a lightning discharge. This
connection system is shown in the photograph of the
generator, Fig. 3, and in the corresponding schematic
diagram in Fig. 4. A great deal of attention was given
to the design of the various connections to provide for
quick changes; for instance, the output polarity of the
generator is very quickly changed simply by reversing
the direction of slant of the double diagonal pipes seen
between steps in Fig. 3.

Fig. 3-Close-up view of the high -voltage generator showing
the rectifier cascade.

The high constant potentials arc built up, as is shown
in Fig. 4, by the familiar "voltage doubler" cascaded
many times. This method has been long known3 in prin-
ciple and is now most generally referred to as the
Cockroft-Walton' method after their successful appli-
cation of such a scheme in nuclear work. Some new im-
provements have been developed in the present circuit
particularly with reference to compensating for voltage
drops in passing power through the capacitor banks;
these and the general theory are taken up in detail later.
It is of interest to note briefly here that the introduced

3 M. Schenkel, "Eine neue Schaltung fur die Erzeugung hoher
Gleichspannungen," Elek. Tech. Zeil., vol. 40, pp. 333-334; July,
1919.

J. D. Cockroft and E. T. S. Walton," Further developments in
method of obtaining high velocity positive ions," Proc. Royal Soc.
(London), vol. 136, pp. 619-630; June, 1932.

system of gaps, shown in heavy lines in the schematic
diagram of Fig. 4, throws the double row of capacitors,
effectively in parallel when operating as a direct -current
generator, into a single -series row resulting in a surge of

\t
,pcxc's)
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FILAMENT SUPPLY
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POWER SUPPLY
500 CYCLES

Fig. 4-Schematic diagram of the high -voltage generator.

voltage double the prior existing direct -current poten-
tial.

The combination of a greater surge superposed on a
prior existing steady field is of particular interest as this
is exactly the condition occurring about an airplane in
flight in an electrical storm. The slow build-up of cloud -
charge centers causes a relatively steady field stress
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about the flying plane, with suddenly superposed surge
stresses resulting from a sudden redistribution of cloud-
charge centers by a lightning stroke to some other part
of the cloud or to the airplane itself. As an illustration,
consider the laboratory -test result shown in Fig. 5.
There the bright spots at the propeller tips and along
the radio antenna are due to corona from a constant

Fig. 5-Lightning-induced streamers at high gradient points.

field, while the streamers are the result of the superposed
voltage surge obtained by the impulsive reconnection
with the intermediate gaps (Fig. 4) functioning.

The resultant streamers from the superposed surge
explain how lightning may hit and leave burning marks
at only one point on a plane with the exit current leaving
in a number of streamer currents, each too small to
cause pitting. Also, it is clear that if the potential were
either higher or of longer duration the streamers would
grow in length and form individual lightning channels
and thus leave actually more points of burning than one
point of entry and one point of exit. Both the above
conditions are found in cases of airplanes hit by light-
ning and would seem explainable by the streamer theory.

A great deal of research has already been done with
the generator supplying various voltages and currents,
and many other research applications are possible. In
connection with such researches it is important to be
familiar with the characteristics of the high -voltage in-
stallation. Therefore, the different generator arrange-
ments will be discussed in greater detail as to general
theory of operation.

II. HIGH -VOLTAGE DIRECT -CURRENT OPERATION

There are a number of possible methods of producing
high -voltage direct currents which have been developed
for X-ray and nuclear researches. A very simple means
of producing high constant potentials on the Faraday
cage principle has been developed by Van de Graaf.'
Electrical charges are carried mechanically on a moving
belt through an opening into the inside of a metallic

R. J. Van de Graaf, K. T. Compton, and L. C. van Atta,
"Electrostatic production of high voltages for nuclear investigations,"
Phys. Rev., vol. 43, pp. 149-157; February 1, 1944.

sphere insulated from ground. The moving belt is
charged by passing through a brush discharge; the input
energy is chiefly mechanical, expended in moving the
charges against the electric field from the sphere being
charged. Inside the sphere the charged belt is, by super-
position of fields, at a higher potential than the sphere
and the charges are transferred to the metallic sphere
through a brush discharge. With the charges continually
transferred to the insulated metallic sphere, the po-
tential of the latter rises to a value limited by rate of
external leakage of charge due to field currents, corona,
and insulation breakdown. Such installations have been
built inside pressure chambers providing increased in-
sulation to voltages as high as 4,000,000 with currents
up to several milliamperes.

But in all electrostatic methods so far, except for
sealed installations under gas pressure,' the charge -

transfer process is affected by atmospheric -humidity
conditions and becomes difficult where higher currents
are needed, so that for general laboratory application
where currents of much more than a milliampere may
be desirable, some sort of power -rectifier cascade is most
suitable.

A cascade of a number of separate rectifier circuits
with transformer coupling is shown in (a) of Fig. 6. In
the case of transformers providing the insulation be-
tween stages, it is clear that each transformer has to
be of a kilovolt -ampere capacity equal to the load of the
sum of all the stages above it. It is readily apparent
also that the potential distribution becomes impossibly
bad as the number of cascade steps is increased because
of the potential drops due to the leakage reactance, as
is apparent from the equivalent diagram (b) of Fig.
6. It occurred to the writer to consider compensating
the leakage reactance with capacitative reactance by
introducing capacitors as shown in (c), which in turn led
to other interesting variations.

The next change considered transfers the burden of
insulation between the transformer into these capacitors
as in (d). A logical consequent step transfers the power -
coupling function also to the capacitors as shown in
(e). Now to compensate for the capacitative reactance
drops, inductive reactance may be introduced as in (f).
The final logical step is to use these coupling capacitors
as smoothing capacitors, which is accomplished by re-
converting the schematic diagram of (f) of Fig. 6 into
the practical equivalent as shown in (g) of Fig. 6.

Examining the resultant circuit, it is seen that the stor-
age capacitors act also as the coupling network supply-
ing power to the transformers, but to keep the potential
drops low, it is advisable to use a higher input frequency.
Simple rotating inductor generators are available in
ratings of several hundred kilowatts with frequencies of
the order of 10,000 cycles. The transformers incidentally
may be so designed to compensate, by parallel resonance,

6 R. G. Herb, D. B. Parkinson, and D. W. Kerst, "The develop-
ment and performance of an electrostatic generator operating under
high air pressure," Phys. Rev., vol. 51, pp. 75-83; January 15, 1937.
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(a) (b) (C) (d)

I

_IL 1- J_

(e) (f) (q)

Fig. 6-Consecutive modifications of a transformer -coupled rectifier cascade into a capacitor -coupled system.

for the stray -capacitance charging current between the
capacitor banks. The series reactors compensate for
the series -coupling capacitor impedance, though not
completely for the rectified currents. For heavy out-
put load the steady-state rectifier -transformer cur-
rents may be as shown in Fig. 7(a), which might be
considered as made up of harmonics as in Fig. 7(b).

\_J
a. RECTIFIER LOAD CURBDIT

D. COMPONENT CURRENT HARMONICS

C. COMPENSATING IMPEDOR

Fig. 7-Compensating scheme for load -current voltage drops.

It is not difficult to arrange a circuit of practically neg-
ligible impedance for the chief harmonics; a filter
circuit as shown in Fig. 7(c) might 'replace the reactor
to compensate for the third and fifth harmonics as well
as the fundamental. The effect of the higher harmonics
would be relatively negligible.

Thus, with the suggested cascade scheme it is possible
to have a large number of units and yet retain good po-

tential distribution in a relatively simple manner. It is
of interest that, in the resultant cascade, the filament
current for the Kenotrons is also supplied by the trans-
formers through the capacitor network. In the same
manner, power may be drawn at the high -potential end
for various purposes, as, for example, for ion or electron -
source apparatus in nuclear or X-ray applications. Cal-
culations indicate that it becomes technically feasible to
construct such a cascade with an output potential of
5 X 106 volts, and possibly 10 X 106 volts, with less than
1 per cent ripple at output currents from 10 to 100
milliamperes.

5.

SWITCHING DIAGRAM
COCKROFT -WALTON

SCHEME

1T1
=1

T II TT_

COCKROFT-WALTON
SCHEME

f-1
I

TT TT

EARLY SCHEME BY
M. SCHENKEL

Fig. 8-Fundamental diagram of the Cockroft-Walton scheme.

The resultant circuit developed uses a double row
of capacitors and thus resembles somewhat similar
schemes3,4 developed and explained on the basis of a
switching operation, as in Fig. 8, by Cockroft and
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Walton for application to ion acceleration. No trans-
formers were used in the original Cockroft-Walton
circuit with the Kenotron filaments supplied by insu-
lated storage batteries as shown in Fig. 9(b). It is of par-
ticular interest to compare further the developed com-
pensated -transformer cascade as shown in Fig. 9(a) with

H. V.

4

actually existed as shown in Fig. 9(c). With the above
theoretical approach it becomes clear how improve-
ments could be made in the Cockroft-Walton circuit
by use of resonant compensating inductors as developed
in the compensated -transformer system.

For very high direct voltages at relatively high
H. V.

(a) (b) (c)
Fig. 9-Various forms of capacitor -coupled rectifier cascades.

the Cockroft-Walton scheme of Fig. 9(b). If autotrans-
formers were used in the transformer system and the
ratio made unity, the schematic diagram of Fig. 9(a)
would reduce to that shown in 9(c). The resemblance is
seen to be very close, and indeed if only the charging
voltage function of the autotransformers is considered,
then as their ratio is made unity they could obviously
be taken out, if the filaments were supplied some other
way, and the result would be identical with the Cock-
roft-Walton circuit. This equivalent development is of
interest in that it clarifies just how the Cockroft-Walton
circuit has essentially the same characteristics of power -

transfer as if a series of "imaginary" transformers

power output the compensated -transformer system
has advantages in that parallel as well as series compen-
sation is provided. But for the particular laboratory
installation, which for the present did not require ex-
tremely high voltages, it was considered simplest to use
features of the transformerless Cockroft-Walton system
with a superposed higher -frequency feed such as also
suggested and used by Bowers,' and incorporating new
features of series -resonant compensation for much of
the power drop in the capacitor columns.

The operation of the generator in the direct -current

A. Bowers, F. A. Heyn, and A. Kuntke, "A neutron generator,"
Physica, vol. 4, pp. 153-159; February, 1937.
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connection is illustrated by the test run of Fig. 10 with
point -to -plane corona loading at various voltages. It is
of interest to note that care must be taken in making
and interpreting measurements with such high direct -
current voltages. The resistance potentiometer used
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Fig. 10-Field stress and corona -current variation.

proved very suitable for determining the voltage of the
generator and gave excellent agreement with field
strength readings (electric -field -meter curve of Fig. 10),
in the field of the corona shield. The exact proportional-
ity indicated an absence of corona effects in the space
chosen for the electric -field methods of measurement of
the generator voltage. However, in general experimental
work where corona currents are involved, the electro-
static field may be distorted by resultant space charge.
Thus in Fig. 10, is the point -to -plane corona current
in the presence of a corona -current drift from the con-
necting lead shield S. When the external ionization was
reduced by using a larger -diameter shield section S',
the point current increased as shown by curve It is
clear, therefore, that space charges, and in that connec-
tion also humidity, are important factors to be consid-
ered in such high -voltage direct -current experimental
work.

III. IMPULSE OPERATION

Impulse -voltage generators to as high as 5 X 106 volts
to ground have long been in use for lightning research in

many laboratoriess-" to reproduce artificially the light-
ning -stroke effects on electrical transmission systems.
The generator shown in Fig. 1, rated at 5 X106 volts
standard surge waves, can produce, in the impulse
connection, voltage crests of about 8 million volts. The
design was made such as to allow future expansion to a
standard surge -wave rating of 10 million with possible
15 million peaks. The characteristic advantage of the
impulse generator is that it is possible to design for a
short -time operation at very high energy outputs of the
order of 50,000,000 kilowatts. This allows great leeway in

8 Ross Gunn, "Principles of a new portable electrometer," Phys.
Rev., vol. 40, pp. 307-312; April 15, 1932.

E. Marx, P. Jacottet, "Recommendations for the generation and
use of surge voltages for test purposes," E. T. Z., vol. 60, pp. 870-874;
July 20, 1939.

10 P. L. Bellaschi, "Full lightning currents attained in laboratory,"
Elec. World, vol. 103, pp. 430-431; March 24, 1934.

n. W. E. Burton, "Determining the effect of lightning on the aero-
plane," Aviation, vol. 28, pp. 149-151; January, 1930.

securing a proper potential distribution with potentiom-
eter arrangements and eliminates many problems with
corona leakages inherent in constant potential schemes.
There are also electrical -insulation advantages which

- 11

T

(a)

,R0

j

(b)
Fig. 11-Impulse generator connections and equivalent circuits for

standard surge waves;
(a) 1.5- to 40 -microsecond surge wave,
(b) 1- to 5 -microsecond surge -wave connection.

make the impulse generator the easiest means of obtain-
ing very high potentials. In applying such potentials in
particular investigations a thorough analysis of the
transients involved was considered important, and cal-
culations were made including the effect of the distrib-
uted constants" which space limitations put beyond the
scope of the present paper.

Briefly, the principle of the impulse generator, which
has been generally used in lightning researches, is the
Marx connection's as in Fig. 11(a). A bank of capacitors
is charged in parallel; when the voltages of the capaci-
tors exceed the intermediate gap -setting value, these
gaps break down, which effectively reconnects the ca-
pacitors in series. If there were no stray capacitances as
those indicated by dashed lines in Fig. 11, the voltage
thus suddenly obtained would be nominally n times the
individual capacitor voltage, where n is the number of
capacitors. The parallel resistors eventually bring the
voltage down to zero exponentially, but the decay
process may be extended so that the time of decrease to

M.12 Newman, "Production of very high voltages for research
application," (Thesis), University of Minnesota; 1937.

13 E. Marx, "Erzeugung von verschiedenen Hockspannungsarten
zu Versuchs- and Prufzwecken," Elek. Tech. Zeit., vol. 46, pp. 1298-
1299; August, 1925.



one half the initial maximum may be hundreds of micro-
seconds long. The duration of the wave is controlled by
changing the effective value of shunt resistance in the
discharge process, or by changing the value Ro in the
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Fig. 12-Typical field records of lightning currents.

generally used impulse generator connection shown in
Fig. 11(a). The equivalent circuit diagrams as given in
the lower part of Fig. 11 have been proved a rather good
approximation of the distributed network allowing
fairly accurate calculation of the output wave shapes
produced.

A comparison of typical laboratory wave shapes with
similar field records of lightning surges is given in Fig.
12. By reconnecting the capacitors of the generator in

parallel groupings, very high crest -current magnitudes
are attainable which come quite close to duplicating
field conditions. The natural -lightning record shown in
Fig. 12 is quite easily reproducible, and even the great-
est crest values recorded with natural lightning, of the
order of 200,000 amperes, are readily possible in the
laboratory. Where very large currents are encountered
their duration is relatively short, and the laboratory
generator with its Q of 5 coulombs in the parallel connec-
tion provides a very respectable imitation of the real
thing. In cases of repeated lightning strokes or lower -
current long -duration strokes where charge transfers of
100 coulombs have been observed in the field, the lab-
oratory -lightning generator could be synchronized with a
high -current power -line source at 60 cycles to duplicate
pitting and burning effects of natural lightning. With
such voltages and currents it is possible to duplicate
fairly closely actual lightning-surge conditions.

The specially designed generator discussed in this pa-.
per has been used in the direct -current -connection
series -compensating inductances incorporated directly
in the lead connections between the capacitors as seen
in Fig. 3. The similarity of the resultant set-up with
that of the resistance -coupled impulse generator led in
turn to a consideration of the possibility of a simple
conversion -gap system capable of superposing surge po-
tentials on the direct -current output voltage. The re-
sultant combination circuit was worked out quite simply
as shown in Fig. 3 and the schematic diagram of Fig. 4.
The combination direct -current and impulse connection
provides probably the nearest approach yet made to
lightning -stress conditions where there is an electro-
static field preceding the discharge. This opens interest-
ing possibilities for making a comprehensive study of
lightning hazards in relation to aircraft" and studies on
means of protection to minimize such hazards.

14 I. M. Bryant and M. Newman, "Lightning discharge investi-
gation-I," University of Minnesota Eng. Exp. Sta., Technical
Paper No. 38; April, 1942.

A Note on. a Simple Transmission Formula*
HARALD T. FRIISt, FELLOW, I.R.E.

Summary-A simple transmission formula for a radio circuit is
derived. The utility of the formula is emphasized and its limitations
are discussed.

INTRODUCTION

FTHIS NOTE emphasizes the utility of the following
simple transmission formula for a radio circuit
made up of a transmitting antenna and a receiving

antenna in free space:

Pr/Pt = Aril e/d2X2 (1)
where

* Decimal classification: R120. Original manuscript received by
the Institute, December 6, 1945. Pa.

t Bell Telephone Laboratories, Holmdel, N. J.

Pt= power fed into the transmitting an-
tenna at its input terminals. Same units

PT= power available at the output termi- of power
nals of the receiving antenna.

Ar=effective area of the receiving an-
tenna.

A t= effective area of the transmitting Same units
antenna. of length

d= distance between antennas.
= wavelength.

The effective areas appearing in (1) are discussed in
the next section and this is followed by a derivation of
the formula and a discussion of its limitations.

254 Proceedings of the I.R.E. and Waves and Electrons May, 1946
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EFFECTIVE AREAS

The effective area of any antenna, whether trans-
mitting or receiving, is defined for the condition in which
the antenna is used to receive a linearly polarized, plane
electromagnetic wave. The author suggests the adoption
of the following definition:

or

A Of. = Pr/P0

Pr = POA el* f.

(2)

(3)

where Pr is the received power as defined above and Po
is the power flow per unit area of the incident field at the
antenna. In words, (3) states that the received power is
equal to the power flow through an area that is equal
to the effective area of the antenna. Note that the defini-
tion does not impose the condition of no heat loss in the
antenna. Equation (3) shows that the effective area of
an antenna is proportional to its power gain.

The effective areas of antennas of special interest are
given in the following:

A. Small Dipole with No Heat Loss

For a small uniform current element the available
output power is equal to the induced voltage squared,
divided by four times the radiation resistance. Thus

Pr = E2a2/4Rrad.

where
E= effective value of the electric field of the wave.
a =length of the current element.

Rrad. =radiation resistance of the current element
(Rrad. 807r2a2/x2).1

Since the power flow per unit area is equal to the elec-
tric field squared divided by the impedance of free space,
i.e., Po = E2/1207r, we have

A dip. = Pr/P0 = 3X2/87r = 0.1193X2. ( 4)

The effective area of a half -wavelength dipole with
no heat loss is only 9.4 per cent, 0.39 decibels,' larger
than the effective area of the small dipole. Therefore

/10.5X = 0.1305X2. (5)

The area of a rectangle with one-half wavelength and
one -quarter wavelength sides is 0.125X2 and it is, there-
fore, a good approximation for the effective areas of
small dipoles and half -wavelength dipoles.

B. Isotropic Antenna with No Heat Loss
The hypothetical isotropic antenna has the same radi-

ation intensity in all directions. It has two thirds of the
gain3 or effective area of the small dipole. Therefore

Ai.otr. = X2/4r. (6)

1 S. A. Schelkunoff, "Electromagnetic Waves," D. Van Nostrand
Company, Inc., New York, N. Y., 1943, p. 134, equation (3-3).

2 See p. 341 of footnote reference 1.
See p. 337, equation (5-2), of footnote reference 1.

C. Broadside Arrays (Pine -Tree Antennas)

The effective area of an antenna array made up of a
curtain of rows of half -wave dipoles spaced half a wave-
length was calculated several years ago by the method
of Pistolkors.' Equal amplitude and phase of the cur-
rents in all the dipoles and no heat loss were assumed.
The effective area of such an array with a reflector that
doubled the gain was found to be approximately equal
to the actual area occupied by the array; thus

Apine-tree n X 0.5X X 0.5X (7)

where n is the total number of half -wave dipoles in the
front curtain. Formula (7) is a good approximation for
large antennas. For example, an antenna of 6 rows of 17
dipoles each gave a calculated effective area only 3 per
cent below the value obtained by (7). It should be
pointed out that the heat loss in the connecting trans-
mission lines will reduce the effective areas in actual an-
tennas.

D. Parabolic Reflectors

The effective area of the parabolic type of antenna
with a proper feed has been found experimentally to be
approximately two thirds of the projected area of the re-
flector.

E. Electric Horns-Aperture Sides>>X
The effective area of a very long horn with small aper-

ture dimensions is 81 per cent of the area of the aperture.
For an optimum horn, where the aperture is dimen-
sioned to give maximum gain for a given length of the
horn, the effective area is approximately 50 per cent of
the area of the aperture.'

DERIVATION OF TRANSMISSION FORMULA (1)

Having defined the effective area of an antenna, it is
a simple matter to derive (1). As shown in Fig. 1, con-
sider a radio circuit made up of an isotropic transmitting

TRANSMITTING ANTENNA RECEIVING ANTENNA
(ISOTROPIC) (EFFECTIVE AREA Ar)

nor
Pt/ I \ j Pr.

d

Fig. 1-Free-space radio circuit.

antenna and a receiving antenna with effective area A,..
The power flow per unit area at the distance d from the
transmitter is

Po = Pe/47rd2. (8)

Assuming a plane wave front at the distance d, defini-
tion (2) for the effective area and formula (8) give

Pr/Pe = Ar/47d2. (9)

Replacing the isotropic transmitting antenna in the
' A. A. Pistolkors, "The radiation resistance of beam antennas,"

PROC. I.R.E., vol. 17, pp. 562-579; March, 1929. See also Table I
in "Report of Radio Research in Japan," vol. 3, no. 1, June, 1933.

See pp. 364 and 365 of footnote reference 1.



illustration with a transmitting antenna with effective
area Al will increase the received power by the ratio
A t/ A isotr and we obtain

Pr/Pi = A rA t/Llird'A motr. (10)

Introducing the effective area (6) for the isotropic an-
tenna, we have (1).

LIMITATIONS OF TRANSMISSION FORMULA (1)

In deriving (1), a plane wave front was assumed at the
distance d. Formula (1), therefore, should not be used
when d is small. W. D. Lewis, of these Laboratories, has
made a theoretical study of transmission between large
antennas of equal areas with plane phase fronts at their
apertures and he finds that (1) is correct to within a few
per cent when

d 2a2/X (11)

where a is the largest linear dimension of either of the
antennas.

Formula (1) applies to free space only, a condition
which designers of microwave circuits seek to approxi-

mate. Application of the formula to other conditions
may require corrections for the effect of the "ground,"
and for absorption in the transmission medium, which
are beyond the scope of this note.

The advantage of (1) over other formulations is that,
fortunately, it has no numerical coefficients. It is so
simple that it may be memorized easily. Almost 7 years
of intensive use has proved its utility in transmission
calculations involving wavelengths up to several meters,
and it may become useful also at longer wavelengths. It
is suggested that radio engineers hereafter give the radi-
ation from a transmitting antenna in terms of the power
How per unit area which is equal to P 1/X2c12, instead
of giving the field strength in volts per meter. It is also
suggested that an antenna be characterized by its effec-
tive area, instead of by its power gain or radiation re-
sistance.' The ratio of the effective area to the actual
area of the aperture of an antenna is also of importance
in antenna design, since it gives an indication of how
efficiently the antenna is utilizing the physical space it
occupies.

6 The directional pattern, which has not been discussed in this
note, is, of course, always an important characteristic of an antenna

Nonlinearity in Frequency -Modulation Radio Systems
Due to Multipath Propagation*

S. T. MEYERSt

Summary-A theoretical study is made to determine the effects
of multipath propagation on over-all transmission characteristics in
frequency -modulation radio circuits. The analysis covers a simplified
case where the transmitted carrier is frequency -modulated by a
single modulating frequency and is propagated over two paths having
relative delay and amplitude differences. Equations are derived for
the receiver output in terms of the transmitter input for fundamental
and harmonics of the modulating frequency. Curves are plotted and
discussed for various values of relative carrier- and signal -frequency
phase shift and relative amplitude difference of the received waves.

The results show that a special kind of amplitude nonlinearity is
produced in the input-output characteristics of an over-all frequency-
modulation radio system. Under certain conditions, sudden changes
in output -signal amplitude accompany the passage of the input -signal
amplitude through certain critical values. Transmission irregularities
of this type are proposed as a possible explanation of so-called "vol-
ume bursts" sometimes encountered in frequency -modulation radio
circuits. In general, it appears that amplitude and frequency distor-
tion are most severe where the relative delay between paths is large
and the amplitude difference is small.

THE INFLUENCE of multipath propagation on
the transmission properties of frequency -modula-
tion radio circuits is of considerable interest. The

subject has been treated at some length in previous
* Decimal classification: R630.11. Original manuscript received

by the Institute, November 13, 1945.
t Bell Telephone Laboratories, Inc., 180 Varick St., New York 14,

N. Y.

papers from both experimental and theoretical stand-
points.1.2,2 It is the purpose here to extend the theoreti-
cal side in an effort to obtain a clearer understanding of
the true nature of the over-all circuit transmission
changes induced by multipath propagation. Experimen-
tal support of the conclusions has not been obtained,
due to the lack of time and facilities brought on by the
pressure of war work.

Many of the causes of multiple paths over which radio
waves sometimes travel from transmitter to receiver are
well known and need not be recounted here. It is suffi-
cient to state that when these paths exist simultaneously
and are of different lengths and time of travel, interfer-
ence at the receiver takes place between arriving waves.
This interference is manifest by alterations in the ampli-
tude and phase -versus -frequency characteristics of the
resultant received wave as compared to the wave which
is transmitted. In all types of radio systems such al-
terations in the received wave usually result in a

Murray G. Crosby, "Frequency -modulation -propagation char-
acteristics," PROC. I.R.E., vol. 24, pp. 898-913; June, 1936.

2 Murray G. Crosby, "Observations of frequency -modulation
propagation on 26 megacycles," PROC. I.R.E., vol. 29, pp. 398-403;
July, 1941.

Murlan S. Corrington, "Frequency -modulation distortion
caused by multipath transmission," PROC. I.R.E., vol. 33, pp. 878-
891; December, 1945.
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demodulated output at the receiver which is a distorted
copy of the input to the transmitter.

By considering the radio system as a whole with the
transmitter, transmission medium, and receiver in tan-
dem it is possible to state the over-all transmission
performance in terms similar to those used in describing
the performance of an amplifier or any other self-con-
tained transmission unit. Such performance is usually
given in terms of input-output frequency characteristic
or input-output amplitude characteristic or both. Any
modulation produced within the transmission unit and
appearing in the output is usually expressed in per cent
of the fundamental output amplitude and plotted as a
function of either the output or input fundamental am-
plitude. Characteristics such as these form a convenient
picture and are adopted here to describe the over-all
performance of a frequency -modulation radio system
having multipath propagation between transmitter and
receiver.

Because of the complexity of the analysis, considera-
tion is given only to the case where the desired wave ar-
rives at the receiver over two paths, each having con-
stant time delay and attenuation over the transmitted
radio -frequency band. The transmitted wave is assumed
to consist of a sinusoidal carrier frequency -modulated
by a single sinusoidal modulating frequency. The limiter
in the receiver is assumed to have a zero -order charac-
teristic' to insure limiting at low amplitudes. Noise is
neglected, although in any practical consideration it be-
comes the controlling factor where multipath interfer-
ence reduces the signal strength at the receiver below
that of noise.

If two frequency -modulation waves reach the receiver
over the two paths just described, they will have relative
amplitude and phase differences proportional to the am-
plitude and phase differences between the paths. Mathe-
matically, on applying these two waves to a frequency -
modulation receiver, equations for the resultant demod-
ulated output can be derived in conventional manner
(see Appendix). These equations can be expanded so
that the receiver output may be expressed in terms of
transmitter input for the fundamental and harmonics of
the modulating frequency. The final results as derived
in the appendix are the basis of the discussion which
follows.

What are called single -frequency amplitude charac-
teristics of an over-all radio system under the influence
of two -path propagation are shown in Fig. 1. With the
receiver output plotted in terms of transmitter input,
these curves are computed from the fundamental term
of (10) in conjunction with the computed curves for DI,
in Fig. 10 in the appendix. The constants associated with
the curves of Fig. 1 are

4 The instantaneous current -voltage relationship in a resistance
limiter may be expressed I -=KIEln, n <1, where the sign of I follows
the sign of E. A zero -order characteristic obtains when n =0, and

/ = K, E > 0
-K, E < 0.

/3= relative carrier phase shift between paths
a = relative modulating -frequency phase shift be-

tween paths; i.e., the relative difference in
phase -shift differential between the carrier and
the first -order sideband in each path

r = voltage ratio of the later wave to the earlier
wave or the amplitude ratio corresponding to
the loss of the longer to the shorter path

fd/fp = deviation index
f d = maximum carrier -frequency deviation
f p= modulating frequency
h = factor proportional to the signal amplitude of

the transmitter input.
The co-ordinates in Fig. 1 are expressed in decibels.

The signal input to the transmitter is proportional to h
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Fig. 1-Single-frequency amprtude characteristics of an over-all
frequency -modulation radio system.

and is plotted as abscissa. The deviation index fd/fi, and
sin a/2, the sine of half the relative signal -frequency
phase shift, serve as multiplying factors of h. For the
curves as they are shown these two factors are unity or
zero decibels. Other values are discussed later. An arbi-
trary reference has been chosen where hfd/fp sin a/2 =1.
Expressed in decibels this is zero on the abscissa of Fig.
1. The receiver output is given by the fundamental term
of (10) and is plotted as ordinate for unit value' of fd.
The ordinate scale is the same as that of the abscissa so
that if the over-all system is distortionless the input-
output characteristic will be a straight line having a
45 -degree slope. Any deviation from this slope means the
output does not follow the input linearly, and amplitude
distortion results.

A reference characteristic is established in Fig. 1 rep-
resenting a normal distortionless system in which multi -
path interference does not exist. This is the 45 -degree

5 To avoid confusion concerning the meaning of fd it will be aF...
sumed here that it is a fixed quantity representing maximum carrier -
frequency deviation in the usual sense when h=1.
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line passing through the point 0, 0 which is the plot
of (10) when r, the amplitude ratio of the longer to the
shorter path, is zero. The other characteristics shown in
solid lines are plotted for r = 0.4 in addition to a = 7r and
f ilf p= 1 mentioned previously. The parameter is the rel-
ative carrier -frequency phase shift (3 = 0, 37r/4, - cos -10.4
and 7r. The values of (3= 0 and 71- represent extreme devi-
ations of the amplitude characteristic from that of a nor-
mal distortionless system. For values of 13 between 0 and
7r the deviation from the normal system becomes less as
shown by the other two values6 of (3= 37r/4 and
-cos -1 0.4.

It will be noticed that at low values of h all the char-
acteristics approach straight lines having a 45 -degree
slope. This signifies that the system input and output in
each case is approaching linear relationship and distor-
tion is approaching zero as h 0. The displacement of
the various characteristics above and below that for a
normal system signifies a corresponding increase or de-
crease in over-all circuit transmission. This is reasonable
since an inspection of the frequency spectrum of a fre-
quency -modulation wave shows that when )3 = 0 and
a =7r, the separate -path carrier frequencies add while
the sidebands subtract, giving a net reduction in in-
stantaneous phase of the carrier. This, in turn, results
in reduced output signal for a given signal input. Con-
versely, when (3 = r, and a = 7r the carrier frequencies
subtract while the sidebands add, givinga net increase in
instantaneous carrier phase resulting in an increase in
output signal for a given signal input.

When 13 = - cos -1 r the load characteristic, at small
values of h, approaches the normal as h decreases. This
value of /3 forms, in this region, the dividing line between
characteristics of increased and decreased over-all sys-
tem transmission. In Fig. 1 such a characteristic is
obtained when (3= - cos -1 0.4.

As h increases beyond these small values just men-
tioned, the various characteristics sooner or later depart
from the 45 -degree slope giving rise to amplitude distor-
tion. The characteristic for =7r up to about +5 deci-
bels on the co-ordinates resembles somewhat the sort of
overload characteristic obtained in an ordinary vacuum -
tube circuit when it is driven into the region of compres-
sion. However, as h increases further, the slope of the
characteristic reverses and the curve returns to cross the
normal again and to continue on in undulating fashion
in ever -decreasing deviations about the normal, ap-
proaching the normal as a limit.

The characteristic for 13 = 0 up to about +5 decibels
on the co-ordinates has somewhat the inverse character-
istic of the one just discussed. It is similar to the load
characteristic of a vacuum -tube circuit in which there
is expansion associated with threshold. Such a charac-
teristic might be obtained in a class AB amplifier. As h

6 The values of ft and a used in the discussion here are limited tothe range 0 to 27i- because the numerical values of the equations
identically repeat in successive 27,- intervals. When /3 is given anyvalue with respect to a it is supposed that the phase -frequency char-
acteristics of the two paths have such displacement and slope within
the transmitted band that 19-1-27rn coincides with a.

increases beyond the +5-decibel region, this character-
istic likewise reverses in curvature and progresses in
undulating fashion in decreasing deviations about the
normal and approaches the normal, as a limit.

A sort of critical region seems to exist, in the neighbor-
hood of +5 decibels, above which all characteristics for
all values of r, 0, and a converge in undulating fashion
on the normal as h increases. This is an interesting prop-
erty since the effects of fading would be greatly reduced
in a frequency -modulation radio system by maintaining
the useful range of h above this critical region.

It is of interest to note that the normal distortionless
system characteristic (the straight line passing through
0, 0) is also the system characteristic for the two -path
case when a = O. This may be seen from (9) and (10) in
the appendix when sin a/2 = 0. If the delay differential
of the two paths of propagation is small enough, sin a/2
may be neglected and a substantially distortionless sys-
tem may be obtained even with two -path propagation.

As mentioned previously, the characteristics in solid
lines in Fig. 1 were computed for r = 0.4. As the two
paths of propagation approach equal transmission, the
over-all system characteristics deviate further from the
normal; as r =1 the curves for = 0, 37r/4, and it ap-
proach the dotted lines as limits. The manner in which
this takes, place will be made clearer by comparing Fig. 1
with Fig. 2, where similar characteristics are plotted for
r = 0.8 for the same value of 0.

TRANSMITTER INPUT, 14,,i/cp Sin *V2,IN DECIBELS
-50 -40 -30 -20 -10 0 10 20

20

/
-rlf11.77 --r/3-11-

-----P-- -- -- --/
r.o.a

cx -
rdifF,1
4'421

TT

AA
4

i

,
I
I

r
If 1

4` YZAII7
A.,

oe

1

,cPZi.tirti 1

1

1

.
Q

I.

t I
, IQ

.
a

E
1

E
.L.- I

10

-J
0

0
0

to z

a.

-201;
0

30 W

-40

50

Fig. 2-Single-frequency amplitude characteristics of an over-all
frequency -modulation radio system.

The deviation from normal transmission, at very
small values of h, changes with r in a manner portrayed
in Fig. 3, which shows over-all system deviations from
normal transmission as a function of r. These were com-
puted from the limiting value of DI given in (13) and
substituted in (10) in the appendix.

Let us return now to the factors fd/fp and sin a/2 in
the abscissa. It will be remembered these were made
unity for the purposes of the above discussion as well
as for establishing a convenient reference for other
characteristics in which these quantities are not unity.
In practice these quantities are most likely not to be
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unity. For instance, the deviation index fd/fp is inversely
proportional to the modulating frequency and has a dif-
ferent value for every frequency in the modulating -
frequency band. It is also directly proportional to the
maximum carrier -frequency deviation and for any given
modulating frequency it has a different value in radio
systems having different deviation ratios. A correction
may be applied directly to the curves of either Fig. 1 or
Fig. 2 so that they will show the amplitude characteris-
tics of a system for any value of deviation index. For ex-
ample, on a frequency -modulation radio system having
a deviation ratio of 5, fd/fp would be 5 for the top fre-
quency in the modulating-frequency band.' For this
frequency, then, a reading on the abscissa scale of Fig. 1
would be increased 14 decibels to obtain the correct
ordinate reading of the receiver output. For every value
of h the curves would be read 14 decibels to the right.

30

2

yV 10
0
z

O

0

z

2

LL

0

5

30

4( -,. Tr1-, «,

f3

/3 -COS-108.g ____

9.o

0 04
r

06 0.8 LO

Fig. 3-Over-all-system transmission deviations as a function
of path -loss amplitude ratio.

In the general case the curves are read the requisite
number of decibels to the right or left of a given abscissa
according to whether the corresponding value of fd/fp is
greater or less than one.

Variations in the relative modulating -frequency phase
shift a may be applied directly to the curves of Fig. 1
and Fig. 2 for qualitative purposes only. While the factor
sin a/2 in the abscissa may be applied to give shifts in
abscissa readings in a manner similar to that for the
deviation index, it should be noticed that the shape of
the curves is altered when a is varied. This is brought
about by the factor sine a/2 in the fundamental term
of (10). This factor, as a departs from ir, tends to reduce
the deviations from normal system transmission from
the maximum values shown in Figs. 1 and 2.

7 At lower modulating frequencies values of fd/fp would be pro-
portionately greater.

The points where the various characteristics cross the
normal remain fixed, however. This tends to keep the
critical region about in the position shown. This is an
aid in a qualitative understanding of the effects of varia-
tion in a. However, if it is necessary to know the trans -

TRANSMITTER INPUT. h fd/cp sin -V2 I N DECIBELS
- 20 -10 0 10 20

0

0

IZC

10
tal

os
Z

U-_
0°
141

-20,z
z-
01-
MD
20.
41-

=O

-30ij
oU
OC
FW

1-

00

-40

Fig. 4-Single-frequency harmonic output as a function of
fundamental input to transmitter.

mission changes accurately for quantitative purposes, it
is necessary to plot new sets of curves for different val-
ues of a.

Before attempting to interpret the curves of Figs. 1
and 2, it may be well first to proceed to a discussion of
some of the modulation products attending amplitude
characteristics of this type. In Figs. 4 and 5 are shown
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computed third -harmonic characteristics that go with
the amplitude characteristics for = 0 and ir in Figs. 1
and 2, respectively. These curves are obtained from H,
the harmonic -distortion part of (10), as expressed by D
in (9) when m >1. The curves represent the ratio of har-
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monic to fundamental amplitude at the receiver output
as expressed by the ratio D3 to the fundamental term
of (10). The values of D3 for Figs. 4 and 5 are given in
Figs. 10 and 11, respectively, in the appendix. Even -
order distortion is not present because as seen from (9)
it vanishes when = nr.
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The co-ordinates in Figs. 4 and 5 are expressed in
decibels. As in Figs. 1 and 2, the abscissas are propor-
tional to transmitter input with fd/fi, and sin a/2 both
unity. The ordinates are proportional to harmonic out-
put expressed in decibels below the fundamental at the
receiver output for unit value of fa. It is seen that third -
harmonic distortion is high, for most uses, in the critical
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region. On each side of this region the distortion be-
comes less. Because D3 is a multiplier in the harmonic
amplitude the sharp dips in the characteristics are at
points where D3 passes through zero. The sign of the
harmonic in both curves alternates in successive lobes.
At low input amplitudes the harmonic behaves like
normal third -order modulation and follows a cube -law
characteristic. This is shown analytically in (12) in the
appendix.

The harmonic associated with the amplitude charac-
teristic for $ = 3r/4 in Figs. 1 and 2 is shown in Figs. 6
and 7. Both 2f and 3f are present and are plotted to
the same scales as 3f in -the previous set of curves. These
curves exhibit the same general properties as those in
the previous set except that at small inputs 2f decreases
half as fast as 3f.

Higher harmonics than the second and third may be
plotted in similar manner. It is sufficient for the present
purpose, however, to go no further than these two.

The curves of harmonic output shown here may be
considered reference curves. Since the abscissa co-ordi-
nates are identical with those for the fundamental or am-
plitude characteristics, they are manipulated in the same
way for various values of deviation index and sin a/2.
However, as in the case of the curves for fundamental,
the amplitude changes with sin a/2 so that harmonic
distortion decreases as a departs from r. The points at
which the sharp dips occur, however, remain fixed. If
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accurate information is desired for quantitative pur-
poses, a new set of characteristics must be plotted for
the required value of a.

As an additional aid to the understanding of the am-
plitude nonlinearity depicted by the amplitude and har-
monic characteristics of Figs. 1, 2, 3, 4, 5, 6, and 7, a set
of curves, Fig. 8, has been arranged to show the relative
strength of transmitted carrier and associated sidebands
as a function of transmitter input. The co-ordinates are
expressed in decibels. As the relation between carrier
and sidebands depends only on hfilf, the factor sin a/2
is omitted from the abscissa. To determine the wave
make-up at the transmitter output associated with any
point on the curves in Figs. 1, 2, 3, 4, 5, 6, and 7, it is
only necessary to know the associated value of hfdlf,
and apply it to Fig. 8.

For a = r the abscissa zero of Fig. 8 coincides with
those of Figs. 1, 2, 3, 4, 5, 6, and 7. A convenient picture
of the sideband distribution for a load or harmonic char-
acteristic may be obtained by considering Fig. 8 super-
imposed on the other figures with abscissa zeros coincid-
ing. When a is other than r the abscissa zero of Fig. 8
is moved to the left of the others the number of decibels
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corresponding to sin a/2. A study of the characteristics
in this manner shows that the critical region in the load
characteristics is reached with smallest number of side -
hands (about two) when a= 7T. As a departs from 7r the
number of sidebands necessary to reach this point in-
creases until when a =0 it would take an infinite num-
ber of sidebands. Above the critical region the number
of sidebands in all cases is large.

Something should be said now concerning alterations
of the over -all -system frequency characteristic due to
two -path interference. By the original assumption the
phase -versus -frequency characteristic in the radio -fre-
quency band varies linearly with frequency making a
a linear variable with frequency. Curves which are pro-
portional to the frequency characteristic of an over-all
system may be obtained if the fundamental output at
the receiver is plotted against a. In Fig. 9 the corre-
sponding deviations from normal system transmission
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The number on each curve is the value of hfd/fp used in computa-
tion. 0=7,- in the upper group; 13=0 in the lower group. r =0.8.

are plotted against a. These were obtained from (10)
and the associated values of D1 in Fig. 11. The curves
are computed for r = 0.8 and 0 = 0 and 7r with the factor
hfd/f, serving as parameter. The upper group represents
0 =7r and the lower group 0 = 0. It is evident that for a
given value of deviation index the various characteris-
tics of Fig. 9 will be obtained at different values of h.
It should be expected, then, that the frequency char-
acteristic of an over-all system would vary with signal -
input level to the transmitter.

Viewing amplitude nonlinearity as a whole, we see
from Figs. 1, 2, 3, 4, 5, 6, and 7 that if at any modulating
frequency at the transmitter input h were made to vary
over a wide range of values, a wide variety of transmis-
sion changes would be introduced by the over-all sys-
stem. It should be remembered in the cases shown that
the characteristics are all a function of the product of
input amplitude h, deviation index, and sin a/2. Be-
cause the deviation index is inversely proportional to
modulating frequency, the input amplitude necessary to
obtain these characteristics is directly proportional to
modulating frequency. It results that over a band of
modulating frequencies, such as a speech or program

band, sudden changes in transmission as shown in Figs.
1 and 2 would occur at different input levels depending
on the part of the band in which the assumed conditions
of phase and amplitude are realized. The curves for
0= 0 could be used to explain what has been termed
"volume bursts" in frequency -modulation reception
brought about by fading. If the delay between paths
is sufficient to satisfy the conditions for these curves at
some frequency in the audible band, a passage of the
input level upward through the critical point will in-
crease the output amplitude giving a sudden increase in
loudness. This sudden change will, of course, be at-
tended by a whole spectrum of harmonics as illustrated.
A decrease in level back to the starting point will pass
through the critical point in reverse, giving a sudden
decrease in loudness. If the change in input level is up
and down through this point in a short interval, the
effect will be a change corresponding to impulse.

If voice or program material is applied to the transmit-
ter input and amplitude characteristics similar to the
above exist, it would be possible to obtain sudden
changes in receiver output as the variable amplitude of
this material passed haphazardly up and down through
critical values of input amplitude. The effect on the
listening ear could very well be that which has been de-
scribed as volume bursts.

Some degree of theoretical corroboration of experi-
mental observations is established in the harmonic char-
acteristics shown. In the operation of actual circuits
having multiple -path transmission it has been observed
by Crosby1.2 and others that harmonic distortion ap-
pears to be worse at low modulating frequencies than
at high. On the other hand, it has been observed by
Corrington3 that the reverse is true. With harmonic
characteristics as shown in Figs. 4, 5, 6, and 7, it is

apparent that if hfd/f, is large enough to reach beyond
the region of maximum distortion (critical region), a
general reduction in distortion follows a decrease in f
for a given value of transmitter input (represented by h).
This agrees with the second observation. But if the
transmitter input is reduced, distortion increases (ex-
cept for the sharp dips) to a maximum in the critical
region and then decreases steadily. If hfd/f n is small
enough to maintain system operation below the critical
region, an increase in distortion follows a reduction in fp
for a given value of transmitter input. This agrees with
the first observation. Either observation, then, is true
depending on how hard the transmitter is driven.

We have seen from the foregoing what variations in
over-all transmission may be expected in frequency -
modulation radio systems having single -frequency mod-
ulation of the carrier and two -path propagation between
transmitter and receiver. Because multiple -path propa-
gation produces amplitude nonlinearity in the system,
the principle of superposition cannot be applied to de-
termine what might be expected in over-all performance
as the number of paths or the number of frequencies are
increased. But what has been shown here may be used
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as a gauge to explain in an approximate way some ob-
servations that have been made on over-all transmission
in frequency -modulation radio circuits.

APPENDIX

Let el and e2 represent two received sinusoidal fre-
quency -modulated waves delayed one with respect to
the other to seconds. Let Eo and El be the peak ampli-
tudes of the earlier wave and the later wave, respec-
tively. Then at the limiter input

Wci

e1 + e2 = Eo sin (co,t + h - cos cod)
cop

cod
+ EI sin [co,(t + to) + h cos cop(t to)] (1)

cop

where
= 27r X carrier frequency

wp = 27r X modulating frequency
coa = 27r X maximum -deviation frequency
to = delay in seconds
h= factor proportional to the amplitude of signal in-

put at the transmitter.
Let 13 = wet° and a = copto. Then following a procedure
identical with that used by Crosby' in solving the same
case, the desired frequency -modulated wave leaving the
limiter is found. The resultant instantaneous frequency
is

= - hfd sin cod D,

a r ± cos 0
D = -hf d2 sin cos (cod +

2 1 2
-+ r + 2 cos 0
r

where

and

r =
Eo

and 0= - I sin (...,t +
2

-a )
fd1 = 2h- sin

a

fp 2

(2)

If the discriminator and detector circuits are assumed
to be distortionless, the detector output will be propor-
tional to fi, so we may confine our analysis to fi. Ac-
cordingly, the first term of (2) is a constant giving rise to
direct current. The second term is the fundamental com-
ponent of the modulating frequency having a peak
amplitude of hfd. The third term is the distortion pro-
duced by two -path interference and is of immediate
interest. By application of Fourier analysis to that part
of D involving cos 0 an expansion into a series involving
r and cos 0 may be obtained. The result is

r + cos 0

1

-+ r + 2 cos 0
r

= E (- r) n cos nO, r < 1 (3)
nel

making use of the value of 0 given in (2)

cos nO = cos [n$ - nl sin co pt + a
2

1

= cos (n13) cos Cnl sin cod + - . (4)

+ sin (n13) sin [nl sin Cwpt +
2

This may be expanded so that

00 a
cos ne = E .1,(n1) cos (m(3) cos m copt

m=-oo

+ sin (77)3) sin m (wpt +
2

(5)

where J, is an mth order Bessel function of the first
kind. On the substitution of (5) into (3) we have

r + cos 0

1- r ± 2 cos 0
r

co co

= - E E (- r)V,(n1)[cos (m(3) cos m(copt ± -
n=1 in --co 2

a
+ sin (n3) sin m (cud +

2
r < 1. (6)

Then substituting (6) in the expression for D in (2) the
complete distortion.component is obtained and

a
D = hfd sin (-) E E (- r)n.1,(n1)

2 n=1 n2= ----so

X { cos (m(3) [cos (In + 1) (cod

+ cos (m - 1) (cod + '12)1

+ sin (n$) [sin (m + 1) ((opt +
2

+ sin (m - 1) (cod +
2

)1} . (7)

It will be noticed that in the sine and cosine terms as m
progresses from 1 to ± 00 like frequencies appear at
m and m + 2. Thus when m =0 the fundamental of the
modulating frequency appears. When m = + 2 the funda-
mental and third harmonic appear. When m = ±4 the
third and fifth harmonics appear, etc. Due to this over-
lapping the coefficients of the sine and cosine terms
include the sum of two Bessel functions instead of one.
By means of the recurrence formula for Bessel functions
of the first kind these may be resolved into one. When
this resolution has been made the final expression for the
distortion becomes
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cc cc 2m
D = hfd sin (--) E E (- J,5(nl)

2 0,=1

X [cos (n1) cos m (copt
2

+ sin (n() sin m (cot 2)], r < 1. (8)

When m is odd, the + and - values of in cause the
sine terms to cancel and the cosine terms to add. Con-
versely when m is even the + and - values of m cause
the cosine terms to cancel and the sine terms to add,
so that odd -order distortion is represented by the cosine
terms and even -order distortion by the sine terms. Some
simplification in notation in (8) may be achieved by al-
lowing m to designate the order of the frequency. Then

a
D = hid sin (-)D,

2

 cos [m ((opt +
al r 1 + (
2 ) 2 2

4m 00 J0(n1)
D, = E r)"

1 71=1

a1 ( - 1)1
 cos [n f.3

2 2

(9)

Either (8) or (9) shows the composition of the distor-
tion component at the receiver output in terms of the
fundamental and odd and even harmonics of the modu-
lating frequency.

Several interesting points may be gathered from these
equations. D=0 when the attenuation ratio of the two
paths is 0, which is to be expected. For in such a case
one path has no transmission and no interference exists.
D=0 when the relative phase shift of the modulating
frequency is a = 2irn, because the series summation is fi-

2

0

nite when r <1 and sin (a/2) = sin rn =0. As a is a func-
tion of relative delay it is possible to infer from this that
distortion is small when the relative delay between paths
is small. D=0 when 1 is very large because

2 112

J,(n1)-:='_(- cos (n1 - - - "17) 0, 1 =' 00

r n1 4 2

and when substituted in D, the series summation like-
wise approaches zero when r <1. But 1 is large when
hfd/f is large. We may infer from this that a system
having high input amplitude or high deviation index or
both will have small distortion.

These points may be seen more clearly in the curves
of D, versus 1 shown in Figs. 10 and 11. Here D1, D2,
and D3 (fundamental, second, and third harmonic) are
plotted against 1 for three values of relative carrier phase
shift between paths, 15' = 0, 3r/4, and r; and amplitude
ratios of the path losses of r =0.4 and 0.8. Each point
on the curves involves a summation of the series for
D1, D2, and D3. D2 is absent when =0 and r because
even -order modulation vanishes when a = irn.

The curves for D1 are shown on the lower half of
Figs. 10 and 11. These exhibit the same general proper-
ties as the curves for D2 and D3. However, D1, being a
component of fundamental in the distortion term D,
must be combined with the regular fundamental term
in (2) to give the complete output fundamental compo-
nent. Such a combination alters (2) so that

fi= hfdV1 + D1(2 + D1) sine
2

a

 sin ((opt - 4,) H,

D1 sin a
= tan--'

2 (1 + D12 sin'
2

H=D for m> 1

'o

Y-0.4

/3,.. 0

3 5

.1 s n 4/2

Fig. 10-D, as a function of / for the indicated values of r, A and m.

a 10

. (10)
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Fig. 11-D, as a function of 1 for the indicated values of r, 3, and m.

The coefficient of the complete fundamental term now
increases and decreases with positive and negative val-
ues of D1 above and below its normal value for zero
distortion. H is used here to represent harmonic distor-
tion in D and is equal to D in (9) with the fundamental
term removed.

It is sometimes of interest to know how the distortion
varies at low -signal amplitudes such as shown in Figs. 2
and 3 in the text. This may be obtained from (9) for
very small values of h by replacing Jm(nl) by the first
term of the Bessel's series expansion. The result is

1 I `"-1(2
2 E ( - r)' (n)"- I(In - 1)!

r 1 (
 cos [n0 -

2 2

letting

9 10

cos [n0 - r 1 + (2- 1)mi1/. = E (- r)"(n)m-'
n=1 2

we have

2fd sin"' (±)
2 fp

D
(m- 1)!

r (- )
 cos [m (co,/ +

2
a )

2

1 +
2

1

(12)

From (12) the amplitude of the mth-order harmonic
varies as hm which is proportional to mth power of the
input amplitude.

A summation of (11) is most readily made for specific
values of m. For present purposes, where fundamental,
second, and third harmonic only are considered, it is
sufficient to let m =1, 2, 3 to obtain the necessary limit-
ing values of Dm as / = O. The resulting values of Dm are



r+cos 13
Dr-, 2r

1-Fr2+2r cos /3
lr(1-r2) sin /3

(13)
(14-r2+2r cos R)2

/ 2 2r(1+sin' /3)+(1+r2) cos
r(1 r2)

2 (1+r2+2r cos R)3

As h is a factor in 1, these expressions are also valid for

0, making them useful in computing load and har-
monic characteristics for small values of h.
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Discussion on

"Concerning Halien's Integral Equation for -

Cylindrical Antennas"
S. A. SCHELKUNOFF

Ronold King:' The integral equation of Hallett in the

I(E)elor
dE=i1 cos az B sin 01 z1 (1)

applies to a perfectly conducting cylinder of sufficiently
small cross section so that the axial distribution of cur-
rent may be treated as independent of the transverse
distribution. The evaluation of the constants A and B
is carried out subject to the idealized boundary condi-
tion I(1) =0 and in terms of an idealized "slice" gen-
erator which is exactly like the rest of the conductor
except for a discontinuity in scalar potential at the cen-
ter, z =0. This discontinuity in scalar potential is not
in the form of a dielectric gap between the halves of the
antenna placed end to end, but is assumed to exist at
the center of a continuous conductor. The degree in
which these conditions may be approximated in practice
has been discussed in some detail in another place'
where it is pointed out and experimentally verified that
an antenna which is center driven from a two -wire line
does not approximate well the assumed driving condi-
tions. This is due both to the gap and to the more or less
adjacent end surfaces of the halves of the antenna, the
two having somewhat compensating effects. Neither an
infinitesimal gap nor a wide gap (as suggested by Dr.
Schelkunoff) is a satisfactory experimental equivalent
of the "slice" generator assumed in the theory. While an
exact physical counterpart of a "slice" generator is un-
available, the best approximation would seem to be
achieved in a base -driven antenna over a sufficiently
large conducting plane. If the antenna is made the con-
tinuation above the plane of the inner conductor of a

* PRoc. I.R.E., vol. 33, pp. 872-878; December, 1945.
1 Cruft Laboratory, Harvard University, Cambridge, Mass.
2 R. King and D. D. King, "Microwave impedance measurements

with application to antennas, II," Jour. Appi. Phys., vol. 16, pp. 445-
453; August, 1945.

coaxial line, with inner and outer conductors nearly
equal in size, a significant rotationally symmetrical
driving field is maintained only over a very short dis-
tance along the base of the antenna in a manner re-
sembling a "slice" generator with skin effect.

Dr. Schelkunoff's comparison of the expansions due
to Flatten and to Gray may be supplemented by a third
method of expanding the integral on the left in (1) that
appears to be very much superior to both of those dis-
cussed. Let the three methods be considered in turn.
The Hallen method proceeds from

I /(E)e-isr 1 dE
dE = I(z) f

1
r _1 r

f I(E)e-18r - 1(z)
dE, (2)

which is equivalent to assuming as a first approximation
a uniform current along the entire antenna equal to the
current 1(z) at the point of calculation, and, in addition,
to neglecting retardation. It leads to the simple expan-
sion parameter 12= 2/n(2//a) that is independent of 13/.

The assertion by Dr. Schelkunoff that "Hallen's first
approximation involves a tacit assumption that the an-
tenna is short compared with the wavelength" appears
to rest solely on the argument (p. 875) that the first
term on the right in (2) is "a better approximation to
the integral on the left if Or is small; that is, if 27r//X is

small." No proof is given of this statement and it cer-
tainly is not correct in general. This is easily reasoned out
qualitatively, but is perhaps most quickly and con-
vincingly verified by computing a simple numerical case.
For a short antenna which satisfies the condition

<0.5 the distribution of current is very well approxi-
mated by I (E) = 1(0)(1-[IE1 /1]). If this is substituted in

the integral on the left in (2) the result is 1(0) [S2-2
-jOn. The first integral on the right gives /(0)52. The
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difference between the two is /(0) [2-kj01]. For an an-
tenna of half length A/4 the distribution of current is
very well approximated by

I(E) = I (0) cos 13E.

If this is substituted in the integral on the left in (2), it
can be evaluated in closed form.' With 12 =10, for ex-
ample, the numerical value with z =0 is

xi' cos Qlf-X14 r
e-ifirdE = 8.5 - j1.9.

The first integral on the right is SZ = 10. Clearly the in-
tegral on the right in (2) with a value 12=10 is a better
approximation of the integral on the left for the long
antenna (13/=7r/2) for which its value is 8.5 -j1.9 with
a magnitude 8.7, than it is for the very short antenna
(3/ <0.5) for which its value is only 8-Fji3/ with a
magnitude of 8. Possibly Dr. Schelkunoff overlooked
that fact that the degree in which the first integral
on the right in (2) approximates the integral on the
left is determined as much or more by the accuracy
with which I(0 is represented than by whether re-
tardation is neglected or not. His argument appears to
be based entirely on the fact that the retardation
factor e-ii3r is approximated by 1 and not on the fact
that the entire term /(0e -or is approximated by /(z).
It is, therefore, not correct to conclude in general that the
Hallen formula is a better approximation for short an-
tennas than for long.

The Gray method begins with

/(t)e-ifir I cos Or
dE = I(z) dE

r f_i r

1 /(E)e-or - /(z) cos Or
dE, (3)

which is equivalent to assuming as a first approximation
a distribution of current of the form /(z) cos 13r along
the antenna referred to the point of calculation at z,
and in addition to neglecting radiation. Alternatively,
since the contribution from the integral involving the
imaginary part of e-ter is small at z = 0, the Gray method
is approximately equivalent (at least for calculating
the impedance) to setting,

/(E)e-2or e- JOr

r 1.4 r
dE = 1(z) dE

[I (E) - I(z)V7i6r
clE. (4)

This expansion is equivalent to assuming as a first
approximation a uniform current along the antenna
just as in the Hallen form, but it does not neglect re-
tardation. As a consequence it leads to a more compli-
cated expansion parameter that is a function of 131 as

3 R. King and D. Middleton, (Appendix), Quart. Appi. Math., vol.
4; January, 1945.

well as of l/a, and this permits a somewhat closer fitting.
The final expression obtained by Gray using (3) in

determining the expansion parameter is not entirely
satisfactory in the form given' for several relatively
minor reasons. Thus Gray uses an average value as the
expansion parameter in all integrals, but a different
value, namely that at z = 0, in the principal factor. It is
not obvious why the average value should not be used
throughout. Furthermore, Gray's final formula arbi-
trarily retains only half of the second -order terms.
Two reasons are given. It is stated in the first place that
the second -order terms retained are not negligible com-
pared with the first -order terms. However, since no
attempt was made to investigate the magnitude of the
second -order terms omitted, this does not seem to be a
satisfactory argument. Suppose, for example, that the
omitted terms were still larger, or nearly equal to and
opposite in sign to those retained! The second reason
given is that the terms retained are needed to make the
current at the end of the antenna more nearly zero.
Since the current is zero at z=l with or without these
terms, this reason does not seem to be pertinent.

An alternative evaluation of the Gray expansion
using average values of the parameter throughout and
retaining all second -order terms has been carried out in
a slightly modified form. Some of the results are given
in Tables I and II in columns headed "Modified Gray."
On the whole they are in better agreement with the
experimental results than is the original Gray solution.

Whereas the Gray expansion is a slight improve-
ment in calculating the impedance over the method of
Hallen in that in effect it takes account of retardation
in evaluating /(0), both methods fail completely to
represent the true distribution of current in obtaining a
first approximation and in deriving an expansion
parameter. And the distribution of current is more im-
portant in obtaining a good approximation than is
retardation! It is well known that any process of itera-
tion converges the more rapidly the better the arbi-
trarily selected approximate function represents the
true, but unknown, function. Accordingly, any procedure
that expands the integral on the left in (1) in terms of
a function that actually approximates the true distribu-
tion I(Q) and that, in addition, takes into account re-
tardation necessarily is superior to methods that do not.
Such a function and the associated parameter of ex-
pansion may be determined by setting 3

= I(0)f(z); I(E) = 1-(0).n

so that
(5)

I(0 = I(z)f(E)/f(z) = I(z)g(z, (6)

where g(z, E) is the unknown distribution function that
is to be approximated. Upon defining the function
1//(z) as in (7),

M. C. Gray, "A modification of Hallen's solution to the antenna
problem," (equation (12)), Jour. Appi. Phys., vol. 15, pp. 61-65; Jan-
uary, 1944.
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fg(z, -- (1E,
-z

(7)

equation (1) may be written as follows:

e-7or
/(z)4/(z) f l [I(E) - I(z)g(z, E)]

-1

= A cosfiz B sin 13 I z (8)

If g(z, E) were the true relative distribution function,
the difference integral in (8) would vanish and 4'(z)
would be exactly proportional to the ratio of the axial
component of the vector potential on the surface of
the antenna at z and the current; i.e., 1,t(z),---41(z)//(z).
Since the vector potential II(z) is determined largely
by the current at and near z, the ratio II(z)//(z) is
reasonably constant and predominantly real. Hence, let

#(z) = + '1(z) (9)

where ik is the magnitude of i'(z), and where 7(z) is a
small complex correction function. If g(z, is not the
true relative distribution function but only approxi-
mate, it is still correct to write (9).

TABLE I

(R0) ANTIRESONANT

SZ King -Middleton Modified Gray
Experimental

from Schelkunoff's
Table I

10 860 885 860
15 2465 2450
20 5250 5400 4840

After substituting (9) in (8), the formal solution for
/(z) may be carried out using 1' as the expansion
parameter instead of S2 as in the Hallen analysis. This
leads to a series similar to that of Hallen with a zeroth
order solution (like Hallen's and Gray's) that has the
form sin 13(1- I zI ). Accordingly, (5) is well approxi-
mated by

so that

sin 13(1 - )I(E) = /(z)
sin 0(1 - z )

sin
g(z, E) =

sin allQ(l

- I I )

- I)

(10)

This approximate value now may be substituted in (7)
and 0(z) evaluated in closed form. As predicted, 1/i(z)
is found to be predominantly real and to be sensibly
constant over the greater part of the length of the
antenna. It is, then, a good approximation to replace
0(z) by this constant value ik which is given below and is
plotted in Fig. 1.

# I OM 1; / < X/4 (12a)

1t = - X/4) I; / X/4. (12b)

Using ik as defined in (12) as the parameter of expan-
sion, expressions are obtained for the current and for
the impedance. These are formally like those in the
solution of Hallen, but the coefficients of the terms are
different and the parameter 1,1/ appears throughout in
place of O.

The resistance at antiresonance computed in this
way for a center -driven antenna is given in Table I in
the column headed "King -Middleton" for the values
0=10,15, and 20 listed by Dr. Schelkunoff in his Table I.

In comparing theoretical results with experimental
values it is not sufficient to use only the resistance at
antiresonance. While this value is undoubtedly the
most critical, it is also the value which is most difficult
to determine accurately experimentally. In Table II
other critical values determined from the several
theories under discussion are listed together with a new
set of experimental data obtained by D. D. King with
a specially constructed coaxial line. The design of the
measuring line was such that dielectric supports were
eliminated and the driving conditions implied by the
"slice" generator were approximated as closely as pos-
sible. Measurements were made using both the stand-
ing -wave -ratio method and the resonance -curve method,
since the former is more accurate for low standing -
wave ratios, the latter for high standing -wave ratios. A
detailed description of these measurements is in prepa-
ration for publication.

TABLE II

CRITICAL VALUES OF CYLINDRICAL ANTENNA, 52=10

Experi-

D. D.
King'

Hallett
Bouw-
kamp
second(
order)

Gray,
(li order)

King-
addle-".'ton3

(second
order)

Schel-
kunoff'

Modified
Gray'

(second
order)

(Re)antirmonant 800(860)' 1150 740 860 740 885

,r -tilantiresonant 0.60 0.41 0.34 0.614 0.47 0.665

I Xmin I
1.95 1.06 1.54 1.8 1.4 1.84

IXInmEI
(R o) resonant

r
71.5 60.6 77 71 61.4 67

- -filnaennant 0.098 0.0885 0.026 0.094 0.094 0.0895

2

(R.)/3Lri, 85 73.5 80 88 75 83.5

(X,)$(...r/, 47 43.5 12 42.5 45 38

Data from as yet unpublished Ph.D. thesis.
The value (860) is reproduced from Dr. Schelkunoff's Table I for convenient

comparison.Note that Gray has omitted one half of the second -order terms, retained the
other half without verifying that the omitted terms are negligible. The significance
of the results is, therefore, questionable.

Estimated from S. A. Schelkunoff. "Theory of antennas of arbitrary size and
shape," Pxoc. I.R.E., vol. 29, pp. 510, 511, Figs. 23. 24, 25, 26; September, 1941;
and Jour. Appi. Phys., vol. 15. p. 56, Fig. 2; January. 1944. The value of Re at
antiresonance is not corrected for capacitance of flat ends since the experimental
data apply to hemispherical ends for which no correction is required as explained
in footnote reference 2. The ratio I Xmin I / I Xmna I is a very rough estimate from ex-
trapolation and use of the usually good approximation R,,,mx = XmnxI ± I Xmin I

9 D. Middleton and R. King, Jour. A ppl. Phys., vol. 17; April, 1946.

It is significant to note that the Gray theory fails
completely to determine the resonant and antiresonant
lengths; that the results both of Hallen and Bouwkamp
and of Schelkunoff are satisfactory in determining
resonant lengths but are only a little better than those
of Gray in giving antiresonant lengths. (The value of
antiresonant resistance (740 ohms) listed for Gray in
Table II differs considerably from that (680 ohms)
given by Dr. Schelkunoff. The value 740 was computed
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directly from Gray's formula' independently by two
people, one a professional computer, and is believed to
be correct.)

It is perhaps well to emphasize once again that the
impedance of an antenna depends to a very considerable
extent upon the manner in which it is driven. TherefOre,
great care must be exercised not to overemphasize
either a close agreement or a considerable disagree-
ment between theoretical and experimental values
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Fig. 1-Expansion parameters 0 (Hallen and Bouwkamp); (Gray
and modified Gray) for 0=10, 20; and 1,t, (King and Middleton),
for 0=10, 15, 20. The curve for ik(0=10) is shown divided into
two parts. The lower part was calculated using the zeroth -order
sinusoidal distribution of current (10). The upper part was calcu-
lated using a function approximating the first -order distribution
of current.

The above curves for 1,1, are the same as those on Fig. 11 of
footnote reference 3 for For Oh Fig. 11, footnote
reference 3, incorrectly gives 11/ sin Sh instead of 1,1,. Hence, for

7/2 the correct NG is obtained from the curves of Fig. 11, foot-
note reference 3, by dividing the ordinates by sin oh. Corre-
spondingly, in footnote reference 3, kk1(0) I both in equation (58)
and two lines above it should be divided by sin i3h. No other
changes are thereby made necessary in footnote reference 3.

unless a really close correspondence is achieved be-
tween the driving conditions implied in the theory and
those actually existing in experiment. The impedances
calculated from the King -Middleton improvement of
the integral -equation method due to Hallen (which im-
plies a generator equivalent to a discontinuity in scalar
potential in a continuous conductor) are in as good
agreement in all significant respects as might be ex-
pected with impedances measured using a carefully de-
signed coaxial line. They are not in agreement with im-
pedances measured using a two -wire drive with a gap at
the center of the antennae, nor should they be.

In conclusion, the writer wishes to add that he does
not concur with Dr. Schelkunoff's view that the brilliant

pioneer work of Hallen is characterized by lack of mathe-
matical care and by improper handling. Science as a co-
operative development of human knowledge and under-
standing of natural phenomena progresses not from
careless to careful work, but from poorer to better ap-
proximations and methods, all carried out properly and
with care.

S. A. Schelkunoff :10 From the point of view of those
who have not been following antenna papers very
closely, it is to be regretted that Professor King did not
include Hallen's first approximation in Tables I and II.
After all, this is the approximation which Professor
King and his students have used consistently in a series
of more than ten papers, beginning with the King and
Blake paper"; this is the approximation which is
criticized in the paper under discussion as well as in a
previous paper"; it is the continuous use of this ap-
proximation by Professor King that has led to the
writing of the paper under discussion; but instead of
making a clear statement of his present attitude to the
approximation, Professor King cites very recent calcula-
tions (January, 1946) by King and Middleton. (A pre-
publication copy of this paper came to my attention at
the end of 1945 after the proofs of my paper had been
sent to the PROCEEDINGS and it was too late to make
a reference to it.) His recent value of the antiresonant
impedance is only half as large as the original King and
Blake value, and is about what it should be. This is
very gratifying; but there should be a clear under-
standing that there exists a wide discrepancy between
the theory in the King series of papers and the theory
he now quotes in the King -Middleton column.

In Table II. the column marked "Schelkunoff" should
have included the qualification "first order"; this is im-
portant since most other columns give second -order
approximations. This particular column was not calcu-
lated in accordance with Schelkunoff's instructions and
should not have been used for comparison. For low
values of St= (K"/60)+2 the cap capacitance should
definitely be included; unlike Hallen's theory, Schel-
kunoff's theory permits total exclusion of electric lines
of force from the interior of the cylinder either by caps
of zero impedance (perfect conductors) or by caps of
infinite impedance (hypothetical perfect magnetic con-
ductors). For IC.:.650 the difference is negligible but
not for K4=480 (0=10).

The experimental value of the antiresonant re-
sistance in the "D. D. King" column of Table II is less
than half as large as the one which would be obtained
from the R. King and D. D. King paper."

In Table I of the paper under discussion, the

10 Bell Telephone Laboratories, 463 West Street, New York, N. Y.
" Ronold King and F. G. Blake, Jr., "The self -impedance of a

symmetrical antenna," PRoc. I.R.E., vol. 30, pp. 335-349; July, 1942.
12 S. A. Schelkunoff, "Antenna theory and experiment," Jour.

A ppi. Phys., vol. 16, pp. 54-60; January, 1944.
13 Ronold King and D. D. King, "Microwave impedance measure-

ments with application to antennas II," Jour. Appl. Phys., vol. 16,
pp. 445-453; August, 1945.



antiresonant resistances in the column "NI. C. Gray"
were communicated to me by Dr. Gray. She has in-
formed me that, for 0=10, the value should have been
750 instead of 680. Dr. Gray and I are very grateful to
Professor King for calling attention to this error. The
corrected value brings our results closer together for

this low value of 12= (K/60)+2, where the two
formulas begin to diverge from each other.

I have not had an opportunity to examine closely the
recent King -Middleton paper; but looking at the curves,
I find that their new results are much closer to mine
than the original theory in the King series of papers.

In conclusion, I should like to say that Professor King
appears to have misinterpreted some statement of
mine, made somewhere, and is ascribing to me a view

of Hallen's work which I do not share.
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Electric Company in 1920; this became the
Bell Telephone Laboratories in 1925 and his
work continued in that organization. In 1939
Dr. Friis received the Morris Liebmann
Memorial Prize for his investigations in ra-
dio transmission including the development
of methods of measuring signals and noise
and the creation of a receiving system for
mitigating selective fading and interference.
He served as a director of the Institute from
1941 to 1944.

Arthur 0. Kemppainen was born on Oc-
tober 14, 1922, at Swan River, Minnesota.
He received the B.E.E. degree from the Uni-
versity of Minnesota in December, 1943. He
worked with the University of Minnesota as

JOHN W. MCGEE

a research assistant in high voltage until
commissioned an ensign in the United States
Naval Reserve in May, 1944. Since his as-
signment to the naval research laboratory
in December, 1944, Lieutenant (jg) Kemp-
painen has been an engineer with the Army -
Navy precipitation -static project at Min-
neapolis, Minnesota.

ARTHUR 0. KEMPPAINEN

S. T. 1\1EvERs

John W. McGee was born on Novem-
ber 29, 1915, at Mt. Pleasant, Tennessee.
He was an undergraduate at the Y.M.C.A.
College from 1937 to 1941, when he became
an associate radio engineer at the aircraft
radio laboratory at Wright Field, Dayton,
Ohio. He was assigned to the Army -Navy
precipitation -static project in 1943, and has
continued to work with this group since that
time.

S. T. Meyers was born at Nyack, New
York, on February 9, 1905. He received the
M.E. degree from Stevens Institute of Tech-
nology in 1927, and joined the technical
staff of the Bell Telephone Laboratories in
the same year. As a member of the systems
development department he has been doing
circuit -design work in connection with
voice -frequency and carrier telephone -
communication systems. More recently he
has been engaged in studies of speech trans-
mission on overseas radio circuits.

Morris Newman was born on September
7, 1909, at Lodz, Poland. He received the
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MORRIS NEWMAN

B.S.E.E. degree in 1931, and the M.S. and
E.E. degrees in 1937, from the University
of Minnesota. From 1931 to 1933 he was a
research consultant in the high -voltage
laboratory of the electro-physical institute
of Leningrad, U.S.S.R. From 1933 to 1935
he was head of the theoretical division of
the same laboratory.

In 1937 Mr. Newman joined the staff of
the University of Minnesota, working on
lightning research. Since 1943 he has been as-
sistant professor of electrical engineering and
associate director of the lightning and tran-
sients laboratory.

James P. Parker was born in Asheville,
North Carolina, in 1918. He received the
B.S. degree in physics from the University

of North Carolina in 1940. After a summer
with the aeronautical -instrument section of
the National Bureau of Standards, he went
to the mechanics and electricity division of
the United States Naval Research Labora-
tory, where he made some of the first flights
in the precipitation -static investigation. He
was in charge of the Minneapolis branch of
the naval research laboratory from its be-
ginning until the fall of 1944, when he re-
turned to Washington as an ensign in the
Navy.

J. A. Pierce (SM'45) was born in Spokane,
Washington, in 1907. He received the B.A.

JAMES P. PARKER

J. A. PIERCE

degree in physics in 1933 from the Uni-
versity of Maine. From 1934 to 1941 he was
engaged in research, primarily on the phys-
ics of the ionosphere, at Cruft Laboratory,
Harvard University. From 1941 through
1945 he was a staff member of the Radiation
Laboratory of the Massachusetts Institute
of Technology, where he assisted in the
development of the loran system. He is now
a Research Fellow at Cruft Laboratory,
working in the fields of radio propagation
and long-range pulse transmission and
utilization.

For a photograph and biographical
sketch of Ross Gunn, see the April, 1946, is-
sue of the PROCEEDINGS OF THE I.R.E. and
WAVES AND ELECTRONS, page 210P.

Corrections

It has been brought to the attention of the Editor
that on page 135P of the paper "The Application of
Modulation -Frequency Feedback to Signal Detectors,"
by Geoffrey Builder, which appeared in the March,
1946, issue of the PROCEEDINGS OF THE I.R.E. and
WAVES AND ELECTRONS, the expression "milliangstrom
per volt" should read "milliampere per volt." On page
133 P, the four sections of Fig. 4 are not in the proper
order. The top section is (a), the bottom section is (b),
the one next to the top is (c), and the third one is (d).
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Institute News and Radio Notes
BOARD OF DIRECTORS AND
EXECUTIVE COMMITTEE

The regular monthly meeting of the
Board of Directors was held on March 6,
1946, at the McGraw-Hill Building in New
York City. Those present were F. B. Llwe-
ellyn, president; E. M. Deloraine, vice-presi-
dent; G. W. Bailey, executive -secretary;
S. L. Bailey, W. R. G. Baker, W. H. Crew,
assistant secretary; Alfred N. Goldsmith,
editor; V. M. Graham, R. F. Guy, R. A.
Hackbusch, Keith Henney, R. B. Jacques,
technical secretary; F. R. Lack, Haraden
Pratt, secretary; G. T. Royden, D. B. Sin-
clair, W. 0. Swinyard, H. M. Turner, W. L.
Webb, and \V. C. White, treasurer.

On March 5, 1946, the Executive Com-
mittee held its regular monthly meeting at
the McGraw-Hill Building, and was at-
tended by F. B. Llewellyn, president; G. W.
Bailey, executive secretary; W. H. Crew,
assistant secretary; Alfred N. Goldsmith,
editor; R. F. Guy, Keith Henney, R. B.
Jacques, technical secretary; and W. C.
White, treasurer.

BROADCAST ENGINEERING
CONFERENCE

Radio's wartime technical advances were
the subject of a meeting among leaders in
the technical and production phases of radio
when the Ohio State University and the
University of Illinois cosponsored the Sixth
Annual Broadcast Engineering Conference
in Columbus, Ohio, on March 18 to 23. The
meeting was sponsored jointly by the electri-
cal engineering departments of both univer-
sities, with W. L. Everitt (A'25 -M'29 --F'38),
head of the Illinois department, as director,
ilnd E. M. Boone (A'43) of Ohio State's
department as associate director. Meetings
alternated between Columbus and Urbana,
Illinois. Also co-operating in the Conference
were the Institute of Radio Engineers and
the National Association of Broadcasters.

New equipment and manufacturers'
products were displayed, and a discussion
of wartime developments in improved tech-
niques and the use of new materials given.
Among the speakers leading various sym-
posia and round -table talks were A. B.
Chamberlain (A'27 -M'30 -F'42), chief engi-
neer, Columbia Broadcasting System, whose
topic was "Contributions of War Develop-
ments to Broadcasting"; L. C. Smeby
(A'27-M'42-SM'43), associate director, op-
erational research staff, office of the Chief
Signal Corps Officer, United States War
Department, who led a symposium on
recording techniques; and C. E. Nobles
(SM'45) of Westinghouse Electric Corpora-
tion and W. K. Ebel of Glenn L. Martin Air-
craft Company, whose topic was stratovi-
sion.

Other speakers at the Conference in-
cluded A. J. Ebel (J'33-A'35-M'43-SM'43),
chief engineer, University of Illinois Radio
Service; G. H. Brown (A'30-VA'39-F'41),
research engineer, Radio Corporation of
America; E. J. Content (M'39-SM'43),

Prospective Authors
The Institute of Radio Engi-

neers has a supply of reprints on
hand of the article "Preparation and
Publication of I.R.E. Papers" which
appeared in the January, 1945, is-
sue of the PROCEEDINGS OF THE
I.R.E. AND WAVES AND ELECTRONS.
If you wish copies, will you please
send your requests to the Editorial
Department, The Institute of Radio
Engineers, Inc., 26 West 58th
Street, New York 19, New York,
and they will be sent to you with
the compliments of the Institute. It
would be greatly appreciated if your
requests were accompanied by a
stamped, self-addressed envelope.

WOR; George Sinclair (A'37), department
of electrical engineering, Ohio State Univer-
sity; R. E. Shelby (A'29-M'36-SM'43), Na-
tional Broadcasting Company; W. W. Salis-
bury (SM'44), Collins Radio Company;
P. B. Laeser (A'41 -M'44), Milwaukee
Journal Company; R. C. Higgy (A'26-
VA'39-SM'45), director of WOSU, Ohio
State University; D. B. Sinclair (J'30 -
A'33 -M '38-SM'43-F'43), General Radio
Company; Frank Gunther (A'25 -M '30-
SM'43), Radio Engineering Laboratories;
H. R. Summerhayes, Jr. (A'36), General
Electric Company; R. M. Wilmotte (M'38 -
F'38), consulting engineer; Howard S. Fraz-
ier (M'43-SM'43); and W. L. Everitt.

RADAR COUNTERMEASURES

The major role that Stanford University
played in the development of radar counter-
measures at Harvard University's Radio Re-
search Laboratory was recently revealed.
The entire project was under the supervision
of F. E. Terman (A'25 -F'37), dean of Stan-
ford's School of Engineering, who organized
the staff of 270 scientists in 1942.

Some of the results of the work performed
by Dr. Terman and his staff included the
reduction by 75 per cent of the effectiveness
of German antiaircraft fire; the confusion
to the enemy on D -Day as a result of the
Allied radar blitz; and the boomerang made
of Axis radar so that the enemy often ceased
using radar lest it betray their own positions.
The Allied radar countermeasures developed
were of two general types: aluminum foil,
called "window," and electronic detectors
and jammers. It is estimated that Allied air
forces dropped more than 20 million pounds
of foil strips over Europe alone. A six -ounce
bundle of 6000 strips was so "tuned" that
when enemy radar recorded the false echoes,
it looked on the radar scope like three heavy
bombers and enemy gunners fired at the foil
strips instead of Allied planes.

Among the faculty members working
with Dr. Terman included Karl Spangen-
berg (A'34-SM'45), head of a group respon-
sible for research and development of micro-

wave oscillators and filters; S. W. Athey
(S'41 -A'45), head of the motion -picture
group which made training films; and 0. G.
Villard, Jr. (S'38 -A'41), member of the
liaison division at the Laboratory and in the
European theater of operations with the
United States strategic air forces.

COMMITTEES
At the 1\ larch 6, 1946, meeting of the

Board of Directors, it was unanimously ap-
proved to modify Bylaw Section 46, pro-
posed on February 15, 1946, to combine the
Industrial Electronics and 1\ledical Elec-
tronics Committees and to call it the Indus-
trial Electronics Committee. The formation
of a new technical committee on Navigation
Aids was approved.

Raymond F. Guy was appointed chair-
man of a committee to present suggestions
for the establishment at One East 79th
Street of suitable ways and means of honor-
ing appropriately the founder members of the
Institute.

James E. Shepherd was appointed by the
Executive Committee on March 5, 1946, to
the chairmanship of the Convention Policy
Committee. This committee will bring rec-
ommendations to the Executive Committee
concerning policies, dates, appointments,
and selection of subcommittee chairmen.
The other members of this committee are
E. J. Content, Austin Bailey, B. E. Shackel-
ford, and G. W. Bailey.

SECOND NATIONAL
ELECTRONIC CONFERENCE

The Second National Electronic Confer-
ence sponsored by the Illinois Institute of
Technology, Northwestern University, and
the Chicago Sections of The American Insti-
tute of Electrical Engineers and The Insti-
tute of Radio Engineers with the co-opera-
tion of the Chicago Technical Societies
Council and the University of Illinois will be
held at the Edgewater Beach Hotel in Chi-
cago from October 3 to 5, 1946, inclusive.

The nation's outstanding authorities on
the theory and applications of this ever -
broadening science will be heard in morning,
afternoon, and evening sessions scheduled
for each of the three days. Panel discussions
will be arranged on an industry basis so that
delegates may concentrate on their special
fields of interest. Details of the program will
be announced as fast as final arrangements
can be made.

COUNTERRADAR

TECHNIQUE
At the Radio Club of America meeting on

June 10 at Columbia University, New York,
Oswald G. Villard, Jr. (S'38 -A'41), research
associate of the Radio Research Labora-
tories, Cambridge, Massachusetts, will dis-
close the counterradar technique developed
and used against our enemies during the war.
He will tell how equipment designed to jam,
confuse, and take advantage of enemy radars
was so successful that thousands of lives and
hundreds of bombers were saved.
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REGIONAL -COMMITTEE

SUCCESS IS ASSURED

That valuable benefits are offered the
Sections forming the Regional Committee as
planned by the Regional -Representation
Plan was again evidenced by the success and
enthusiasm of the second Midwest Intersec-
tion Conference held in Chicago on February
8, 1946. The first Intersection Conference was
held in Chicago last year, July 20. The ac-
tivities of both conferences corresponded to
the Regional -Committee function of discuss-
ing the affairs of the Sections of the region as
expressed in the Regional -Representation
Plan presented to the Committee on Sections
at the New York Winter Technical Meeting
in January. Cullen Moore introduced the
delegates from Cedar Rapids, Chicago, Cin-
cinnati, Detroit, Fort Wayne, Kansas City,
Milwaukee, and Twin Cities. The Dayton,
Indianapolis, and St. Louis Sections were
unable to send delegates.

W. 0. Swinyard discussed national In-
stitute activities and presented interesting
data relative to the distribution of members
in various grades and also the various educa-
tional qualifications of members in each of
the grades. As a result of this information,
the Conference agreed to initiate in each of
the Sections a campaign for transferring
Voting Associates to the higher grades.

The Conference also recommended im-
proving the form of the annual financial
reports of the Sections so that they would
compare regular meeting expenses directly
against Institute refunds, and also show how
much of the deficit and expense is met by
the initiative of the Sections in raising addi-
tional funds for their activities.

H. E. Kranz explained the operation of
the Detroit Engineering Society and the
advantages gained from affiliation by the
Detroit Section. Where fifteen per cent of
the membership of the society are individ-

ually members of the Detroit Engineering
Society, the Section or Chapter is granted
affiliated status. The following discussion
brought out that Cincinnati is using a simi-
lar plan, but the Chicago Technical Societies
Council operates on a totally different basis.
Milwaukee is carefully considering whether
or not to join in an engineering -society coun-
cil now being formed there.

J . A. Green presented an interesting view-
point on Section activities and problems. He
suggested an extension of the co-ordinated
program scheduling of speakers resulting
from the previous conference, and endorsed
the traveling -lecture plan. He called atten-
tion to the problems of giving service to
members where, as in the case of Cedar
Rapids, several centers of interest are lo-
cated within convenient traveling distance.
Thus far, the solution seems to lie in holding
some of the Section meetings in these differ-
ent centers. Consideration must be given to
possible problems arising where the new ter-
ritorial limits effective the first of this year
greatly increase the Section area. If at all
possible, the newly included members should
he given some service or activities in addi-
tion to receiving Section meeting announce-
ments.

The remainder of the meeting was de-
voted to discussion led by Alois W. Graf
covering various activities. If the Sections
are to give more serious consideration to
Institute problems, it appears advisable to
give greater publicity to the problems in our
publications. It would be particularly bene-
ficial if principal activities and problems of
the various Institute committees were re-
ported in an interesting manner in WAVES
AND ELECTRONS. The actions of the Sections
Committee in January are of vital interest
not only to those who attended, but to every
active I.R.E. member. Similarly, the activi-
ties of other committees such as Education,
Membership, Public Relations, and the like

should be given publicity. In the past, the
annual YEARBOOK reported activities, but in
recent years no reports or summaries have
been published. The Conference recom-
mended appropriate action to correct this
deficiency.

The suggestion of the Education Com-
mittee that each Section have an Education
committee was considered. Such committee,
depending upon local conditions, would par-
ticipate in any or all of the following:

1. Co-operate with near -by technical
educational groups, colleges, and schools in
guiding curricula;

2. Co-operate with students in high
schools, technical schools, and colleges by
informing them of our profession;

3. Assist and establish student sections;
4. Establish lecture courses; and
5. Co-operate with local libraries in se-

lecting the best technical reference books
within their budget.

On the basis of the recently received lists
of speakers and topics available forwarded
by headquarters to the secretaries, each Sec-
tion will select preferences for speakers and
send them to J. A. Green. The most popular
topics and speakers will then be scheduled so
that speakers can visit several sections in
one itinerary. The plan is to be placed into
effect for the April and May meetings and is
to be continued on a larger scale next fall.

The Intersection Conference which lasted
half a day preceded the Chicago Technical
Conference and banquet which on the fol-
lowing day was attended by the Section dele-
gates. The next meeting of the Midwest
Sections is to be a six -hour session May 15,
1946. Each Section will suggest to Mr.
Graf matters for the agenda which will be
prepared and mailed to all delegates in ad-
vance of the next meeting. Another meeting
is also planned for the first week in October
just prior to the National Electronics Con-
ference.

MIDWEST INTERSECTION CONFERENCE
Those attending the Midwest Intersection Conference held in Chicago on February 8, 1946, were, left to right: W. 0. Swinyard

(A'37-M'39-SM'43-F'45), Chicago; Ralph Glover (A'28-SM'44), Chicago; M. E. Knox (A'31-M'45), Twin Cities; H. Salinger
(A'37), Ft. Wayne; Theodore A. Hunter (M'45), Cedar Rapids; R. N. White (S'40-A'41-M'45), Kansas City; Phil Laeser. (A'41-
M'44), Milwaukee; J. A. Green (S'39-A'42-M'45), Cedar Rapids; H. E. Kranz (M'23), Detroit; L. E. Packard (M'41-SM'43), Chicago;
Don Haines (A'43-SM'45), Chicago; Cullen Moore (A'37-SM'44), Chicago; and Alois W. Graf (A'26-M'44-SM'45), Chicago, not in picture.



I.R.E. People

W. G. H. FINcH

RICHARD E. MATHES AND
W. G. H. FINCH

Captain W. G. H. Finch (F16-A'18--
M'25-SM'43), United States Naval Re-
serve, recently re-elected president of Finch
Telecommunications, Inc., has announced
that Lieutenant Richard E. Mathes, United
States Naval Reserve, has joined the com-
pany in the capacity of chief engineer and
plant manager.

Mr. Mathes has recently been released
from active duty in the Navy's Bureau of
Ships, where he assisted Captain Finch in the
development and design of special electronic
equipment for ships and aircraft of the fleet.
Mr. Mathes has been engaged in the de-
velopment of facsimile equipment with RCA
Laboratories since 1925.

Owner of the new frequency -modulation
broadcasting station WGHF, Captain Finch
was awarded the Legion of Merit medal by
President Truman on March 7, 1946. The
citation reads as follows: "For exceptionally
meritorious conduct in the performance of
outstanding service to the Government of
the United States as Head of the Counter -

RICHARD E. MATHES

measures Design Section, Electronics Divi-
sion, Bureau of Ships, from December 1,
1941, to September 1, 1945. Directly in
charge of research, development and design
of countermeasure electronic systems, Cap-
tain Finch was personally responsible for the
basic organization and effective implement-
ing of a program which played a vital part
in the successful prosecution of the war. His
enthusiasm and tenacity of purpose resulted
in the successful performance of a task of
great magnitude and importance to the wel-
fare of the United States."

GEORGE L. HALLER
Colonel George L. Haller (A'28-1\1 '36-

SA-1'43), special assistant to the chief of the
electronics subdivision, \Vright Field, Ohio,
has been named assistant dean of the School
of Chemistry and Physics of Pennsylvania
State College. A graduate of Mercersburg
Academy in 1924, he received his B.S. de-
gree in electrical engineering in 1927, his
professional degree in electrical engineering
in 1934, his M.S. degree in physics in 1935,
and his Ph.D. degree in physics in 1942, all
from Pennsylvania State College.

From 1926 to 1929, Colonel Haller was
employed as a radio engineer with Westing-
house Electric and Manufacturing Company
(now Westinghouse Electric Corporation),
and from 1929 to 1933, he was an engineer
with E. A. Myers and Sons. Two years later,
he went to Wright Field to work on aircraft
communications; in 1942, as senior radio
engineer of the communication and naviga-
tion division of the Aircraft Radio Labora-
tory, he was commissioned a major in the
United States Signal Corps and made assist-
ant chief of the division. Later that year, he
organized and directed the research division
and was responsible for ultra -secret radio
and radar countermeasures, submarine de-
tection from aircraft, and radio and radar
control of guided missiles.

In 1943, Colonel Haller was assigned to
duty in Trinidad involving the detection of
enemy submarine by airborne magnetic de-
tectors. He was then assigned to the North-
west African Air Forces where he led the
radar countermeasures group consisting of
three investigational aircraft and sixteen
bombers containing the first installation of
electronic jamming devices to be used in an
operational theater. He became attached to
Advanced Headquarters, NAAF, to plan
and execute the jamming of enemy \Vurz-
burg radar systems. The entire Army Air
Forces program for radio and radar control
of guided missiles was placed under Colonel
Haller's direction in 1944. The following
year, he was sent to Tokio as chief of the
electronic section, Air Technical Intelli-
gence, Far East Air Forces, to engage in
assessing the worth of the electronics phases
of our war against the Japanese and to de-
termine the progress of Japanese scientists
in this field. He returned to Wright Field
in January of this year to work on postwar
tests of the latest weapons.

GEORGE L. HALLER

A Fellow of the American Physical Soci-
ety, Colonel Haller is a member of the Insti-
tute of Electrical Engineers, the Institute of
Aeronautical Sciences, the Franklin Insti-
tute, the Society for the Promotion of Engi-
neering Education, and the Binaural Sons
of the C (antisubmarine workers of World
War I and II). He is also a member of Sigma
Xi, Sigma Pi Sigma, Tau Beta Pi, Eta
Kappa Nu, Pi Mu Epsilon, and Sigma Pi.

WEBSTER F. SOULES

Lieutenant Colonel Webster F. Soules
(A'46) has been appointed sales manager of
the South Bend, Indiana, plant of Electro-
\'oice, Inc. After graduation from the Uni-
versity of Minnesota School of Electrical
Engineering and a period of seventeen
years' service with the Northern States
Power Company, Colonel Soules entered
military service in 1940.

At the Fort Monmouth, New Jersey,
Signal Corps Laboratories, and as Signal
Corps member of the Armored Force Board,
Fort Knox, Kentucky, he engaged in de-
velopmental work on radio apparatus and

WEBSTER F. SOULES
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THOMAS C. STEPHENS

installations in Armored Force vehicles. He
was appointed engineering and executive
officer of the Armed Force's signal section,
and the following year, he was graduated
from the Command and General Staff
School at Fort Leavenworth, Kansas. Col-
onel Soules commanded a signal service
battalion in Ceylon to provide communica-
tion for the Supreme Allied Commander,
southeast Asia command, after which he was
located in China as signal officer, Tactical
Headquarters. At the termination of war in
the Pacific, he became executive officer of
the China staging area.

During his amateur radio work, Colonel
Soules was president of the Minneapolis
Radio Club and was active in the American
Radio Relay League and the Army Amateur
Radio Service.

IRVING F. BYRNES

Irving F. Byrnes (A'23-M'39-SM'43)
has been elected vice-president in charge of
engineering of Radiomarine Corporation of
America according to a recent announce-
ment by Charles J. Pannill (F'29), president
of the corporation. Mr. Byrnes has been the
company's chief engineer since 1930.

IRVING F. BYRNES

THOMAS C. STEPHENS AND
ARTHUR H. WULFSBERG

Thomas C. Stephens (A'44) and Arthur
H. Wulfsberg (S'41-A'44) have recently
joined the research division of Collins Radio
Company, Cedar Rapids, Iowa.

Formerly a radio and electrical engineer-
ing instructor and a research engineer for
the physics engineering development project
at the University of Iowa, Mr. Stephens was
associated with radio proximity -fuze de-
velopment. Mr. Wulfsberg, a graduate of the
University of Minnesota, was engaged in
radar and loran equipment design and pro-
duction at Sylvania Electric Products, Inc.
He is a member of the American Institute of
Electrical Engineers, Eta Kappa Nu, and
Tau Beta Pi.

.
GARRARD MOUNTJOY

Garrard Mountjoy (A'37-M'40-SM'43)
has recently been appointed vice-president
in charge of engineering of the Electronic
Corporation of America, New York, New
York. Mr. Mountjoy, holder of numerous
patents on radio and television design, was
chief engineer of the Sparks Withington
Company; head of the license consulting
section of the Radio Corporation of Amer-
ica's License Laboratories; and director of
radio research and development and director
of the New York laboratories of Lear, Inc. A
recipient of the "Modern Pioneer" award of
the National Association of Manufacturers,
he participated in development work on the
loran navigation system during the war.

SAMUEL GUBIN

Samuel Gubin (A'35-SM'44) has joined
the staff of Spectrum Engineers, Inc., a
newly organized engineering and consulting
firm located in Philadelphia, Pennsylvania.
As vice-president in charge of engineering,
he will be responsible for electronic equip-
ment design and development. Mr. Gubin,
vice-chairman of the Philadelphia Section
of The Institute of Radio Engineers, was
formerly associated with the Radio Corpora-
tion of America at Camden, New Jersey,
where he supervised the aviation advance
development section and the microwave
beacon group.

HARRY E. RICE

Harry E. Rice (SM'45) has been named
assistant chief engineer of the radio division
of Lear, Incorporated. He assumes complete
charge of home radio, aircraft radio, and
television production, and will be located
at Grand Rapids, Michigan. Mr. Rice was
formerly affiliated with Radio Marine Cor-
poration, Stromberg-Carlson Company, and
Sprague Electric Company.

ARTHUR H. WULFSBERG

ROBERT R. Buss
AND JOHN LYON

Robert R. Buss (S'37-A'42-M'45) and
John Lyon (A'42) have been appointed
assistant professors of electrical engineering
at the Technological Institute of North-
western University, Evanston, Illinois. Mr.
Buss was with the radio research laboratory
at Harvard University, and Lieutenant
Lyon has recently been discharged from the
United States Navy.

S

HERBERT C. FLORANCE

The appointment of Herbert C. Florance
(M'45) as chief engineer of the newly
established broadcast station WGHF in New
York City was recently announced by Cap-
tain W. G. H. Finch (S'16-A'18-M'25-SM
'43), owner of the station. Mr. Florance was
associated with the National Broadcasting
Company and station WNYC, and he later
became affiliated with the countermeasures
section of the electronics division, Bureau of
Ships, United States Navy.

HERBERT C. FLORANCE
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L. E. PACKARD

H. H. SCOTT AND
L. E. PACKARD

Among the directors of Technology In-
strument Corporation, Waltham, Massachu-
setts, newly organized for electronic and
laboratory equipment development and
manufacture, are H. H. Scott (M'35-
SM'43), president, in charge of technical de-
velopment, and L. E. Packard (M'35-SM
'43), treasurer, in charge of sales engineering.

Mr. Scott received his S.M. degree from
Massachusetts Institute of Technology in
1931 and, since that date, has been associ-
ated with the General Radio Company as
executive engineer. He developed that com-
pany's sound- and vibration -measuring
equipment frequency -modulation and broad-
cast -station -monitoring equipment, and ra-
dio -frequency and audio measuring instru-
ments. A Fellow of the Acoustical Society of
America, Mr. Scott is a member of the
American Institute of Electrical Engineers
and an Associate Member of the Society of
Motion Picture Engineers. He received the
"Electrical Manufacturing" product -design
award in 1937 and 1939.

IVAN G. EASTON

Mr. Packard received his S.B. degree in
electrical engineering from The Massachu-
setts Institute of Technology in 1935, after
which he joined the General Radio Company
to engage in development and sales engineer-
ing. He became, successively, district man-
ager of the company's New York and Chi-
cago engineering offices and has specialized
in the study of sound and vibration -measur-
ing techniques and nondestructive testing of
insulation, dielectrics, and bridge methods.
Secretary of the Chicago Section of The
Institute of Radio Engineers for 1945, Mr.
Packard is a member of the Radio Engineers
Club of Chicago, a Fellow of the Radio Club
of America, and a member of the American
Institute of Electrical Engineers.

EUGENE H. FRITSCHEL
Eugene H. Fritschel (A'40) has been

named manager of sales of General Electric
Company's tube division, electronics de-
partment, with headquarters in Schenec-
tady, New York.

Mr. Fritschel was graduated from Iowa
State College in 1926 with a B.S. degree in
electrical engineering and later that year
joined General Electric as student engineer
on the test course. In 1927, he went to Uru-
guay, South America, as construction fore-
man to install radio transmitting equipment,
and upon returning to this country, he per-
formed development work at Schenectady.
In 1929, he was transferred to the radio (now
electronics) department where he handled
radio transmitter and industrial electronic
tube sales. Mr. Fritschel is a member of Eta
Kappa Nu.

IVAN G. EASTON AND
KIPLING ADAMS

Ivan G. Easton (S'39-A'41-SM'45) has
been appointed manager of General Radio
Company's New York engineering and sales
office, and Kipling Adams (A'41) has been
named manager of the company's Chicago
office.

Mr. Easton received his B.S. degree in
electrical engineering from Northeastern
University in 1938 and his M.S. degree from
Harvard University in 1939. He then joined
General Radio Company's engineering staff,
working in the development engineering and
sales engineering groups. During the war, he
taught engineering sciences and engineering
war training courses in radio engineering at
Northeastern University. Program chairman
for the Boston Section of the I.R.E. for the
past two years, Mr. Easton is a member of
the American Institute of Electrical Engi-
neers, the Society for Experimental Stress
Analysis, and company representative of the
American Society for Testing Materials.

Mr. Adams, associated with the General
Radio Company since 1934, received his
technical education at the Massachusetts
Institute of Technology. He was formerly
assistant manager of the service depart-
ment.

11. 1-1. SCOTT

MERLE A. TUVE
Dr. Merle A. Tuve (A'45-F'45), director

of the applied physics laboratory at Johns
Hopkins University and a scientist on the
War Department's Manhattan project
atom -bomb undertaking, discussed the
proximity fuze and other scientific achieve-
ments of the war on the program "Adven-
tures in Science" presented February 23,
1946, over station WABC, New York, of the
Columbia Broadcasting System. He was
interviewed by Watson Davis, CBS science
editor.

J. HOWARD WRIGHT
j. Howard Wright (A'41) has been al).

pointed to the technical staff of Battelle
Memorial Institute, Columbus, Ohio, to
engage in industrial physics research. He
received his B.S. and M.S. degrees from the
University of Nebraska and attended both
York College and Pennsylvania State Col-
lege. Formerly associated with the Naval
Research Laboratory, Washington, D. C.,
Mr. Wright is a member of the American
Physical Society, Pi Mu Epsilon, and Sigma
Xi.

KIPLING ADAMS
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I.R.E. People

RALPH DECKER BENNETT

RALPH DECKER BENNETT

Captain Ralph Decker Bennett (SM'44),
United States Naval Reserve, was awarded
the Legion of Merit medal for his services
as technical director of the Naval Ordnance
Laboratory, Washington, D. C. Prior to
this, he received the decoration of Honorary
Officer of the Military Division of the Most
Excellent Order of the British Empire from
Lord Halifax at the British Embassy. Cap-
tain Bennett left Massachusetts Institute of
Technology to begin active duty in the
Naval Reserve in 1940.

ARTHUR F. VAN DYCK
RECEIVES MEDAL

Commander Arthur F. Van Dyck (1'13-
M'18-F'25), United States Naval Reserve,
has been awarded the Legion of Merit medal
by Secretary of the Navy James Forrestal,
acting for President Truman. Rear Admiral
Monroe Kelly made the presentation on
February 14, 1946, and the citation reads as
follows: "For exceptionally meritorious con-
duct in the performance of outstanding serv-
ices to the Government of the United States
as Officer -in -Charge of Navigational Aids in
the Office of the Chief of Naval Operations
during the period from April 19, 1943, to
October 1, 1945. Exercising initiative and
sound judgment, Commander Van Dyck
successfully developed and established the
Long -Range Electronics Navigational Aids
system in the United States Navy and, de-
veloping universal operating methods and
procedures, formulated world-wide plans for
Loran installations. Contributing materially
to the successful completion of vital combat
operations by co-ordinating such plans with
the United States Army and the military
forces of our Allies Commander Van Dyck
greatly increased the striking efficiency of
the Allied forces."

Commander Van Dyck received his
Ph.B. degree from Yale University in 1911.
He joined the Radio Corporation of Amer-
ica in 1919 and became manager of the tech-
nical and test department in 1929. Ap-
pointed manager of RCA's Industry Service
Laboratory in 1930, he directed its activities
until called to service with the Navy in 1943.

Following his release from duty early this
year, Commander Van Dyck was appointed
assistant to the executive vice-president in
charge of RCA Laboratories division. A re-
cipient of the National Association of Manu-
facturers' Modern Pioneer Award in 1942,
he was president of The Institute of Radio
Engineers in 1942.

WILLIAM E. BRADLEY

William E. Bradley (SM '45) has re-
cently been named research director of the
Philco Corporation, Philadelphia, Pennsyl-
vania. After graduation from the University
of Pennsylvania's Moore School of Electri-
cal Engineering, Mr. Bradley joined Philco
in 1936 to serve as factory test engineer in
the radio receiver production department.
In 1937, he became research engineer in the
television engineering department, assisting
in the design of wide -band amplifiers for ex-
perimental television receivers and con-
tributing to the development of a new ampli-
fier theory.

Later, Mr. Bradley was placed in charge
of the advanced -research section of Philco's
research division, and in 1945, he was ap-
pointed assistant director of the division. A
holder of numerous patents and patent ap-
plications in the frequency -modulation
radio, television, and radar fields, Mr. Brad-
ley is a member of Tau Beta Pi and Sigma
Xi.

P. B. ALGER
P. B. Alger (A'42) has joined Sprague

Electric Company, North Adams, Massa -

WILLIAM E. BRADLEY

chusetts, as application engineer. A graduate
of the Massachusetts Institute of Technol-
ogy, Mr. Alger was an engineer for the New
England Power Company prior to his serv-
ice with the United States Navy. As Lieu-
tenant Commander, he had charge of naval
inspection at Stromberg-Carlson Company's
Buffalo, New York, plant.

CORRECTION
On page 151W of the March, 1946, issue

of the PROCEEDINGS OF THE I.R.E. and
WAVES AND ELECTRONS, the gentleman
shown accepting the Fellow Awards is not
Dr. Julius A. Stratton but is Mr. C. W.
Hansell.

ADMIRAL KELLY PRESENTS MEDAL TO COMMANDER VAN DYCK
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Books

Network Analysis and
Feedback Amplifier Design, by
Hendrik W. Bode

Published (1945) by D. Van Nostrand
Co., Inc., 250 Fourth Ave., New York,
N. Y. 529 pages -I -21 -page index -I-xii pages.
430 illustrations. 9}X6} inches. Price
$7.50.

This new book was originally written as
the text for one of the Bell Telephone Lab-
oratory "out -of -hour" courses. The text
considers the complex field of analysis and
synthesis or design of passive circuits, and
both nonfeedback and feedback amplifiers;
particularly of the wide -band type. The
communication engineer whose mathe-
matical foundation has been well laid and
well used, will find this advanced text to be
an authoritative and up-to-date contribu-
tion to the field of network -theory applica-
tion. Because much of the material in the
book has not been presented in previous
texts and because of the mathematical and
fundamental character of all of the material,
the book demands slow and careful study
rather than quick, easy reading.

The first chapter considers the conven-
tional theory of the analysis of networks
(both passive and containing vacuum tubes)
by means of mesh and node equations and
the determinant method of solution.

The importance of the poles and zeros of
the driving point and transfer impedances
and admittances of a network are considered
in Chapter 2. These poles and zeros are, in
general, complex numbers and in order to
plot them on a graph, the concept of real
and imaginary co-ordinates of the "complex
frequency" plane are introduced.

For the engineer who unfortunately has
tried to conceive of the action of a complex
multiple -loop feedback circuit (i.e., more
than one feedback path) in terms of the
simple iz and # circuits, Chapters 3 to 6 of
this text will be welcomed with open arms.
In these chapters, a general feedback theory
is developed in terms of the mesh or nodal
equations for the overall circuit. Two impor-
tant mathematical definitions introduced
are the "return -voltage difference" for a
feedback circuit, and the "sensitivity" of a
feedback circuit to changes within the cir-
cuit. Consideration is given to the effect of
these two characteristics upon the input and
output impedance of amplifiers, reduction of
distortion, external gain, noise level, etc.

In Chapters 7, 9, 10, 11, and 12, the
properties of the poles and zeros of network
functions in the complex plane are used to
develop a method of synthesizing networks
to produce desired input impedances and
desired transfer impedances. Chapter 7 con-
siders the restrictions which must be placed
upon the driving -point and transfer im-
pedances or admittances, the "return dif-
ference," and the "sensitivity" and upon the
location of the zeros and poles of these net-
work functions in the complex frequency
plane if the circuits which they specify are
to be physically realizable and stable. In
Chapter 9, the method developed by Brune
(using resistance reduction and reactance
reduction) to find a physical network which

produces a desired impedance function is
described. Some properties of the two types
of negative resistance (short-circuit stable
and open -circuit stable) are considered.
Chapter 10 shows that so long as the re-
quirements of Chapter 7 upon the poles in
the complex plane are satisfied, a general
driving -point function can be represented by
a number of simple impedances in series or
parallel. The method is given for recon-
structing the complete passive network from
a knowledge of either the resistance or reac-
tance component of minimum resistance and
reactance networks. Also considered in this
chapter is the transformation of the fre-
quency variable of an equation whereby, for
example, a band-pass circuit and response
can be obtained from a low-pass structure
and response. Chapters 11 and 12 deal with
the problem of synthesizing networks to
produce a desired transfer impedance by
considering the properties of the poles and
zeros of the desired function. These chap-
ters show the close parallelism between the
resistance and reactance of driving -point
impedances considered in Chapters 9 and
10 and the attenuation and phase shift of
transfer impedances.

In all the chapters mentioned in the
above paragraph, the properties of network
functions in the complex -frequency plane
are considered, whereas in practical design
considerations we are interested in only the
real -frequency characteristics. Therefore, in
Chapters 8, 13, 14, and 15, Dr. Bode makes
use of Cauchy's theory of integration in the
complex plane to transform the complex -
frequency properties into equivalent prop-
erties at real frequencies. In Chapter 8, the
mathematical tools supplied by Cauchy's
theory are considered and as one application
of the theory the familiar Nyquist diagram
method of determining stability is devel-
oped. In Chapters 13 and 14, useful rela-
tionships between the real and imaginary
components of network functions are given
in terms of contour -integral formulas and in
Chapter 15 a set of charts is presented to aid
in the approximate computation of attenu-
ation -phase relations.

In Chapters 16 and 17, the general meth-
ods and contour -integral formulas devel-
oped in the preceding chapters are applied
to specific problems in amplifier design.
Chapter 16 considers input and output cir-
cuit design. The maximum response which
can be obtained over a given band with the
best possible input or circuit is considered
for the case where the designer is forced to
accept a shunt capacitance or a capacitance
and resistance in parallel. Chapter 17 deals
with interstage circuit design. Two -terminal
interstages are examined principally by
means of a theorem which relates the gain
of a two -terminal interstage in the useful
pass band and its phase shift beyond the
band to the parasitic capacitance in the cir-
cuit. Four -terminal interstages are consid-
ered more briefly because, in a feedback am-
plifier, four -terminal interstages produce
phase shifts of such magnitudes that it be-
comes hard to satisfy the necessary condi-
tions for stability. The chapter ends with
a set of useful charts giving the exact varia-
tion with frequency of the magnitude and
phase angle of the input impedance to the
high -frequency compensation networks
whose configuration is that of one-half sec-

tion and a complete section of a low-pass
fitter; the latter case is considered for input
and output capacitance ratios between 2
and 4.

The final two chapters of the book,
Chapters 18 and 19, deal with the over-all
design of single -loop feedback amplifiers
which are absolutely stable (i.e., the loop
phase shift does not exceed 180 degrees
until the gain around the loop has been re-
duced to unity or less). Ideal and asymptotic
cutoff characteristics are considered, and
the methods for achieving a desired cut-
off characteristic are discussed. Also given are
formulas for the maximum obtainable feed-
back. A number of specific examples of
feedback -amplifier designs are given in
Chapter 19.

In a book written by a mathematician
of Dr. Bode's caliber, which has also been
given the effective editing resulting from
its use in the classroom, one can be sure that
the chance of finding technical errors is
practically nil. One very minor point noted
by this reviewer occurs on pages 64 and 65
where a resistor in Fig. 4.9 is called an out-
put impedance instead of a load imped-
ance. Also, in the section on negative re-
sistances in Chapter 9, it would be helpful
to add a circuit to Fig. 9.8 showing a sim-
ple circuit which produces negative re-
sistance of the open -circuit stable type.

Most probably one of the major uses of
this book will be as one of the texts of gradu-
ate communication engineering courses.

MILTON DISHAL
Federal Telecommunications

Laboratories, Inc.
Nutten, New Jersey

Radar, by Orrin E. Dunlap, Jr.
Published (1946) by Harper and Broth-

ers, 49 E. 33 St., New York 16, N. Y. 203
pages -1 -5 -page index -Exiv pages. 30 illustra-
tions. 5i X84 inches. Price, $2.50.

The author's purpose is "to give a popu-
lar version [of radar] without equations or
technical language, so that the layman may
appreciate the significance of radar . . . ."
The book fulfills this purpose, and many
portions furnish fascinating reading, even
for engineers. As it is intended primarily for
the public, the few technical errors notice-
able to radar engineers are of little impor-
tance.

The history of radar and its accomplish-
ments in World War II are reviewed. War-
time press releases are quoted. The explana-
tion that there is no single inventor of radar
is excellent, with proper credit being given to
the many scientists who made radar possible.

Radar applications described include
ground, shipboard and air search, fire con-
trol, blind bombing, proximity fuze, aerial
and marine navigation, blind landing, sur-
veying and mapping, and radar counter-
measures.

The text is well written, easily read, and
up to date. This book apparently is the first
in the United States pertaining to the his-
tory and background of radar. It is a valu-
able nontechnical contribution to inform the
general public on one of the great scientific
and production achievements of our time.

LOREN F. JONES
Radio Corporation of America

Camden, N. J.
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Books

Television Programming and
Production, by Richard Hub-
bell

Published (1945) by Murray Hill Books,
Inc., 232 Madison Avenue, New York
16, N. Y. 203 pages +3 -page index -Exii
pages. 70 illustrations. 9i X61 inches. Price,
$3.00.

The purpose of his newest book, Mr.
Hubbell states in the preface, is to "provide
a foundation for the techniques of television
program production." This Dick Hubbell
does very thoroughly and in an interesting
fashion.

Of the six parts into which the book is di-
vided, four are important, namely: "The
Nature of Television," "The Camera,"
"Video Technique and Theory," and "The
Audio." Each of the sections is well illus-
trated.

The most interesting section, to a stu-
dent of production, is his discussion of
camera techniques, which is charmingly and
aptly illustrated with cartoon -style pen
drawings. Because it is in camera techniques
that lie the crux of good television produc-
tion, both from the studio and producer's
point of view, this section with its seven
chapters is well worth careful study.

His chapter on "Video Effects and Light-
ing," should be of special interest to engi-
neers. In this chapter, Mr. Hubbell capably
covers the various types of lighting and de-
vices used in television to achieve special
effects.

To radio and sound engineers, Hubbell's
chapter on "Realism and Acoustic Perspec-
tive," is especially recommended.

A major criticism of the book is Hubbell's
running apology for today's television. He
explains again and again that the photo-
graphs and techniques he describes were all
based on prewar or wartime equipment.
This tends to date the book in the reader's
mind, although the basic concepts have
changed little, if any at all.

Hubbell's major conclusions are:
1. Studios must be intelligently and flex-

ibly arranged.
2. Studios must be much larger than any-

thing yet in existence, approximating the
size of Hollywood sound stages.

3. Greater stress must be placed on the
mobility of the camera.

4. Television lighting must be improved.
5. Cameras must be lighter and more

sensitive.
Many of Hubbel's conclusions have al-

ready found expression in the design of new
television equipment, pickup, tubes, and
studios.

To every person with vision, Hubbell's
book is recommended reading.

IRWIN A. SHANE
Editor -in -Chief

Televiser Magazine
New York, N. Y.
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Mt. Washington
Baltimore 9, Md.
C. C. Harris
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Buenos Aires, Argentina
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T. A. Hunter
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America
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B. S. Graham
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St. Louis 14, Mo.
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Lester Reukema
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W. R. Hill
University of Washington
Seattle 5, Wash.
Alexander Bow
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Commission
Washington 4, D. C.
S. R. Bennett
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Books

Inside the Vacuum Tube, by
John F. Rider

Published (1945) by John F. Rider Pub-
lisher, Inc., 404 Fourth Avenue, New York
16, N. V. 407 pages+xiii pages. 274 illustra-
tions. 5 X8 ft inches. Price, $4.50.

Mr. Rider states in his foreword that his
latest "Inside the Vacuum Tube," "has but
one purpose; to present a solid elementary
concept of the theory and operation of the
basic types of vacuum tubes as a foundation
upon which can be built a more advanced
knowledge of tubes in general." However, it
is probable Mr. Rider had in mind that his
book would serve to give a foundation upon
which an understanding at the same level
of complete circuits in which tubes are cir-
cuit elements, could be built. The book is to
be recommended for this purpose to the
group at which it is aimed but does not seem
a suitable starting place for one with the
necessary background to take up the ad-
vanced study of vacuum -tube theory.

The book seems aimed at that large
group of technicians whose formal training
stopped short of college but who, by applica-
tion, have already gained a working knowl-
edge of things electricial and who now seek
a better understanding of how electron tubes
perform their functions.

The book proceeds from an elementary
discussion of the composition of matter and
the electron theory of current flow through
electron emission, movement of charges,
space charge and plate current, funda-
mentals of tube characteristics, the diode,
the triode, static characteristics of triodes,
triode dynamic characteristics and load
lines, dynamic transfer characteristics, volt-
age amplification, the tetrode and pentode
vacuum tubes, the cathode circuit, power
amplifiers, and miscellaneous vacuum tubes.
The handling and coverage of these subjects
for the assumed intended purpose of the
book is well done.

The style of the author is quite different
from that used in more formal texts, the
author writing as though he were talking to
the reader and frequently addressing him
directly. This together with the generous use
of diagrams which are never allowed to be-
come complicated and enlivenment of the
diagrams in the early chapters of the book
with "little men" to represent charges etc.
helps to make the book clear and easy to
read. Three of the diagrams are drawn
double in red and blue and when viewed
through the red and blue spectacles pro-
vided with the book, stand out in three di-
mensions very nicely but do not add a great
deal to the presentation.

No problems are provided for the reader
to solve although some examples are pro-
vided in the text. A short appendix lists the
symbols used which are for the most part
those standardized by The Institute of
Radio Engineers. No index is provided.

HARRY C. LIKEL
Western Union Telegraph Company

Brooklyn 5, N. Y.
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Books

Tables of Associated Legendre
Functions, prepared by The
Mathematical Tables Proj-
ect, Arnold N. Lowan, Proj-
ect Director, and a Tech-
nical Staff of Seven Persons,
together with Seven Super-
visory and Editing Assist-
ants, and Conducted under
the Sponsorship of the Na-
tional Bureau of Standards,
Lyman J. Briggs, Director
and Official Sponsor of the
Project.

Published (1945) by Columbia Univer-
sity Press, 2960 Broadway, New York, N. Y.
305 pages + xlvi pages. 71 X101 inches.
Price, $5.00.

This latest publication in the well-known
Mathematical Tables Project Series will be
especially welcome to workers in electro-
magnetic theory who have occasion to use
associated Legendre functions in calcula-
tion, for previous tabulations have been
limited in scope and not readily available.
The present volume gives values of PZ(x),
and Q'(x) (associated Legendre functions
of first and second kinds, respectively) for
orders (n) up to 10 and degrees (m) up to
4(m Values are given for real and
imaginary arguments, and tabulations of the
derivatives are made for each case. Values of
the function and derivatives are also given
for half -integral orders P:44/2(x) and
12:+1/2(x) for n from -1 to 4 and m from
0 to 4. In these tables, values art generally
given to six significant figures with inter-
vals in the argument of 0.1 from zero (or
unity) up to 10. There are also tables pre-
senting PZ (cos 0) and its derivative for
orders (n) up to ten and degrees (m) up to
4 with 1 -degree intervals of 0. In the section
of supplementary tables, certain exact
values of the functions, the Lengendre nor-
malizing factor, and several aids to inter-
polation are tabulated. Accuracy obtainable
by interpolation in any range is given before
each table, and an extensive bibliography is
included.

Dr. Lowan points out that the interval
selected limits interpolation accuracy in cer-
tain ranges, and further work to correct this,
interrupted by the war, may be published
in a supplementary volume. The present
volume, nevertheless, fills a great need and
will be immediately useful.

J. R. WHINNERY
General Electric Company

Schenectady, N.Y.

Television Show Business, by
Judy Dupuy

Published (1945) by General Electric
Company, Schenectady 5, New York. 233
pages +12 -page index. 68 illustrations. 8iX
11 inches. Price. $2.50.

Miss Judy Dupuy has made an outstand-
ing contribution to the literature of televi-
sion. She decided from the outset not to
write a book about the rosy -hued future of
television but to set down in clear, lucid
form the experiences of station WRGB of
the General Electric Company, Schenec-
tady, New York, over its five years of pio-
neering operation. She overlooks nothing. She
takes you by the hand and leads you from
"back stage" to "on stage" right into the
audience. On this trip you meet face to face
the problems of operating a pioneer station
in a new art. It is the kind of a book which
will enable anyone contemplating entering
the television field obtain the background of
station operation. Incidentally, it should be
very useful to the operators of other televi-
sion stations.

The reader will find nontechnical in-
formation on how television works, how
programs are conceived, designed, and put
together. The problems of scenery prepara-
tion, writing, make up and the thousand
and one other details, all of which are in-
tegral parts of this new art, are treated.
Last but by no means least, there is a very
interesting audience survey which explains,
sometimes in no uncertain terms, the likes
and dislikes of about 300 to 350 set owners
in the service area of WRGB which means
an average audience of approximately 1500.
The greatest value of this survey is not so
much the conclusions arrived at as they will
change as the audience becomes larger and
more diversified, but the methods used to ob-
tain the information. Likes and dislikes are
certain to change as the art progresses.
Methods of securing audience reactions how-
ever are apt to remain fairly constant.

Miss Dupuy has created an interesting
study of what went on during five years of
"cut and try and try again" at WRGB. It
should be read by everyone who has any
interest in teleivision.

RALPH B. AUSTRIAN
RKO Television Corporation

New York, N. Y.

January, 1946, copies of The
PROCEEDINGS OF THE I.R.E. and
WAVES AND ELECTRONS, in good
condition, will be purchased by
The INSTITUTE OF RADIO ENGI-
NEERS at 50 cents a copy.

Encyclopedia of Substitutes
and Synthetics, Edited by Mor-
ris D. Schoengold

Published (1943) by Philosophical Li-
brary, Inc., 15 E. 49 Street, New York, N. Y.
360 pages+18-page index. 6}X91 inches.
Price, $10.00.

This volume was made available during
the height of hostilities to satisfy an urgent
need for a classified list of products which
might be used in place of critical materials.
In its preparation, the author undertook the
Herculean task of presenting information
which inherently involves applications in
many specialized fields, ranging from metal-
lurgy to pharmaceutics.

Captioned an encyclopedia, the work is
essentially a handbook with encyclopedic
information, such as, chemical or physical
properties, solubility, and uses, for most of
the materials described. The subject matter
is not confined to the treatment of substi-
tutes and synthetics, but includes basic ma-
terials as well.

The materials are arranged and discussed
in conventional dictionary order. In the case
of products known by more than one name,
each is properly listed with a reference to the
main discussion. All of the known substitutes
are given for each material, thereby provid-
ing numerous cross references. By way of
explanation, if one wishes to find a substi-
tute for China -Wood Oil, a reference is given
to see Tung Oil. Under Tung Oil, substitutes
listed include Dehydrated Castor Oil, Trie-
nol, Castung, etc. Each of these materials
is, in turn, independently described under
its names.

An Index of Trade Names giving the
manufacturer and his address occupies ten
pages of space. The Subject Index is ar-
ranged according to groups such as Ad-
hesives, Catalysts, Paints, etc., under which
specific page numbers are given for reference.

Owing to the rapid progress in the devel-
opment of new synthetic materials and the
lifting of restrictions since the war's end, a
revised edition would be desirable in order
to bring information up to date. The index
of Trade Names should be expanded and
might include composition, thereby elimi-
nating a repetition of discussion for some of
the common materials marketed under a
trade name. Potting compounds and fungi-
cides could be added.

Substitutes which later established a
place by virtue of their own merits might be
indicated as Alternates to distinguish them
from their original Substitute classification.

This reviewer knows of no similar volume
which presents information covering some
fifteen -hundred different substances. It will
always fill a reference need for anyone con-
cerned with product engineering involving
the choice and application of new materials.

HAROLD L. BROUSE
The Crosley Corporation

Cincinnati 25, Ohio



Waves and Electrons Section

Information and opinion in the radio -and -electronic field necessarily reach
the editors of journals in this field and are closely studied by them. Thus, this
group of analysts are in a favorable position to offer valuable, guiding com-
ment to engineers. This journal accordingly has asked the privilege of present-
ing their views as guest editorials. As a result, and in particular, there follows
a commentary by the Editor of The Acoustical Society of America.-The
Editor.

Moral Reflections*
FLOYD A. FIRESTONE

The war -crimes trials now in progress are carefully assembling evidence which corroborates the reports of
our newspapers and congressional investigating committees, that many of the acts and the aims of those in
power in the Axis countries have been for a period of years immoral, that is, they failed to conform to the rules
of conduct which we accept as right.

As scientists, and I use the word in its broader sense to include all who use the scientific method in research,
development, engineering, or invention, we are aware of the great increase in the effectiveness of armed forces
due to the contributions of scientists. What should be our moral judgment concerning the scientists of the Axis
nations, whose scientific contributions during the war added very materially to the effectiveness of the armed
forces supporting a regime which we hold to be immoral?

I leave the reader to form his own judgments of Axis scientists who might be classified roughly as follows:
1. Those who disapproved of their rulers and refused to use their talents in their support. In some in-

stances, these men are "missing."
2. Those who disapproved, but through fear of punishment of themselves or their families considered them-

selves forced to do scientific work. We can distinguish here between the man who merely did an honest day's
work, such as the design of an effective radio set from known principles, and man who used the full extent
of his genius in inventing something basically new, like frequency modulation or an atomic bomb.

3. Those who were given unusual facilities for research or development and considered that the advance-
ment of scientice was itself good under any circumstances.

4. Those whose patriotism caused them to support their country and its leaders, right or wrong.
5. Those who may have been ignorant of these features of their regimes of which they would have dis-

approved.
6. Those who were fully informed and enthusiastic supporters.
The fundamental bases for moral judgments are mere assumptions which are differently chosen at different

times and places; in this respect they are like the assumptions and axioms which form the bases of science.
In science we say that the axioms are justified by the usefulness of the scientific deductions derived from them.
In cases of disagreement as to moral principles, each man may properly use his own thoughtfully determined
principles in the judging of others. We should not refuse to make moral judgments because of uncertainty in
the assumptions; the judgments are justified by their usefulness in contributing to group happiness, welfare, or
whatever we assume the final value in life to be. The pronouncement of judgment upon a man for his past
actions is a useful activity only insofar as it influences the future conduct of all men, either through fear of dis-
approval or other forms of punishment, or through directing the attention of all men to those rules of conduct
which are considered moral by the judger.

It would not be fitting for us to grow emotional over this question. We may surmise that under similar cir-
cumstances we would have been statistically distributed in the above six categories in roughly the same propor-
tions as the Axis scientists were. But this war has been a revelation to scientists themselves everywhere, of the
extreme importance of scientific and technical contributions in warfare; we knew we were good, but we didn't
know we were that good. In view of the demonstrated importance of the scientist's contributions, the time has
come when he must give more attention to the aims of the fellow who appropriates the funds to support the
scientific development, and who will receive the immediate benefits from it. . . . It is only because this time has
come, that an editorial on this painful subject is not out of place in a technical journal. Our services must not
be fully available to support the warlike ambitions of groups whose aims we disapprove; and it behooves us be
informed and to form opinions.

While it is not probable that we shall take any group action censuring those categories of Axis scientists whom
we believe to have used their talents to support an immoral project, on the other side it seems inappropriate
that we should give prizes, awards, or honors to a scientist whose contributions to the advancement of science
were of great importance but who first made these contributions available to the armed forces of a social group
of whose aims we grossly disapprove. There are some conditions under which the advancement of science is not
a good thing.

* (Reference: The Legal Basis of the Nuremberg Trials. Murray C. Bernays, Formerly Colonel, General
Staff Corps, AUS. Reader's Digest, February 1946, page 56.)
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David C. Kalbfell
Chairman San Diego Section, 1946

David C. Kalbfell was born in Indianapolis, Indiana,
on August 20, 1914. He received the degree of Bachelor
of Arts from the University of California at Los Angeles
in 1934; the Master of Arts degree from the University
of California at Berkeley in 1936; and the degree of
Doctor of Philosophy in physics from the same institu-
tion in 1939. While an undergraduate, he specialized in
sound, studying under Professor Vern 0. Knudsen. His
graduate work was in nuclear physics under Professor
Ernest 0. Lawrence, where he participated in the devel-
opment of two Berkeley cyclotrons and their associated
electronic equipment. As a graduate student, he also
received appointments as Teaching Fellow and Research
Fellow.

In 1939, Dr. Kalbfell joined the Research Depart-
ment of The Standard Oil Company of California, and
worked on combustion experiments until 1941 when he
was called to San Diego to work on a project of the
Office of Scientific Research and Development. He
served there until March, 1946, developing electronic
devices. During the last two years he specialized in
designing piezoelectric hydrophones and projectors to
meet the exacting requirements of certain sonar sys-
tems. In addition to the design of the crystal systems,

this involved studies of impedance networks to
match the highly reactive crystal devices to their power
amplifiers over a wide band of frequencies. He also de-
veloped a preamplifier having very high input imped-
ance, for use with small crystal hydrophones. A special
impedance bridge for analyzing multiple terminal net-
works was another of his developments. Throughout the
war he taught courses in radio engineering under the
War Training Program, and is now teaching for the
University of California Extension Division.

Dr. Kalbfell has designed a number of new electronic
instruments. The ending of the war has permitted him
to develop some of these for commercial applications,
and a company has been formed which is engaged in
their manufacture. He is now president of the K. and 0.
Laboratories, Inc., and is owner -manager of Kalbfell
Laboratories. These companies develop and manufac-
ture new electronic instruments for industrial control
and for laboratory measurements.

He became an Associate Member of the Institute of
Radio Engineers in 1944 and a Senior Member in 1945.
He is a member of Phi Beta Kappa, Sigma Xi, and Pi
Mu Epsilon.
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I.R.E. War Participation*
HARRY C.

THIS IS a welcome opportunity for the Signal
Corps to pay tribute to the indispensable role
played by members of The Institute of Radio

Engineers during the war that now is history.
A host of members of your organization, both civilian

and military, were in the forefront of our struggle to
meet the needs of the Army for radio and radar equip-
ment, an undertaking which made it necessary to utilize
virtually the entire capacity of the electronics industry.

Your scientists, and engineers in countless numbers,
unselfishly gave up their own pursuits and helped
speed up laboratory research to a point where years of
peacetime progress were compressed into a matter of
months. Your members helped to expand industrial,
university, and service laboratories and aided in setting
up new ones. I am glad to say that your production
people, too, extended every effort to help us keep pace
with laboratory developments and assured our forces of
an increasing flow of electronic devices.

But the responsibility of the Signal Corps and its as-
sociated scientists did not end when the equipment was
developed, manufactured, and issued to troops. Of vital
interest and importance to engineers and designers
were those crucial questions of maintenance when new
equipment was first used in combat operations, when it
was employed in a new type of operation or in a locale
where different conditions of temperature, humidity,
rainfall, static, dust, and vegetation prevail. Members
of your organization materially assisted in solving these
problems and thus assured efficiently operating equip-
ment for our troops.

Then, too, the problem of obtaining widespread sub-
stitutes without sacrifice of performance or quality con-
trol was inevitably difficult but the accomplishments
and contributions of I.R.E. members in this field were
many and noteworthy.

The war so rapidly proved the practical military value
of so many electronic devices that it was necessary to
put great emphasis on the exercise of economy in types

* Decimal classification: R560. Original manuscript received by
the Institute, February 10, 1946. Presented, by transcription, 1946
Winter Technical Meeting, January 24, 1946.

t Chief Signal Officer, War Department, Washington, D. C.

INGLESt

of equipment, in the selection of essential projects, and
in the standardization of equipment and component
parts. In these fields, members of your Institute made
outstanding contributions. They placed the war needs
of the nation above all other considerations and by their
unselfish public service earned the acclaim of a grateful
nation.

In the brief time allotted me it would be impossible
to call the honor roll of all those who aided the Signal
Corps in carrying out a procurement program which
aggregated more than six billion dollars. Yet I feel sure
you will not charge me with discrimination if I mention
your retiring president, Dr. William L. Everitt, as one
whose achievements in his chosen field have been espe-
cially noteworthy. As director of the operational re-
search staff in the Office of the Chief Signal Officer, Dr.
Everitt organized a group of distinguished engineers.
many of them members of the I.R.E. With their assist-
ance he directed a scientific study on the best employ-
ment of equipment and personnel, and utilized field ex-
perience in guiding the development and procurement
programs.

One of the most notable contributions of your Insti-
tute is its determination to bring to as high a level as
possible the quality of radio engineers and radio engi-
neering. Your conventions offer a meeting place for men
of distinction where ideas can be mutually exchanged
and scientific advances can be discussed. To my mind,
the publications of the Institute should form one of the
most important sections of every radio engineer's li-
brary.

For the first time since Pearl Harbor, the deliberations
of the Institute can be concerned with peaceful topics.
Wide vistas are open to radio. The immensity of its
field is almost limitless. Radio engineers by the hundreds
will be diverted from their wartime preoccupations to
new problems of civilian economy. The extension of
radio horizons both for war and peace applications
should be unceasing.

In closing, I would like to express to you my apprecia-
tion for your help in the past and my confidence in the
continuing assistance that you will render in the future.
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Navy Radio and Electronics During World War 11*
JENNINGS B. DOWt, FELLOW, I.R.E.

Summary-This paper reviews briefly some of the uses to which
Navy radio and electronic equipment were put during the recent
war, and emphasizes the importance to the Navy of developments
which have taken place in these fields. Two chronological records are
quoted from action reports to illustrate the importance of such equip-
ment to successful naval engagements.

ONE OF the most decisive factors in our victory
over the Axis powers in World War II was the
demonstrated superiority in design, manufac-

ture, and use of myriad types of electronic equipment.
The phenomenal advances made in this art were rapidly
transformed into equipment which had a most signifi-
cant effect on the tactics and strategy employed by
both sides in the conflict, and which made our ultimate
victory more certain and less costly in men and mate-
rial. Many of you have been associated with projects in-
volving certain of these electronic developments during
the war and have knowledge regarding many others.
Many of you contributed directly and importantly to
these developments. It is not my purpose to explain
operational principles of such equipment as radar, sonar,
loran, radio, etc., but rather to review the uses to which
some of this equipment was put in winning the war,
and its importance in modern warfare.

As the direct result of developments in the electronics
art which took place between 1939 and the present
moment, the military uses of electronic equipment have
grown and expanded in scope from modest though im-
portant roles to new and vastly more important places
in our Navy. It may be truly stated that electronic
equipment now provides the eyes, ears, and seven -
league boots of the fleet. The offensive and defensive
power of a modern fleet depends largely on the quality,
quantity, and intelligent use of its electronic equipment.
As the war progressed through its third and fourth
years, our naval commanders, in the normal day-to-day
operation of the fleet, depended more and more upon
apparatus utilizing electronic principles. The develop-
ment of high-speed radio teletype, for example, has
greatly facilitated many types of naval intelligence. The
use of the so-called panoramic receivers in conjunction
with instantaneous indicating types of direction finders
has made it possible to seek out and discover enemy
radio transmitters with unbelievable speed, and has un-
veiled intelligence information of the greatest value over
the miles between opposing forces to our fleet com-
manders. Radio direction finders have been improved
vastly in facility for use, sensitivity, and accuracy, while
an entirely new navigational art has been provided by
loran, a system which makes possible almost instantane-

* Decimal classification: R565. Original manuscript received by
the Institute, January 18, 1946. Presented, 1946 Winter Technical
Meeting, New York, N. Y., January 24, 1946.

t Bureau of Ships, Navy Department, Washington, D. C.

ous navigational fixes. This new and rapid method of
obtaining navigational data hundreds of miles from
land, without resort to celestial navigation, has in-
creased greatly the efficiency of fleet operations. It, like
radar, will be extensively employed in commercial air
and merchant shipping.

Radar, which more than any other one factor made
it possible for that courageous and historic "few," to
whom Mr. Churchill paid such a glowing and well -de-
served tribute, to turn back the German aerial "blitz"
on England, was of equally great service to our own
forces. Radar was an indispensable tool in the hands of
our navy in wiping out the real and dangerous menace
to our shipping in the Atlantic of scores of submarine
"wolf -packs." It played a most vital part in the demoral-
ization and ultimate destruction of the Japanese fleet
and air force. Radar made it possible for our surface
vessels to locate and destroy enemy forces in night en-
gagements, and under conditions of poor daytime vis-
ibility, and frequently this occurred before the enemy
discovered the location of our own ships. The heavy
and accurate bombardment of enemy -held beaches in
all theatres of the war in preparation for amphibious
landings was made possible by the employment of
radar. Used both for long range reconnaissance and for
fire control, it paved the way for the destruction by our
guns of thousands of Japanese planes.

The story of the development of radar in the United
States is a very interesting account of the pooling of
scientific knowledge and effort on the part of thousands
of scientists and technicians who were united in a com-
mon undertaking. That story has been told very ade-
quately by others. I would much prefer to utilize my
allotted time in emphasizing the importance of radar
to the success of naval forces in action.

I shall quote a few extracts from an action report by
the Commanding Officer of a light cruiser to illustrate
by example the degree of importance of radar. Any one
of hundreds of other equally impressive reports by com-
manders of ships and aircraft units might be quoted
for this purpose. This particular report covers an en-
gagement between opposing cruiser forces. The times
designated are local civil times.

"2200: conducting continuous search through 360 de-
grees with search and fire -control radars.

"2338: made radar contact with a group of objects
bearing 295 true distance about 14,000 yards. Checked
with navigator to insure that contact was not land.

"2339: radar plot reported contact as 5 ships bearing
065 relative and 295 true, range 13,300 yards. Set condi-
tion affirm with guns loaded.

"2342: main battery was laid on, and tracked target
showing largest radar impulse, believed to be leading
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enemy cruiser. Starboard antiaircraft battery was on
second target from left of a group of three ships. These
were believed to be screening destroyers, ahead of the
cruisers. Course and speed of both targets 140 true, 26
knots.

"During tracking phase, our van destroyers were
known to be coming up on the starboard quarter en
route to their position in the van. However, the continu-
ous radar track of the approaching enemy force was
completely distinct from the tracks of own ships.

"2346: commenced firing with both batteries immedi-
ately following the next cruiser astern. The main bat-
tery concentrated with the cruiser astern on leading
enemy heavy ship, in continuous fire, using radar train
and ranges. Hits were observed in the first salvo, which
was a short straddle. Fire was maintained, with a spot
of up 100, and in a relatively short time the target was
lighted up by a fire amidships. She was tentatively
identified by several officers as a heavy cruiser. Our gun-
fire was apparently very effective at this short range,
and the target was hit almost continuously. At about
2350 the enemy sank, going down by the bow, with her
screws still turning, and her turrets apparently still
trained in.

"The antiaircraft battery opened fire on the center
smaller ship in the enemy van, bearing slightly to the
left of the main battery target. Fire control was with
radar ranging and training, and shortly after fire opened,
splashes were observed on either side of the target ship
in the range notch. About 2350 the target disappeared
from both screens, leaving own splashes still showing.
Reports from other stations indicated that this target
was a destroyer, which broke in two and sank.

"2351: during this period we fired with both batteries
on a target, believed to be another destroyer, in the
vicinity of the first antiaircraft battery target. 'Cease
firing' was ordered when an explosion was observed on
the target, and it disappeared from the radar screens.
At least three enemy ships were observed on fire in the
target area at this time.

"2353 : commenced firing at a ship to the right of previ-
ous target. Firing was at full radar control without il-
lumination. Fires breaking out on the bow of this ship
illuminated her midsection for a short time. She was ob-
served to be a two -stack cruiser with trunk forward of
stack and latticed tripod mast close to after stack. This
ship was returning our fire. Some damage was sustained
from the fire of this ship but radar continued to func-
tion satisfactorily.

"2359: fires were observed burning on an enemy de-
stroyer. This ship fired on her for two minutes in radar
control. Hits were observed. 'Cease firing' was ordered
when target disappeared from radar screen at 0001."

From what I have quoted, it will be noted that two
Japanese cruisers and two destroyers were disposed of
in a period of 15 minutes during darkness. I leave to
your own imagination the chaos which must have ex-
isted in this Japanese force which, in the darkness of

night and without apparent knowledge or warning, sud-
denly found itself caught in the devastation of fire of our
own ships. I leave also to your imagination the tremen-
dous importance of radar to the successful outcome of
this and many similar sea engagements.

Not much is known by the general public of the
equipment known as sonar. This equipment, consisting
of a specially designed supersonic projector and re-
ceiver mounted on the hulls of submarines and surface
vessels of many types, was instrumental in sinking ap-
proximately 2,500,000 tons of Japanese shipping. The
destruction of the means of supplying the Japanese
army in the Marshall Islands, the Gilberts, and the
Philippines, had a great but little -appreciated effect in
the ultimate collapse of the war -making ability of the
Japanese. It has been stated by the Japanese military
leaders that their position in the Philippines became un-
tenable as a result of the wholesale destruction of their
shipping upon which they depended. Raw materials
could not be shipped to the home islands for fabrication
into the instruments of warfare, nor could supplies and
reinforcements reach the Philippines in sufficient quan-
tity to permit the army to carry on a successful cam-
paign. Sonar played a part in undersea warfare com-
parable to the part played in surface and air warfare
by radar. It came to our aid at that critical juncture of
the "b'attle of the Atlantic," when we were moving large
groups of men and millions of tons of supplies to the
coasts of Africa and England. The Germans knew that
to prevent the ultimate invasion of France and then
Germany, they would be forced to prevent the initial
assembly of an army in England, or if unable to do this
they could still prevent a successful invasion by cutting
the lifelines of supply, and reducing the stream of ma-
terials to an ineffectual trickle. This they hoped to ac-
complish by the employment of a large submarine force.
While it is true that many means were successfully used
to overcome the submarine menace, including air
bombardment of shipyards and berthing areas, attack
by surface units employing sonar for search and attack
were responsible for wholesale sinkings of submarines.

The following is quoted from a report covering an
action between our surface forces in the Pacific and a
Japanese submarine to show how, by means of sonar
equipment, it is possible to track a submarine over a
long period of time to await a favorable opportunity for
attack:

"2000: on 30 May one of our destroyers made sonar
contact on a submarine and asked for assistance from
four destroyer escorts of the force. The destroyer then
proceeded with her assigned duties when the first two
destroyer escorts arrived at the splot. These escorts
proceeded to make a number of attacks on rather
doubtful sonar contacts. The contacts were believed to
be a reef, but acting carefully one escort was directed to
maintain contact at about 1000 yards throughout
the night, in the belief that if it were a submarine it
would surface. The other escort proceeded to search
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the surrounding area.
"0302: on 31 May a large enemy submarine surfaced

between the two destroyer escorts which were then
about 4000 yards apart. Before the line of fire could be
cleared, the submarine dived. One escort then made
sonar contact and attacked without results. The second
also gained contact and held contact until sunrise with-
out attacking.

"0550: the remaining two destroyer escorts had joined
for the kill. At 0649 one escort attacked with depth
charges with negative results.

"0659: a second attacked with negative results.
"0713: the third attacked with negative results.
"0735: the fourth attacked, resulting in six to ten det-

onations about 9 seconds after the splash. Approxi-
mately 51 minutes after this attack, a tremendous un-
derwater explosion occurred. A tremendous 'shock'
type of explosion without visible local disturbance was
felt. About two hours later, oil and debris began rising
within 500 yards of the position of the last mentioned
attack. The usual deck planking, cork stoppers with
Japanese characters, a bar of soap, and a split reed con-
taining powder were collected. The area was littered
with granulated cork."

Another type of equipment which was little publi-
cized during the war was an electronically operated
apparatus on ships and planes which made it possible
for them to challenge other ships or planes and receive
an immediate response, indicating clearly whether the
challenged ship or plane was enemy or friendly. This
device was familiarly known as I.F.F., which is trans-
lated as "identification friend or foe." The necessity for
the most careful co-ordination in joint and combined
operations where the military forces of several nations
were engaged, created a need for some means of mutual
recognition of friendly forces. The system of I.F.F.,
which was developed to fill this need, did 'much to fa-
cilitate the successful tactical operation of diverse mili-
tary units of the allied nations participating.

Other naval equipment employing electronic princi-
ples included beacons used by shore parties to lead
other groups to satisfactory landing points, to control
gunfire from ships or land batteries in spotting the fall
of shells into target areas, or to indicate to planes the
desired target or their course back to beacon -equipped
carriers.

Harbors were protected against the approach of sub-
marines by automatic electronically operated warning
devices. The navy used in a very effective manner the
antiaircraft shell employing an electronic fuse which
controlled the explosion of the charge by means of a
radio wave reflected from the target plane. The effec-
tiveness of antiaircraft fire is largely dependent on the
accurate setting of fuses to provide an explosive burst
at the precise time of arrival of the projectile in the near
proximity of the plane. The proximity fuse accom-
plished this objective in a highly effective manner.

Inasmuch as it was known that the Germans pos-

sessed radar, and that the Japanese had made consid-
erable progress as well, it was necessary to develop
various types of countermeasures to nullify the effec-
tiveness of enemy, sets. Our countermeasures were of
tremendous value, especially against the Germans in the
invasion of France. Here the Germans had set up count-
less batteries of antiaircraft guns, heavy caliber coast
defense guns to be used against attacking warships, and
mortar batteries to be used against the smaller am-
phibious landing vessels and vehicles. The fire of these
batteries was known to be controlled by radar, and in
the preparation for invasion, plans were made to employ
countermeasures which would interfere with the proper
operation of the radar and provide the enemy with
either no range and location data, or to provide only
faulty firing data which would seriously hamper the
defensive fire power. These electronic devices, thor-
oughly tested to prove their effectiveness, insured the
success of the invasion. Battleships, cruisers, and de-
stroyers stood well into the beach area at night and
under cover of smoke in the daytime delivering a
withering volume of accurate fire against the German
positions, while they themselves were little damaged by
the fire from the German guns. In addition, many types
of radio "jammers" were successfully used to interfere
with enemy airborne radar and radio communications.

As the war came to a close, the navy had under de-
velopment many other offensive and defensive weapons
which in a short time would have been used in combat.
Most of these weapons depended extensively upon ap-
plications of electronic principles, and would have
exerted a profound influence on the nature of warfare.
Pilotless planes carrying tremendous loads of high ex-
plosives would have carried terrible destruction to the
enemy, guided to the targets by distant controls. Flying
bombs and various types of rockets easily controlled
from a distance would have taxed the best defensive
efforts of the enemy to stop this form of sudden attack.

The unleashing of the ultimate power of the atom is so
new to most of us that we find it difficult properly to
appraise its application to warfare. We can only hope
that, as nations begin to realize its potentialities, atomic
explosive power can be in some way successfully out-
lawed. We cannot, however, overlook the other possi-
bility. To say that this country or any other country
can keep the secret of atomic power is deliberately to
refuse to face the facts. Just as the development of
radar proceeded independently in several countries
simultaneously, the development of atomic power will
be carried on by many nations. We must, therefore, in
our planning, proceed on the assumption that other na-
tions will possess atomic power, and may some day use
it against us in sudden attack. I have digressed momen-
tarily in order to emphasize the fact that in any future
conflict, when atomic power may be utilized, the elec-
tronic art will .play an even larger part in our offensive
and defensive weapons than it did during World War II.

While there still remain many problems before us in



the demobilization of the navy and its reduction to its
peacetime strength, the outline of the postwar naval
establishment is beginning to be seen clearly. The fleet
and its supporting air arm will be large, larger than any-
thing visualized before the war, and the job of keeping
it equipped with the most modern electronic devices
will be a challenge to the best efforts of American science
and industry. It is now planned to divide the fleet into
two parts: the active fleet, which will be fully operable
and will be scrupulously maintained in fighting condi-
tion; and the reserve fleet, which will be maintained in
such a way as to permit its vessels to be put rapidly into
fighting condition of complete readiness at short notice.
It is also planned to rotate at suitable intervals the ships
of the active and reserve fleets to provide opportunities
for testing all shipboard equipment under operating
conditions at sea. The electronic equipment aboard ves-
sels of the active fleet will be modernized continuously
to take advantage of all advances and improvements as
they become available.

I wish to emphasize the fact that we of the navy are
well aware of the problems facing us, and that we ap-

preciate the fact that we cannot afford to "rest on our
oars," now that the war is won, but that instead, we
must be unremitting in our research and development
of new weapons, in order that we may continue to enjoy
the advantage of a technical lead over any possible
enemy or combination of enemies. It is a certainty that
a most energetic and progressive program of research
will be carried out to the limit of the funds made avail-
able by Congress.

We face the future with confidence in the will of the
people and Congress to maintain a fleet which will con-
tinue to be "second to none." We have recently experi-
enced in the course of a long and difficult war the
wholehearted support of industry, scientists, engineers,
and technicians of America, who gave unstintingly of
their time and ability to build and equip the most power-
ful fleet the world has ever seen. With their continued
support, we cannot fail to maintain that supremacy
which is our best guarantee for the future safety of our
country. You can be assured that we of the navy will
do our part to foster and continue a program to this
end.

CBS Studio Control -Console and
Control -Room Design*
HOWARD A. CHINNt, FELLOW, I.R.E.

Summary-Heretofore, it has been the general practice, both in
the United States and abroad, to assemble the audio equipment
components used for broadcasting and motion -picture sound studio
operation in so-called relay racks or cabinets. These assemblies were
generally supplemented with a control console, separate from the
equipment racks, but connected thereto with a suitable multipair
shielded cable.

While convenient from the viewpoint of servicing and of utilizing
"standard" interchangeable panels of equipment, an assembly of
this nature is wasteful of studio control -room floor space, does not
result in the optimum location of the numerous controls generally
considered essential for modern network -originating program opera-
tions, and architecturally is seldom attractive.

The studio control console described in this paper incorporates in
one unit all the equipment normally contained in two or three relay
racks and an associated control panel. In addition, it includes the
many accessories that present-day, elaborate program production
demands. Furthermore, these facilities are assembled in a compact,
readily accessible, relatively small unit which does not sacrifice any
of the flexibility of the old-style assembly; in fact, the console pro-
vides many new conveniences. The equipment differs from any
consolettes and desk -type equipment heretofore developed in the
type of construction employed and the extent of the facilities in-
volved.

If maximum advantage is to be taken of a carefully designed
control console, it is essential that certain architectural features be
incorporated in the control -room layout. Some of the features that
enter into these considerations are discussed and their correlation
with console design indicated.

* Decimal classification: R613.11. Original manuscript received
by the Institute, December 10, 1945.

t Columbia Broadcasting System, Inc., New York, N. Y.

I NTRODUCTION

N THE early days of radio broadcasting, the studio
microphone (and there was sometimes only one)
and its associated audio equipment were considered

a minor accessory which must necessarily be provided
to complete the system. In many instances, the audio
facilities were installed in the same room with the trans-
mitter, and in some instances, this room also served as
the studio.

At times, the handiest carbon -button telephone trans-
mitter and telephone repeater -type amplifier were
pressed into service. In fact, early broadcast audio
facilities became so intimately associated with tele-
phone practice that relay -rack type of construction was
employed and, in addition, the term "speech -input
equipment" was applied. Broadcast -studio audio facili-
ties have progressed a long way since "speech" only was
transmitted directly to the "input" of the transmitter.
Studios and their associated equipment are now a major
part of a complete broadcasting plant and the transmit-
ter is generally located at a remote point. Furthermore,
present-day radio productions require relatively elabo-
rate facilities so that modern studio equipment incorpo-
rates extensive means for meeting the demands.

The Columbia Broadcasting System 2A console, which
was originally developed for use in CBS's New York stu-
dio building, illustrates a new solution to the problem of
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locating the numerous controls, switches, jacks, instru-
ments, etc., within convenient reach of the operator,
while still maintaining the flexibility, ease of servicing
and of modification inherent in the relay -rack type of
construction. In addition, the console presents an ap-
pearance more in keeping with the surroundings and
does not require the large floor areas back of equipment
racks that are necessary for access to the equipment, but
useless during normal operations. Furthermore, the con-
sole, being completely self-contained, requires only the
minimum of connections to effect its installation in the
studio control room. Finally, the unit may be completely
tested in the shop and any necessary adjustments made
prior to delivery. In this day of stringent performance
characteristics, this ability to undertake tests and ad-
justments in the shop or laboratory where adequate
means are available saves considerable time on the job
where, during the normal course of construction, con-
ditions are generally far from ideal for undertaking pre-
cise measurements and adjustments.

PHYSICAL CONSIDERATIONS

As is all too evident from even a casual inspection of
some studio control -room installations of the past, the
design engineer has often been so absorbed in the tech-
nical aspects of the equipment, circuits, etc., that little,
if any, thought has been given to the location of the
numerous controls from the viewpoint of operating con-
venience. At times, thought has been given to
this very important aspect of the problem, some con-
structional difficulty has presented an obstacle to secur-
ing the optimum arrangement. When consideration is
given to the many thousands of hours during which a
technician will be at the controls of the equipment, it
is evident that a great amount of effort is justified in the
design and construction in order to overcome all ob-
stacles to greater operating convenience.

Among the more important physical aspects affecting
the design of studio consoles are: (a) the location of con-
trols; (b) the location of visual monitoring facilities;
(c) visibility into the studio; (d) appearance.

The location of all controls is predicated on two re-
quirements. First, they must be within convenient reach
so that operation may be undertaken over long periods
of time with the minimum of effort. Second, they should
be so arranged that they may be located readily and
identified by touch without the need for looking away
from the studio action. It would not be satisfactory, for
instance, to place the master gain control for the com-
plete channel and the monitor -loudspeaker gain control
immediately adjacent to each other. Under these cir-
cumstances, the monitor gain control might be operated
in error when it is desired to modify the over-all level
of the transmission. Based on aural monitoring in the
studio control room, the desired effect would seem to
have been achieved in spite of the operating error;
whereas, in fact, the program transmission from the
studio would not be affected. Similarly, due considera-

tion must be given to the location of all other controls
so that the incorrect one is not unwittingly operated
under the stress of program production.

In general, the location of controls is limited by the
maximum distance that one can conveniently reach.
Where a large number of controls are involved, this re-
quirement makes it necessary to adopt a U-shaped con-
sole (with the base of the U towards the studio and the
operator seated in the slot) since, if the controls are
located at successively higher levels in front, the tech-
nician's vision into the studio will be effectively blocked.
Furthermore, any controls that require continuous ad-
justment during the course of operations (such as mixer
volume controls) must be located close to the table top
in order to provide adequate support for the arm and a
natural, convenient operating position. If the centers of
such controls are more than 24 inches above the table,
operating convenience and ease of control are needlessly
sacrificed.

In this regard, it is pertinent to note that the consen-
sus of a large group of experienced operating personnel
is that the mixer volume -control panel should be at
an angle of 30 to 45 degrees from the vertical. If the
usual type of rotary control is mounted on a panel that
is in the horizontal plane, or nearly so, it is impossible
to accomplish a complete rotation of the mixer knob,
for a complete fade, without shifting one's grip on the
knob several times during the process. This procedure

not, of course, facilitate smooth operation.
Another advantage afforded by the preferred panel

slope is the fact that all graduations on the dial are
readily visible, none being hidden from sight by the
control knob. This obtains since the panel is essentially
at right angles to the normal line of sight; which condi-
tion does not exist in the case of either a vertical or
horizontal mixer panel.

Of the visual monitoring facilities, the most important
is the volume indicator. Ideally, this instrument should
be located so as to be directly in the path of vision from
the control room to the studio. Consideration has, in
fact, been given to the use of a projection volume indi-
cator whose image would be visible on the control -room
observation window or on the wall of the studio. This
arrangement has its advantages, but after experimenta-
tion its adoption was not considered advisable for a
number of reasons. However, a conventional volume -

indicator instrument may be located readily in the line
of sight, provided certain layout and architectural fea-
tures are followed. One solution to the problem is
shown in Fig. 1, which is a front view of the CBS 2A
console wherein the volume indicator (and also a clock)
is located in a center section that is slightly raised
above adjoining parts of the console. By the simple
expedient of making the sections on either side of
the volume indicator and clock as low as possible,
consistent with providing enough space for the required
controls, maximum visibility into the studio is provided
and the instruments are more or less in the line of vision.



1946 Chinn: CBS Control -Room Design 289

The need for keeping the entire front panel of the
console low in height is further evidenced by Fig. 2,
which illustrates some of the details that make it neces-
sary carefully to co-ordinate both the architectural and
the technical features of studio control -room design.

For ease of operation, it is desirable to place the seated
occupants of the control room on the same eye level as
those in the studio with whom visual communication is
desired. By this arrangement, the need for either party

Fig. 1-Front view of CBS 2A studio control console. The eight -posi-
tion mixer and master gain controls occupy the lower portion of
the center section. The six -microphone mixer controls on the left
are distinguished from the two incoming -line controls on the right
by the use of different -colored knobs. The master gain control is
on the extreme right-hand end.

Although not visible in the photograph, small "magic slates"
are mounted immediately above each mixer knob on a ledge pro-
vided for this purpose. Thus, a simple means is available for
temporarily marking channel assignments without defacing the
equipment with pencil markings. Such notations can be removed
immediately by lifting the clear plastic covering of the white
slate. Markings may be made with any dull point; not even a
pencil is needed.

The associated microphone and line keys are in the upper
left-hand part of the center section, while the utility, rehearsal -
break, and outgoing -line keys are in the upper right-hand part.

The upper center section contains the standard volume indi-
cator, electric clock, and, between the two, a rehearsal -break
microphone.

The left-hand wing contains the "high-level" jack field while
the "low-level" circuits are accommodated by the right-hand jack
field.

A utility volume control and a rehearsal -break volume control
are in the upper right-hand section of the left wing. An amplifier
current meter and associated switch occupy the corresponding
location in the right-hand wing.

A sound -effects filter is contained in the angled portion be-
tween the center section and the left-hand wing, while a two -
position reverberation -channel mixer is contained in the corre-
sponding location to the right of the center section.

The foot -operated rehearsal -break switch is located on the
base of the console as shown.

Note the clean-cut, uncluttered layout with places for all con-
trols within easy reach of the operator.

continually to look upwards or downwards when watch-
ing the other is avoided. In the particular case illus-
trated, it is assumed that it is desirable to have a con-
ductor on a podium on the same eye level as those in the
control room. The amount by which the control -room
floor must be raised above that of the studio is deter-
mined by the height of the podium and the average
heights of persons standing and seated. In a smaller
studio, on the other hand, where only dramatic produc-
tions are undertaken, for example, it might be desirable

to adjust the height so that persons standing on the
studio floor would be at the same eye level as those
seated in the control room.

Having raised the control -room floor it is necessary,
however, to incorporate means for seeing those in the
studio that are seated and located close to the studio
wall adjacent to the control room. This is provided for
again by keeping the control console low in height and
by sloping the sill of the control -room window' as shown
in Fig. 2. In the particular case illustrated, a rather high
podium is assumed, resulting in the control -room floor
being elevated by a considerable amount and yet, by
employing the arrangement shown, a person seated
within less than 3 feet of the wall can readily be seen by
those in the control room.

Consideration must also be given to the field of vision
in the horizontal plane. As is evident from Fig. 2, the
closer one is to the control room window the greater the
amount of studio floor area that can be seen. This factor
also influences the design of a control console, since its
depth must be kept to an absolute minimum if maxi-
mum advantage is to be taken of a control window of
given length. As a matter of fact, the "blind" area in the
studio is more or less directly proportional to the dis-
tance that the control -room occupants sit from the ob-
servation window. Many hundreds of square feet of
studio area may often be brought into view if the over-
all depth of the control console and table is reduced a
few inches.

Increased field of vision into the studio may be effec-
tively obtained also by allowing the control room to
come out into the studio slightly, as shown in the plan
view of Fig. 2. This type of construction provides vision
to practically all parts of the studio, while decreasing
the total volume of the studio by a negligible amount.
The sloping observation window, combined with the
curved section does, however, require the glazers to
work to close tolerances, since the glass in this portion
is a section of a cone and not simply cylindrical.

The architectural features of broadcast studios have,
from the viewpoint of appearance, undergone a marked
change for the better since the early days of heavy rugs
and draperies, vertical observation windows, oak micro-
phone stands, and the like. In line with this, it is only
fitting that the appearance of the associated audio fa-
cilities be more in keeping with their present-day sur-
roundings.

A relay -rack assembly, excellent as it may be from a
purely technical viewpoint, certainly lacks dynamic
symmetry and is difficult, if not impossible, to work into
the architectural features of the control room. Where
appearance is of importance and where the economics
of the situation permit, a properly designed studio con-
sole will not only provide the flexibility, accessibility,

In cases where the depth of the control console is unavoidably
great, the top of the console should also be sloped in much the same
manner as the window sill. This expedient not only greatly improves
vision into the studio, but, in practice, reduces the apparent depth of
the console by a surprising amount.
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STUDIO & CONTROL ROOM SECTION

STUDIO NO. 21
Fig. 2-A study of a plan view of the studio control room showQthe importance, for maximum vision, of placing all occupants as close aspossible to the observation window. Moving only a few inches nearer the glass may sometimes make it possible to see hundreds of squarefeet more of the studio floor area.

The important relations between control-room floor elevation, the angle of the observation window, location of control -room lights,etc., are shown in the section of a studio and control room. The procedure for determining the control -room floor height is covered inthe accompanying text.
Note from the drawing how the location of the control lighting fixtures and the slope of the observation window must be co-ordi-nated in order to avoid reflections that are visible to the control -room occupants. Similar consideration must be given to the studiolighting.
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and other advantages of a relay -rack assembly, but, in
addition, will present an appearance that leaves little,
if anything, to be desired.

Fig. 3-Front view of the CBS 2A studio control console with access
doors and mixer -control panel opened. The door in the left wing
reveals the control panel containing the loudspeaker monitor -chan-
nel volume control at the top, and individual volume controls for
three loudspeakers (studio, observation room, and control room)
immediately below. The entire panel is hinged, horizontally, near
the center to provide ready access to the volume controls for
maintenance and inspection.

The on -off and the regular -emergency alternating -current
tumbler switches are mounted in the center of the panel together
with pilot light and the regular -emergency low- and high -voltage
transfer switches.

Dead front, cartridge fuses for the regular and emergency
alternating -current supplies are located at the bottom of the
panel.

In the wings, immediately below each jack field, there is a
pocket containing a disappearing shelf which carries sixteen
double plugs which are associated with seven complete patch
cords and two "across -the -desk" patch cords. The sliding covers
to these compartments are shown opened in this photograph, but
the shelves are in the "retracted" position.

The doors in the sides of the console just below the patch -cord
compartments give access to the patch -cord weights and pulleys
that retract unused cords and seat them in their retaining sockets.

The underside of the mixer -control panel (see Fig. 4 for close-
up) and the pre -amplifier and terminal -block compartment (see
Fig. 5) are shown in the center portion of the console.

Fig. 4-A close-up of the opened mixer -control panel showing the
ready accessibility of the volume controls for cleaning and in-
spection.

The formation of the audio cables consisting of tightly laced,
individually shielded pairs of wire are of particular interest be-
cause of the need for providing adequate slack in the small space
available to avoid sharp bends and to give sufficient flexibility to
this naturally stiff cable. The formation of the fixed portion of
this cable, back of the panel, is such that ready access is provided
to all component parts.

The back of the rehearsal -break microphone can be seen be-
tween the backs of the volume -indicator meter and the electric
clock.

In addition to those physical considerations already
covered, there are several other items which warrant
attention in the design of control consoles. It is impor-
tant that the table height and width be such as to pro-
vide the most comfortable operating conditions for the
average person. Furthermore, frequently used controls
must be within convenient reach. These essential dimen-
sions and other important points can best be determined
by the construction of a full-scale wooden model that
is adjustable as regards the factors in question, and by

Fig. 5-A close-up of the pre -amplifier and terminal -block compart-
ment (see Fig. 3 for general view) showing the ready accessibility
of the tubes and terminals of the ten "shock -mounted" preampli-
fiers. Three 80 -terminal audio blocks are located at the lower left,
while two 12 -terminal blocks for alternating -current and direct -
current power are located at the lower right.

Fig. 6-Three-quarter view showing access doors to jack field and
equipment compartments in wings of studio control console. The
large number of doors (16) that was used to provide ready access
to all parts of the console necessitated unusually heavy internal
bracing to insure against deformation of the unit during shipment
and handling. In order to maintain the accurate alignment of the
flush doors a very rigid structure was necessary. The weight of the
completed assembly was approximately 1300 pounds.

determination of the consensus of a large group of those
who arc concerned with the operation of the finished
product. This procedure was followed in the case of the
CBS 2A console, and the results have fully justified the
effort expended in this direction.

Equally as important as the question of external
features is the matter of equipment accessibility and
method of mounting. The former is important from the
viewpoint of ready maintenance, whereas the latter
permits changes in the event that operating require-
ments or advances in the art dictate the installation of
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new facilities. Since the provisions made for coping with
these problems are illustrated in Figs. 3, 4, 5, 6, 7, and 8
and explained in the accompanying captions, they are
not reiterated here.

AUDIO FACILITIES PROVIDED

The features incorporated in the CBS 2A console pro-
vide all the facilities necessary for the production of the
most complex program originations. The extent of the
means that are available can be illustrated most readily
by reference to a block diagram of the circuit, Fig. 9, and
the photographs. Some of the basic features of the ar-
rangement have been outlined heretofore2'3 and will not,
therefore, be repeated here.

Fig. 7-A view of the contents of the jack field and equipment com-
partments in the left wing of the console. The uppermost compart-
ment contains the high-level jack field and the utility and
rehearsal -break volume controls (at upper left).

Of the four lower compartments, the upper left contains the
regular low -voltage direct -current power -supply unit; the lower
left contains the preamplifier filament transformers, regular high -
voltage (B) direct -current power supply, and a loudspeaker field -supply unit.

The upper right compartment contains all audio and "on -air"
sign relays, while the space on the lower right is available for fu-ture additions.

An eight -position mixer is provided for simultane-
ously accommodating six studio microphones and two
incoming -program lines. These latter may be used for
supplementing program originations in the studio by the
introduction of program material from other near -by or
remotely located sources. Each incoming -line position is
equipped with an isolation coil (C1) and a resistance
attenuation pad (Pi); the latter to minimize, from the
viewpoint of the mixer -control input, any impedance

2 H. A. Chinn, "Broadcast studio audio -frequency system de-
sign," PROC. I.R.E., vol. 27, pp. 83-88; February, 1939.

$ H. A. Chinn and R. A. Bradley, "CBS Hollywood studios,'
PROC. I.R.E., vol. 27, pp. 421-429; July, 1939.

variations that may be present in the incoming-line cir-
cuit.

Because of the extremely low output level of cur-
rently available high-fidelity microphones, it is neces-
sary to employ amplification prior to the mixer controls
in order to maintain the signal-to-noise ratio that exists
at the terminals of the microphone. In this connection,
it is interesting to note that, for all intents and purposes,
the signal-to-noise ratio that exists at this point deter-
mines the performance, in this respect, of present-day
facilities.

Each mixer position is provided with an on -off key
switch (K1) and an associated pilot light. When a key
associated with a microphone circuit is in the "off"

, -

*4 se,14,0R+0.4..44,4K4

Fig. 8-The right-hand wing of the control console contains, in addi-tion to the low-level jack field, compartments for four amplifier
chassis. Two such units (a channel and a monitor amplifier) areshown installed in this photograph. These amplifiers are mounted
on a shelf that slides forward, file -drawer fashion. The amplifierscan then be tilted up and back, thereby providing ready accessto the top and the underside of the chassis for inspection, test,and repair. The lower compartments provide space for future ad-ditions or special equipment, if necessary.

position, a short-circuit is placed on the microphone -
amplifier output circuit, while a terminating resistor is
connected to the input of the mixer control. The short
circuit is essential to prevent transmission, when the
microphone key is in the "off" position, to the reverbera-
tion channel which may be bridged across the output of
the microphone amplifier.' The termination, on the
other hand, insures that the mixer control faces a con-
stant source impedance at all times.

When the keys associated with incoming -line positions
are in the "off" position, terminating resistors are

4 H. A. Chinn, "Reverberation control in broadcasting," Elec-tronics, vol. 2, pp. 28-29; May, 1938.
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applied both to the output of the line coil and the input to
the mixer control. This arrangement insures against any
change in level on the incoming line resulting from oper-
ation of the mixer key. This is important in cases where
other circuits are bridged across the incoming line prior
to the on -off key.

The mixer controls, which are variable bridged -T
attenuators, have their outputs connected by means
of a differential network which provides correct source
and load impedances for all circuits concerned. In the
design of this network it is necessary to take into ac-
count not only the input -impedance requirements, but
also the special conditions existing at the output of
the network. The network operates from a finite
source impedance (600 ohms) and presents a like im-
pedance to the mixer controls. The output of the net-
work, on the other hand, must present a finite output
impedance to the following amplifier, while working into
what is essentially an open circuit.

This requirement occurs since, in the interest of keep-
ing the number of amplifier types to a minimum, it is
common practice to use a microphone amplifier as a
"booster" at the output of the differential network. The
input impedance of this type of amplifier is relatively
high and for practical design purposes may be consid-
ered infinite over most of the frequency range. The im-
pedance of the source to which the amplifier is con-
nected, on the other hand, must be a finite value.

The remainder of the program channel, following the
booster amplifier (A 6), consisting of a master gain con-
trol ( VC1), a channel amplifier (A2), line key (K3) and
resistance attenuation pad (P2), follows conventional
lines as already set forth."

Visual monitoring facilities consist of two standard
volume indicators,5 one located on the control console
and the other on the production desk. Both volume in-
dicators are connected to a common range-attenuator
(P7) by means of a differential network (P6) and are
provided with means (Ps) for adjusting the sensitivity
exactly to standard.

The aural monitoring facilities follow conventional
lines and, as already described,2 the operation of these
circuits is interlocked with the operation of the line and
the rehearsal -break keys.

AUXILIARY FACILITIES

The above described facilities, which may be consid-
ered of a basic nature, are supplemented by utility
equipment which provides means for coping with es-
sentially every requirement encountered during normal
operations. These auxiliary units include a "sound -
effects" filter consisting of adjustable low- and high-pass
filters (F1, and Phi) connected in tandem, and an ad-
justable attenuator or volume control ( VC1) which is

6 H. A. Chinn, D. K. Gannett, and R. M. Morris, "A new stand-
ard volume indicator and reference level," PROC. I.R.E., vol. 28,
pp. 1-17; January, 1940; and Bell Sys. Tech. Jour., vol. 19, pp. 94-
137; January, 1940.

provided with isolation transformers (C1) on both the
input and output, in order that it may be used with
either balanced- or unbalanced-to -ground circuits. In
addition, there are double -pole, three-way key switches
(K2), parallel jacks, a utility bridging coil (C2), and aux-
iliary circuits from the control room to the studio itself
for extra microphones (M-7 and M-8), headphone "cue"
transmission (PH -Q), private -line telephone extensions
(PL -X), and general -utility circuits (U-1 and U-2).
Another arrangement that often proves useful is the in-
stallation of a microphone (M-9 and M -/O) and two
utility circuits (U-1 and U-2) from the control room
to the observation room and the storage room that is
associated with each studio.

Still another useful facility is the auxiliary mixer
shown in the upper right of Fig. 9. This circuit consists
of a two -position mixer provided with bridging trans-
formers (C2) ahead of each volume control (VC1).

When used in conjunction with a reverberation cham-
ber as already detailed,' this arrangement provides
means for increasing the apparent reverberation time
of the studio. The effect is often used for special dra-
matic effects.

This auxiliary two -position mixer is also useful for
supplementing the regular mixer positions and can be
connected into the circuit in a variety of ways by means
of patch cords.

PERFORMANCE

Although the CBS 2A console has been used primarily
for standard amplitude -modulation broadcast service, it
was designed with frequency -modulation requirements
in mind. The measured performance of the units readily
meets such standards.

-2

CBS 2A STUDIO CONSOLE
OVERALL RESPONSE - FREQUENCY CHARACTERIST ICS

I MAXIMUM SPREAD FOR ALL CHANNELS)

20 30 50 100 200 500 1,000 zpoo 5,000 10,000 20,000
FREQUENCY IN CYCLES PER SECOND

Fig. 10-The over-all response -frequency characteristic of the pro-
gram channel of the Columbia Broadcasting System 2A studio
console is well within the requirements dictated by good engineer-
ing practice. Measurements made on a number of channels illus-
trate this fact and, also, show the high degree of uniformity
between channels.

The response -frequency characteristic of the program
channel is uniform, within 0.3 decibel of the 1000 -cycles -
per -second value over the frequency range from 50 to
10,000 cycles per second and within 1 decibel over the
range from 30 to 15,000 cycles per second. Fig. 10
graphically shows the extreme range of values obtained
for a number of different channels.
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The single -frequency nonlinear distortion of the pro-
gram channel at output levels of +10 vu is less than 0.3
per cent over the test -tone fundamental -frequency range
from 200 to 7500 cycles per second, and less than 0.75
per cent for test -tone frequencies from 50 to 7500 cycles
per second. At output levels of +20 vu, that is, 10 deci-
bels above normal, the distortion is less than 0.5 per cent
over the frequency range from 100 to 4500 cycles per
second and less than 0.75 per cent over the range from
50 to 7500 cycles per second. Fig. 11 shows the extreme
range of values for a number of different channels.

0.6

cc

0.4

0.2

CBS 2A STUDIO CONSOLE
OVERALL DISTORTION - FREQUENCY CHARACTERISTICS

A) NORMAL AND IO DB ABOVE NORMAL PROGRAM LEVEL
(MAXIMUM SPREAD FOR ALL CHANNELS)

OUTPUT + 20 VU

OUTPUT + IO VU

20 30 50 100 200 500 1,000 2p00

FREQUENCY IN CYCLES PER SECOND

5,000 10,000 2 OPO 0

Fig. 11-The harmonic distortion, as a function of frequency, of the
complete program channel of the Columbia Broadcasting System
2A studio console is shown above. The measurements are full
single -frequency test tones at output levels corresponding to nor-
mal program level (+10 vu) and at levels 10 decibels above nor-
mal (+20 vu). The absolute magnitude of the harmonic distortion
and the spread for a number of channels are seen to be quite small.

All of the above measurements are for the complete
program channel from microphone preamplifier input
to the output of the line pad. Normal gain-control
settings were employed and the over-all insertion gain
was 68 decibels. Under these circumstances the signal-
to-noise ratio at +10 vu output levels ranged from 59.5
to 61.5 decibels for various channels. It is to be noted,
however, that these measurements are not nearly as
poor as they may seem, since they were made with re-
spect to a single -frequency test tone, corresponding to
normal program levels (+10 vu) as read by a standard
volume indicator. Of course, the peak value of actual
program material is many decibels higher than the indi-
cated values-the peak factor ranging from perhaps 8 to
14 decibels, depending upon the program content. CBS
established practice, which is now accepted by the indus-
try (e.g., Radio Manufacturers Association), has been
to use an average value of 10 decibels for the peak factor.
Transmitters are designed accordingly, and the 100 per

cent modulation point for sine waves is considered to be
10 decibels above the normal program level. Obviously,
signal-to-noise ratios should also be measured with re-
spect to the sine -wave test -tone level that produces
100 per cent modulation of the transmitter, that is, 10
decibels above the normal program level. When this was
done, the signal-to-noise levels of the CBS 2A console
were found to be from about 69 to 71 decibels.

CONCLUSION

In the final analysis, the excellence of any design is
proved by its performance under actual operating condi-
tions, and the enthusiasm with which the device is

accepted by the profession. The CBS 2A console has met
both of these tests with distinction.

These equipments have been in constant service since
1940, or for over six years. During that time, no modi-
fications or alterations have been necessary to meet any
of the requirements of a large broadcast network pro-
gram -origination center in New York even though the
period included the trying war years. The additional
initial cost of the console, as compared to more prosaic
designs, has been more than justified by the subsequent
saving in material, labor, and lost time that a less com-
plete assembly would have entailed when additions and
modifications, made necessary by program -production
demands, were undertaken.

The acceptance by the profession can best be judged
manifested by others in the

design and by the requests for permission to duplicate,
in whole or in part, various features that are incorpo-
rated. In fact, it is because of current interest in the
basic layout that this paper is being published. Although
originally prepared in 1941, but not quite finished be-

cause of the war, the material presented will not only
make available to others certain fundamental studio -
console -design considerations, but also serve as a basis
for new designs. The relay -rack -and -panel age for broad-
casting studio audio facilities is probably a thing of the
past.
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The Use of Liquid Dimethylsilicones to
Produce Water -Repellent Surfaces

on Glass -Insulator Bodies*
0. K. JOHANNSONt AND JULIUS J. TOROKt

Summary-The need to render ceramic surfaces water-repel-
lent in certain electrical applications under high humidities is dis-
cussed.

Organosilicon compounds have been found to make ceramic sur-
faces water-repellent. The nature of a family of such compounds, the
dimethylsilicones, is briefly described. Methods of preparing and
treating glass surfaces with silicones are presented.

Results of tests on treated and untreated glass -insulator bodies
are presented in detail. The advantages of the treatment as tested
under adverse conditions such as immersion in sea water are shown.

I. INTRODUCTION

GLASS and ceramic insulators are used in practi-
cally all types of electrical equipment. In many
applications, particularly in radio and precision

equipment, such insulators have given trouble under
conditions of high humidity. Under such conditions,
although the volume resistance of an insulator usually
remains constant, the surface resistance decreases mark-
edly. This latter effect is due to adsorption of water.1-7
If the temperature of the insulator is below the dew
point, condensation of water on the surface occurs as
well, and over a clean surface a continuous conducting
film of water is formed.

Waxes and greases have been applied to ceramic insu-
lator surfaces to render them water-repellent so that
condensed water will form small droplets rather than a
continuous film. Although these materials are effective
in this respect, they are limited in their use due to their
relatively low softening points and poor adhesion to the
glass or ceramic base.

The ability of organosilicon compounds to produce
water-repellent surfaces on glass and ceramics was noted
by Hyde' in early researches on these materials. Glass-
ware which had been in contact with organosilicon
chlorides or their hydrolysis products, now commonly
known as "silicones," was found to be water-repellent
and to remain so on long immersion in water.

* Decimal classification: R281. Original manuscript received by
the Institute, October 29, 1945.

f Corning Glass Works, Corning, N. Y.
1 H. L. Curtis, "Insulating properties of solid dielectrics," Bull.

Bur. Stand., vol. 11, pp. 359-420; May, 1915.
3 H. L. Curtis, "The volume resistivity and surface resistivity of

insulating materials," Gen. Elec. Rev., vol. 18, pp. 996-1001; October,
1915.

1 M. Fulda, "fiber das elektrische Leitvermogen der Glaser,"
Sprechsaal, vol. 60, pp. 769-772, 789-791, 810-813, 831-833; 1927.

9 G. G. Smail, R. J. Brooksbank, and W. M. Thornton, "Electrical
resistance of moisture films on glazed surfaces," Jour. I.E.E. (Lon-
don), vol. 69, pp. 427-436; March, 1931.

5 H. H. Housner, "Influence of humidity on dielectric properties
of high -frequency ceramics," Jour. Amer. Ceram. Soc., vol. 27, pp.
175-181; June, 1944.

6 W. A. Yager and S. 0. Morgan, "Surface leakage of Pyrex glass,"
Jour. Phys. Chem., vol. 35, pp. 2026-2042; July, 1931.

7 R. F. Field, "How humidity affects insulation," Gen. Rad. Exper.
vol. 20, pp. 6-12; July and August, 1945.

More recently, Norton" and Patnode" have reported
the use of the vapors of organosilicon chlorides to treat
ceramic insulators so as to render them water-repellent
and increase their resistance to electrical surface leak-
age. In this treatment, a silicone polymer is formed on
the surface by reaction of the organosilicon chlorides
with moisture adsorbed on the surface, according to the
following equation:

(CH3)2SiCl2 + H2O -> (CH3)2SiO 2HC1.

This paper deals with the use of silicones which have
been partially polymerized before application. Methods
of applying and fixing these to the surfaces of glassware
and of evaluating the permanence of such treatments
are given.

II. MATERIALS USED

The silicones, the use of which is described here, are
dimethylsilicon-oxide polymers, corresponding substan-
tially to the formula

CH3 CH3 CH3 CH3

S S  -Si-O-Si-.
CH3 CH3 CH3 CH3

These liquid silicones" are water -white, inert, non-
toxic, noncorrosive, and oxidation resistant. Their
electrical volume resistivities are at least 10" ohm -
centimeters and their power factors are less than 0.0002
at frequencies up to 8 megacycles. Medium -viscosity
grades were selected (Dow Corning type 200 fluids, 100
to 1000 centistokes) which have a flash point greater
than 600 degrees Fahrenheit and withstand oxidation at
temperatures up to 500 degrees Fahrenheit.

III. LIQUID -SILICONE PROCESS FOR TREATING
GLASS SURFACES

It has been found that the most effective treatments
with the DC 200 fluids, as determined by the mainte-
nance of high surface resistances under accelerated aging
conditions, are obtained with the following procedure:

1. The surface of the article to be treated is thor-
oughly cleaned. '

8 J. F. Hyde, (unpublished), Corning Glass Works.
9 S. L. Bass, J. F. Hyde, E. C. Britton, and R. R. McGregor,

"Silicones, high -polymeric substances," Modern Plastics, pp. 124-126,
212, 214; November, 1944.

10 F. J. Norton, "Organo-silicon films," Gen. Elec. Rev., vol. 47,
pp. 6-16; August, 1944.

11 W. I. Patnode, United States Patent No. 2,306,222 to General
Electric Company.

71 Dow Corning Fluids, Dow Corning Corporation, Midland,
Mich., July, 1944.
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2. The article is dipped in a solution of the liquid sili-
cone in an inert solvent, drained, and allowed to dry.

3. It is then baked to fix the silicone film on the sur-

face.
The following is a discussion of these three steps in de-

tail:

A. Cleaning the Ware before Treatment

It has been found that the most durable silicone -
treated surfaces are obtained when the ware is carefully
cleaned before treatment. Traces of grease, oil, and
electrolytes on the surface yield markedly less -durable
surface treatments. Apparently these materials interfere
with the attachment of the silicone molecules to the sur-

face.
The cleanest surfaces are those obtained with ware

taken directly from the firing kiln or the annealing oven.
Consequently, best results are obtained with such ware.
The articles should be allowed to cool in a dry and clean
atmosphere, well away from oil or burner nozzles. The
ware may be treated while still warm but the tempera-
ture, at treatment, should not be greater than the boil-
ing point of the solvent used. All handling should be
done with clean, grease -free utensils. A cleaning opera-
tion is necessary if the article has been machined or
handled after firing. Two methods of cleaning have been

found effective:
(1) Heating to above 400 degrees centigrade for at

least one hour. The article is then handled just as it
would be when taken from the firing kilns.

(2) In the event that the article cannot be fired, the
ware may be degreased by a solvent degreasing opera-
tion. The article should be taken, untouched by hand,
directly to the treating operations after such degreasing.
If the article is contaminated with electrolytes it should
be immersed in boiling distilled water for 30 minutes and
then dried prior to either of the above cleaning pro-
cedures.

B. Application of Liquid Silicones to the Glass Surface

It has been found that only a very thin film of the
liquid silicone is required to modify the surface of the
insulator. An excess, as indicated by an oily appearance,
is unnecessary and undesirable. For this reason, it is
preferable to apply the liquid silicone from a dilute solu-
tion in an inert solvent.

A 2 per cent solution of the liquid silicone is prepared
in carbon tetrachloride or perchloroethylene. The ar-
ticles are taken directly from the firing kiln or annealing
oven, and, while still warm but not above the boiling
point of the solvent in temperature, are dipped in the
silicone solution. They are drained and the solvent is
allowed to evaporate. Good solvent elimination can be
obtained by allowing the article to stand in open air
from two to twenty-four hours, or by heating it for one-
half hour at 100 degrees centigrade. Fans or ventilators
should be provided to remove the solvent fumes. The
articles are then ready for baking.

C. Baking the Treated Ware
After coating the pieces, baking is required to fix the

silicone film on the surface. Optimum times and tem-
peratures of baking are given by the curves of Fig. 1.
For most of the data reported below, a standard baking
schedule of one half hour at 300 degrees centigrade was
used.
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Fig. 1-Surface resistances of 774 Pyrex -brand glass rods after im-
mersion in salt water as a function of time and temperature of

baking.
1-Heated at 150 degrees centigrade; 8 days in salt water.
2-Heated at 175 degrees centigrade; 11 days in salt water.
3-Heated at 225 degrees centigrade; 11 days in salt water.
4-Heated at 275 degrees centigrade; 11 days in salt water.
5-Heated at 300 degrees centigrade; 11 days in salt water.
6-Heated at 325 degrees centigrade; 11 days in salt water.
7-Heated at 350 degrees centigrade; 7 days in salt water.
8-Heated at 375 degrees centigrade; 7 days in salt water.

Consideration should be given to the mass and heat-
ing time of the ceramic bodies as well as the capacity of
the heating oven to get the pieces up to temperatures.
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Fig. 2-Optimum baking conditions for 774 Pyrex -brand glass rods,
treated with a DC 200 fluid; the times of baking should not be less
than those given by curve 1 or greater than those given by curve 2.

The curve of Fig. 2 was based on results obtained with
glass rods, inch in diameter and 11 inches long. Much

more massive bodies will require longer times to come
up to oven temperatures and proper compensation
should be made, especially at the higher temperatures
and shorter times, where the heating conditions are more
critical. This baking completes the treatment.
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IV. TEST METHODS

A casual inspection of glassware after treatment re-
veals no discernible film. The surfaces are more slippery
to the touch, but otherwise it is almost impossible to
differentiate between treated and untreated pieces. Con-
tact with water, however, reveals the difference between
them. The water on a clean untreated sample will ad-
here to the surface as an extended film, but on a treated
surface will form droplets which are easily dislodged.
The contact angle of these droplets is high, usually of
the order of 90 degrees.

The initial magnitude of the contact angle of a drop
of water against a treated surface has not proved to be
of value in predicting the length of time that high sur-
face resistance will be maintained in the presence of
water. Measurements of surface resistances after expo-
sure to water vapor or liquid water are necessary to
determine the permanence of treatment.

The review of the possible conditions existing in mili-
tary service indicated that insulator bodies, in such ap-
plications, might be exposed to high humidities, to water
condensed on their surfaces, to sea water, to weathering,
and to environments favoring the growth of fungi. In
accordance with these possibilities the stability of a par-
ticular method of treatment of a glass body was deter-
mined under the following conditions:

(1) Exposure to 100 per cent relative 'humidity at 25
degrees centigrade.

(2) Immersion in distilled water.
(3) Immersion in a 2 per cent solution of sea salt.
(4) Exposure in a weatherometer and on factory

roofs.
(5) Storage in mildew cabinets.
After exposure, the surface resistance of the samples

was determined at 100 per cent relative humidity, with
moisture condensing on the surfaces of the samples. In
some cases, power -factor measurements were also
made." A variety of test pieces were used, including
rods, disks, and coil forms.

It was found that a parallelism existed between the
first three types of durability test in that the order of
permanence of various treatments was the same regard-
less of the environment to which the samples were ex-
posed. However, the exposure to salt water was much
more severe than the others and has been used exten-
sively throughout this work as an accelerated test.

V. TEST APPARATUS AND EQUIPMENT

For the measurement of surface resistance the ap-
paratus of Fig. 3 was used. This consisted of a direct-

current amplifier with a sensitivity" of at least 1012
ohms, a 100- to 500 -volt direct -current supply, and a
glass humidity cabinet in which the sample was sus-
pended during the measurements. The surface resistance

13 In accordance with American War Standard ASA-C75.1, Ceram-
ic Radio Insulating Materials, Class L, 1943.

14 General Radio 715A direct -current amplifier. A rnegohm bridge
may be used in place of the amplifier.

to be measured is in series with the input resistance of
the amplifier. In most of the work the test pieces used
were rods of No. 774 Pyrex -brand glass. In some cases,
metallized rods, shown in Fig. 4, were also used.

Fig. 3-The direct -current amplifier and glass humidity cabinet used
for the measurement of surface resistance.

Fig. 4-One of the metallized -rod test pieces.

The samples for measurements are removed from the
environment to which they were exposed and immedi-
ately placed in the test cabinet. The samples that have
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been in salt water are not rinsed before testing. The glass
cabinet is fitted with a hinged cover, which enables the
operator to change samples and make adjustments read-
ily. The leads to the electrodes are brought through two
holes without contacting the sides of the jar, thus elimi-
nating the necessity for guard circuits. The bottom of
the jar is covered with water maintained at 60 degrees
centigrade with a thermostatically controlled heater.
The electrodes are stainless -steel bands, which are
forced into intimate contact with the surfaces of the
sample by battery clips, to which the bands are sol-
dered. The leads to the clips are adjusted so that the
sample is held a few inches above the surface of the
water. The electrodes are placed on the sample approxi-
mately one inch apart, taking care that they do not
slide over the surface under measurement when attach-
ing or removing the clips.

Since the sample is at room temperature when placed

in the test cell, water rapidly condenses on its surface.
The resistance is determined when the readings have
become reasonably constant.

The method of measuring power factor differs from
the customary procedure only in that the foil electrodes
were not pasted onto the test sample with petroleum
jelly but firmly pressed against the siliceous surface by
a rubber backing. In this way contamination of the sur-
face of the test pieces was avoided. In the case of the coil
forms the interior pressure was obtained by inserting a
rubber bag in the coil form and inflating

VI. EXPERIMENTAL RESULTS

A. Cleaning the Ware before Treatment
The test pieces employed for most of the work were

rods of 774 Pyrex -brand chemical -resistance glass, A inch
in diameter, 11 inches in length. The cleaning process
used, which appeared to be generally satisfactory, was
to immerse these in boiling distilled water for 30 min-
utes, rinse them with distilled water, and then fire them
at 450 degrees centigrade for one half hour. Rods
treated in this manner were found to be completely
wetted by water. Surface resistances of such test pieces
are given in Table I.

TABLE I

Surface resistances of untreated clean No. 774 Pyrex -brand glass rods
on immersion in 2 per cent sea -salt solution

Time of
Immersion

Resistance in Megohms

1 minute 0.07 0.04 0.07 0.05 0.04 0.05 0.05 0.04
1 day 0.09 0.04 0.05 0.05 0.06 0.04 0.04 0.04
2 days 0.07 0.05 0.05 0.04 0.04 0.04 0.02 0.05
4 days 0.01 0.03 0.06 0.06 0.09 0.04 0.09 0.05
5 days 0.07 0.04 0.04 0.03 0.05 0.03 0.06 0.01
6 days 0.07 0.03 0.04 0.04 0.04 0.03 0.05 0.04

Since cleaned glass surfaces rapidly become water-
repellent on standing under ordinary conditions, the
pieces to which a solution of the DC fluid in perchloro-

ethylene was applied were treated as soon as they had
cooled to about 100 degrees centigrade after firing.

The sensitivity of the treatment to the presence of
foreign materials on the glass prior to clipping is indi-
cated on comparing the data of Table II and Table III.
The rods used in the experiment summarized by Table
II were treated as received; the other set, the surface
resistances of which are given in Table III, was cleaned

as described previously, but was otherwise treated in
the same manner as the set which was not cleaned. The
former set showed large variability in their initial re-
sistances and dropped to low resistance values in two to

four days.

B. Baking the Treated Ware
The importance of baking the glass after treatment is

indicated by a comparison of the data given in Tables
III and IV. The resistances of the samples which were
not baked had decreased appreciably after 1 day in salt
water. The relation between the effectiveness of a treat-
ment and the time and temperature of baking is shown
by the curves of Fig. 1 and is also indicated by a com-
parison of Tables III and V. It is to be seen that, at
temperatures below 175 degrees centigrade, more than
10 hours of baking are required to obtain treated sam-
ples which will maintain high resistances after 11 clays
in salt water. As the temperature is increased to 275
degrees centigrade the time required is decreased to one
to two hours. Further decrease in the time of baking
necessary hit- a given durability of the treatment occurs
as the temperature of baking is increased above 275
degrees centigrade. However, in the neighborhood of
300 degrees centigrade the durability of the treatment
passes through a maximum. There is, thus, an upper as
well as a lower time limit for any desired degree of
permanence of the treatment on glass immersed in salt
water.

At temperatures above 325 degrees centigrade the
time interval for which the highest durabilities are ob-
tained becomes very short and these highest clurabilities

are considerably lower than those obtained in the tem-
perature range from 175 to 325 degrees centigrade.

The time intervals for optimum results at different
temperatures are given in Fig. 2. The lengths of time of
heating after which 90 per cent of the samples have a re-
sistance greater than 1012 ohms after 11 days in salt
water are taken arbitrarily as the optimum.

C. Removal of Solvent before Baking

The treated samples used in the above set of experi-
ments were heated one-half hour at 100 degrees centi-
grade before they were heated to the higher tempera-
tures at which they were baked. This is to eliminate the
larger part of the perchloroethylene used as the solvent
in the application of the DC fluid. Such drying is found
to be a necessary part of the procedure as may be ob-
served on comparing the data of Tables VI and III. If
the samples were not heated at 100 degrees centigrade
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TABLE II
Surface resistances of uncleaned No. 774 Pyrex -brand glass rods treated by dipping in a 2 per cent solution of Dow Corning 200 fluid(1000 centistokes) in perchloroethylene, baking 30 minutes at 100 degrees centigrade and then 30 minutes at300 degrees centigrade.

Time in
2 Per Cent Salt

Solution

1 minute 12,000 infinite infinite
1 day 5000 infinite infinite2 days 5000 80,000 40,0003 days 40 6000 150,0004 days 30 1500 30,000

7 days 6 500 14,000

Resistances in Megohms

2800 22,000 infinite
1500 2300 infinite

70 0.5 100,000
0.1 80 10,000
0.2 0.7 5500

1000-

500,000 2000 infinite
15,000 4000 infinite

0.5 5.0 infinite- 0.2 infinite
17 infinite

0.1 20,000
900

7000
45

0.2

TABLE III
Surface resistances of 774 Pyrex -brand glass rods treated, after firing one-half hour at 450 degrees centigrade, by dipping in 2 per centDC 200 (100 centistokes) in perchloroethylene, baking 30 minutes at 100 degrees centigrade and then baking 30 minutesat 300 degrees centigrade.

Time in
2 Per Cent Salt Resistances in MegohmsSolution

1 minute infinite infinite infinite infinite infinite infinite infinite infinite2 days infinite infinite infinite infinite infinite infinite infinite infinite4 days infinite infinite infinite infinite infinite infinite infinite infinite6 days infinite infinite infinite infinite infinite infinite infinite infinite20 days infinite infinite infinite infinite infinite infinite infinite infinite45 days infinite infinite 1,000,000 15,000 infinite infinite infinite infinite

infinite infinite
infinite infinite
infinite infinite
infinite infinite
infinite infinite
infinite infinite

TABLE IV
Surface resistances of No. 774 Pyrex -brand glass rods fired two hours at 450 degrees centigrade then treated by dipping in 2 per centDow Corning 200 fluid (1000 centistokes) in perchloroethylene but not baked.

Time in
2 Per Cent Salt Resistance in MegohmsSolution

1 minute infinite infinite infinite infinite infinite infinite infinite infinite infinite infinite1 day 16,000 150,000 7500 0.1 56,000 50,000 150,000 45,000 32,500 12,0002 days 3000 50 4500 0.6 5000 5600 11,300 180 3750 37503 days 900 0.005 0.04 0.01 2600 1400 4100 64 1400 12004 days 800 0.09 0.06 0.04 300 175 500 0.07 150 1105 days 580 0.06 0.06 0.04 3800 1200 1750 0.04 2500 400

TABLE V
Surface resistances of No. 774 Pyrex -brand glass rods treated after firing two hours at 450 degrees centigrade by dipping in 2 per centDC 200 (1000 centistokes) in perchloroethylene and baking two hours at 160 degrees centigrade.

Time in
2 Per Cent Salt

Solution Resistances in Megohms

1 minute infinite infinite infinite infinite infinite infinite infinite infinite infinite infinite1 day infinite infinite infinite infinite infinite infinite infinite infinite infinite infinite2 days infinite infinite 15,000 640 225,000 13,000 infinite 45,000 113,000 infinite3 days infinite 56,000 900 3200 20,500 1200 1600 9000 45,000 64,0004 days infinite 14,000 140 90 3000 6000 1,000,000 175,000 41,000 80,0005 days infinite 15,000 300 30 15,000 700 infinite 9000 18,000 20,000

TABLE VI
Surface resistances of 774 Pyrex -brand glass rods treated after firing one-half hour at 450 degrees centigrade by dipping in 2 per centDC 200 (1000 centistokes) in perchloroethylene and immediately baking one-half hour at 300 degrees centigrade.

Time in
2 Per Cent Salt

Solution Resistance in Megohms

1 minute infinite infinite infinite infinite infinite infinite infinite infinite infinite infinite1 day infinite 38,000 6400 150,000 infinite infinite 3500 150,000 45,000 90,0003 days infinite 5000 4500 4100 75,000 1100 32,000 300 150 25004 days 26,400 3000 562 0.05 20,000 128 409 0.04 28 95 days 40,000 1800 950 0.01 65,000 580 7900 0.02 7.8 12.56 days 20,000 1500 210 600 3000 140 650 0.04 31 30
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TABLE VII
RELATIVE SEVERITY OF ACCELERATED AGING CONDITIONS ON SILICONE -TREATED GLASS

Surface resistances of No. 774 Pyrex brand glass rods heated one-half hour at 450 degrees centigrade and then treated with
Dow Corning 200 Fluid by dipping in a 2 per cent solution, followed by baking two hours at 160 degrees centigrade

Resistance in Megohms

Time of
Exposure

Immersed in
Per Cent Salt Water

Immersed In
Distilled Water

Exposed to
100 Per Cent Humidity

1 minute inf. inf. inf. inf. inf. inf. inf. inf. inf. inf. inf. inf. inf. inf. inf. inf. inf. inf.

1 day inf. 23,000 15,000 Inf. inf. 23,000 inf. inf. inf. inf. inf. inf. inf. inf. inf. inf. inf. inf.

2 days inf. 4000 3000 64,200 150,000 22,500 lnf. inf. inf. inf. inf. inf. inf. inf. inf. inf. inf. inf

4 days 56,300 1100 300 30,000 11,300 4500 inf. inf. inf. inf. inf. inf. inf. inf. inf. inf. inf. inf

5 days 7500 900 200 11,000 2400 9000 inf. inf. inf. inf. inf. inf. inf. inf. inf. inf. inf. inf,

7 days 6400 400 200 4000 2000 3500 inf. inf. inf. lnf. inf. inf. inf. inf. inf. inf. inf. inf.

11 days 900 100 150 200 200 200 900 1100 16,000 inf. inf. inf. inf. inf. inf. inf. inf. inf.

18 days 300 100 60 500 200 130 11,300 1800 225,000 41,000 inf. 225,000 inf. inf. inf. inf. Inf. inf.

26 days 300 30 45 150 900 400 12,800 9000 inf. 2600 inf. inf. inf. inf. inf. inf. inf. inf.

33 days 75 200 30 65 40 40 20 3 900 350 7500 400 inf. inf. inf. inf. inf. inf.

40 days 300 30 40 110 60 60 90 60 20,000 2300 3500 7500 inf. inf. inf. inf. inf. inf.

before raising their temperature to 300 degrees centi-
grade, their surface resistances fell off rapidly in contact
with salt water.

Allowing the samples to stand at room temperature
for at least 16 hours before baking, without deliberate
circulation of air, appears to be equivalent to drying one-
half hour at 100 degrees centigrade.

D. Relative Severity of Test Condition

Table VII compares the effects, as measured by
change in surface resistance, of immersion in 2 per cent
salt water, immersion in distilled water and exposure to
an atmosphere saturated with water vapor at 25 degrees
centigrade. It is apparent that immersion in salt water
is an extremely severe test relative to immersion in dis-
tilled water. Exposure to 100 per cent relative humidity
has little effect on the treated samples.

E. Comparison of Silicone and Wax Treatments

A comparison of the durability of untreated, waxed,

and silicone -treated Multiform ware is given in Fig. 5.
In this instance the silicone -treated samples were baked
two hours at 160 degrees centigrade. The samples were
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Fig. 5-Surface resistances of coil forms as affected by immersion
in water.

first immersed in distilled water for three days, then
immersed in sea -salt solution. It is to be noted that the
treated surfaces retained their insulating properties in
distilled water, but directly upon placing in sea water
the resistance of the waxed surface dropped sharply,
whereas the silicone -treated surfaces retained their high
insulating value, dropping noticeably only after four
days in salt water. These curves are plotted for average

values.

F. Effect of Liquid Silicone Treatment on Power Factor

Extensive power -factor measurements on the DC 200
fluids used showed such low values that they were at, or
beyond, the sensitivity limits of the bridge. Because the
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Fig. 6-Power factors of coil forms as affected by immersion in water.

power factor of these fluids is so much lower than that of
the ceramics to be treated, the treatment is without
effect on the over-all power factor, when measured dry.
When the specimens are exposed to water, the liquid
silicone treatment, with a two-hour bake at 160 degrees
centigrade, markedly improves the performance of the
ceramic, as is shown by the curves of Fig. 6. Here again,
the coil forms were first immersed for three days in dis-
tilled water and then in sea water. The first measure-
ments were made 1 minute after immersion in distilled

0,



water. Fig. 7 shows the effect of exposure to sea water
on the power factor of No. 790 Multiform disks, 4 inches
in diameter and 0.15 -inch thick.
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Fig. 7-Effect of firing time on DC -treated porous disks.
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G. Effect of Porosity on Power Factor Obtainable by
Treatment

The effect of porosity on the power factor of the test
disks is shown in Fig. 7. The porosity of the ware, of
course, decreases with the time the ware was fired. The
liquid silicone treatment greatly improves the power
factor of porous and nonporous bodies. However, it does
not make a poorly fired ware equivalent to a treated
nonporous body.

H. Other Exposure Conditions

Dust -collecting experiments have shown that the
amount of foreign matter accumulated, as measured by
weight increase on standing in the open air, is the same
for treated and untreated samples. Coil forms which

were under test for 45 days in a fungus -growth cabinet
and a standard "weatherometer" cabinet had increased
somewhat in power factor, but stayed within their
classification ratings. The silicone is not a fungicide in
itself but neither is it a nutrient for fungus growth.

I. Treatment of Metallized Ceramic Ware

Preliminary work on metallized ceramic and steatite
pieces indicates that the DC treatment produces bene-
ficial results; further work will be necessary to determine
the best set of conditions for the treatment of such ware.

VII. CONCLUSIONS

1. Glass insulators may be rendered water-repellent
under conditions of high humidity and condensation of
water on their surfaces, for long periods of time, by fix-
ing on their surface an extremely thin film of a silicone
polymer.

2. Conditions required are: (a) a "clean" surface;
(b) application of a thin film of liquid silicone by dipping
in a dilute solution of the silicone in a nonflammable
solvent; and (c) baking to fix the film of silicone on the
surface.

3. Accelerated aging tests show the stability and
strength of attachment of the silicone film. Aging condi-
tions in order of severity are: immersion in 2 per cent
salt solution; immersion in distilled water; exposure to
an atmosphere saturated with water vapor; and expo-
sure to 90 per cent relative humidity or less.

4. Long-lasting water repellency is accompanied by
retention of high surface resistance and low power factor
in glass -insulation bodies treated with liquid silicones.

An Ionization Gauge of Simple Construction*
CHARLES M. FOGELt, ASSOCIATE, I.R.E.

Summary-A new ionization gauge is described for measuring
pressures from 10-4 to less than 10-8 millimeters of mercury. Except
for a multiplying factor of 10, it gives a direct reading of residual air
pressure. The gauge employs two plates, as the electron and ion
collector, respectively. They are located on opposite sides of the
filament, but equidistant from it. This allows easy outgassing of parts,
either by electron bombardment or by radio -frequency heating. A
protective shield in front of the ion collector aids in reducing the
electrical leakage to that element. Danger of filament burnout due to
vacuum leaks has been removed by the choice of an oxide -coated
filament.

INTRODUCTION

r- 1 HE USE of a vacuum manometer for checking
the operating conditions of a vacuum system
has proved itself almost indispensable. An ioniza-

tion gauge, with its ability to give a continuous reading
* Decimal classification: 621.375.621. Original manuscript re-

ceived by the Institute, October 11, 1945; revised manuscript re-
ceived, January 21, 1946.

t Formerly, National Union Radio Corporation, Newark, N. J.
now, University of Buffalo, Buffalo, N. V.

of pressure, has a definite advantage for this purpose.
The operation of such a manometer was described by
Baeyer,1 and later by Buckley,' Hausser-Ganschwindt,
and Rukop.' Buckley experimentally showed that within
a certain range of pressure, the amount of ionization
produced by a constant electron stream through a gas
is directly proportional to the gas pressure. This was
verified by Simon,' and by Dushman and Found,5
down to pressures of about 10-6 millimeter of mercury.
The constant of proportionality depends on the operating

1 0. V. Baeyer, "Slow cathode rays," Phys. Zeit., vol. 10, pp. 168-
176; March, 1909.

2 O. E. Buckley, "An ionization manometer," Proc. Nat. Acad.
Sci., vol. 2, pp. 683-685; December, 1916.

3 K. Hausser-Ganschwindt, and H. Rukop, "High vacuum tubes,"
Telefunken Zeit., vol. 19, pp. 14-26; February, 1920.

H. Simon, "Ionization manometer," Zeit. fiir Tech. Phys., vol. 5,
pp. 221-233; 1924.

6 S. Dushman and C. G. Found, "Studies with ionization gauge,
Part 1," Phys. Rev., vol. 17, pp. 7-19; January, 1921; Part 2, Phys.
Rev., vol. 23, pp. 734-743; June, 1924.
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conditions and the gas present in the system, as was

shown experimentally by Dushman and Found,s Jay -

cox and Weinhart,e and N. B. Reynolds.' Morgulis8
evaluated this proportionality factor by theoretical
means.
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Fig. 1-The ionization gauge.

Ignatow,9 and Montgomery and Montgomery," have
described modifications in this use of radio tubes as
gauges. More frequently, however, tubes have been

specially designed for this purpose.s.s,"-" Despite the

numerous designs, the very nature of an ionization
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Fig. 2-Ion current versus pressure.
0 and 12 represent readings taken one week apart on the same

gauge (#1).
X and , represent readings taken on the same gauge (#2), with

the latter readings being taken after the tube had been burned
in air three times, being partially evacuated after each time.

1\1any of the original gauges were ordinary three -
electrode tubes. Recently, others, such as Spivak and

6 E. K. Jaycox and H. W. Weinhart, "New design of ionization
manometer," Rev. Sci. Instr., vol. 2, pp. 401-411; July, 1931.

N. B. Reynolds, "Studies with an ionization gauge," Physics,
vol. 1, pp. 182-191; September, 1931.

8 N. Morgulis, "Theory of the ionization manometer," Phys.
Zeit. Sowjetunion, vol. 5, pp. 407-417; 1934.

gauge has required that three elements of construction
be present in all of them, namely, an electron emitter,
an electron collector receiving a constant electron flow,
and an ion collector. The differences have generally
resided in the position and character of these elec-
trodes. Thus, in sonic cases, a grid and a plate, respec-
tively, have been used as the electron and ion collector,
while in others, two concentric grids have been used.
This paper suggests the use of two plates for this pur-

pose.
DESCRIPTION OF NEW GAUGE

The details of the gauge arc shown in Fig. 1. A and
D are plates of 0.010 -inch nickel, 18 inches XI inch. A
serves as the electron collector, while D is the ion col-
lector; both are equally spaced (9/32 inch) with respect
to the filament B, which is supported at its center by

the hook E. The filament is oxide -coated nickel and is
coated over its entire length. C is a shield of 0.005 -inch
nickel extending 1/16 inch above the surface of the press

between B and D. The bulb is of nonex, except for the
tubulation which is of pyrex. All leads are of tungsten
with flexible extensions, although the filament leads
are tungsten to nickel.

9 G. Spivak and A. S. Ignatow, "Ionization gauge for low pres-
sures," Phys. Zeit. Sowjetunion, vol. 6, pp. 53-68; 1934.

" G. G. Montgomery and D. D. Montgomery, "A grid controlled
ionization gauge," Rev. Sci. Instr., vol. 9, pp. 58-59, February; 1938.

11 M. J. Copley, T. E. Phipps, and J. Glasser, "An ionization gauge
for the detection of molecular rays," Rev. Sci. Instr., vol. 6, pp. 371-
372; November, 1935.

12 R. D. Huntoon and A. Ellett, "The ionization gauge for atomic
beam measurements," Phys. Rev., vol. 49, pp. 381-387; March, 1936.

13 R. S. Morse and R. M. Bowie. "A new style ionization gauge."
Rev. Sci. Instr., vol. 11, pp. 91-94; March, 1940.
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Since the ion collector lead is brought out from the
same press as the other elements, precaution had to be
taken to reduce leakage from these other elements to
the ion collector. This has been done with the aid of the
shield C in Fig. 1, which entirely covers the surface of
the glass press between filament and ion collector with-
out touching it, approaching quite closely to these ele-
ments. By being in such a position, it prevents the
evaporation of any metallic material onto the press in
this region. Further to insure the protection against
leakage, the shield lead may be electrically attached to
the same voltage supply as the ion collector. The leak-
age resistance has been measured between ion collector
and nearest filament leg as 3.0 X 1010 ohms, allowing pres-
sure readings down, at least 10-8 millimeter of mercury.

METHOD OF USE

After the gauge has been sealed to the vacuum system
and the system has been pumped down to the range in
which it is desired to obtain pressure readings, it is
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Fig. 4-Positive-ion current versus electron -collector current.

necessary to degas the plates of the tube. Since the
two collector plates are equally spaced with regard
to the filament, degassing is easily accomplished by
electron bombardment, although radio -frequency heat-
ing can also be used with ease if such equipment is
available. In using the former, either alternating current
or direct current can be applied between the filament
and the two plates in parallel; but direct current is pre-
ferred, due to the occasionally detrimental electron
bombardment of the filament on the reverse cycle of
alternating current at pressures above approximately
10-4 millimeter of mercury. About 300 to 400 volts,

giving in the neighborhood of 30 watts per plate, will
heat them red hot. This normally takes about two
minutes only, although the first time that degassing is
employed a ten-minute period was found to be pref-
erable.

Following this cleaning process, the operating condi-
tions can be applied and the actual pressure measure-
ment made. Experiment has shown that the optimum
operating conditions are obtained when the electron
current is maintained at 20 milliamperes with 200 volts
being applied to the electron collector and -13 volts
to the ion collector. The filament voltage is adjusted so
that the electron current is the value stated, at which
time the voltage is in the neighborhood of 3 volts and
the current about 2 amperes. Under these conditions,
1 microampere of ion current equals 1.0X10-5 milli-
meter of mercury pressure for residual air; or otherwise
stated, ten times the ion current in amperes equals the
pressure in millimeters of mercury (Fig. 2). This rela-
tionship permits a direct reading of pressure without the
need of any multiplying factor other than the 10 term.
Several tubes were used in order to check this sensitivity
at pressures ranging from about 2 X10-8 to 8 X10-4
millimeter of mercury. Although the indicated operat-
ing conditions seemed preferable, other conditions can
be used. The sensitivity can be determined from the
easily obtained graphs of electron voltage versus ion
current and electron current versus ion current (Figs.

trial, the alternate operating condition of electron volt-
age 150 volts and electron current 20 milliamperes
gives a sensitivity of 1 microampere equal to 1.2 X10-5
millimeter of mercury.

Whenever reactivation of the filament seems neces-
sary, it may be accomplished by increasing the filament
voltage from one half to one volt above normal for
about a minute, and then operating the tube in the
degassing position until the plates begin to get hot.
This procedure will be needed whenever a break de-
velops in the vacuum system while the filament is
operating.

For very low pressures, in the order of magnitude of
10-7 millimeter of mercury, the residual leakage in the
tube may be reduced by attaching the shield lead (C in
Fig. 1) to the same voltage supply as the ion collector,
but in such a fashion that any current to it will not
register on the ion -current microammeter. For higher
pressures, unless the gauge becomes very dirty, it is not
necessary to apply any voltage to the shield. The actual
leakage current can be measured at any time by observ-
ing the ion -current meter when the filament circuit is
opened.

ADVANTAGES

In order to be of general utility, an ionization gauge
should have certain essential characteristics. These in-
clude easy outgassing of parts, good sensitivity, simply
obtained pressure readings, and relatively small leakage



to the collector plate. Although using a simple con-
struction, all of these features have been shown to be
present in this ionization gauge. There is still one other
characteristic, however, to be considered-the ability
of the filament to burn in air.

It would be a very definite advantage if an ionization
gauge could remove the danger of burning out its fila-
ment due to leaks in the system, or due to lighting the
filament before sufficiently good vacuum has been
reached. This frequently is the result if tungsten is used
as the filament. In this gauge, the filament has been
rigidly tested in this respect and tubes have been
burned in normal air as many as ten times for several
minutes each time, without affecting the operation. As
aforementioned, however, the filament will require re-
activation after such an occurrence.

Since ordinary coated filaments do not withstand
frequent exposure to humid air, additional tests of this
filament coating were made to supplement those men-
tioned. Air was allowed to bubble very slowly through
water, becoming saturated, before entering the system
containing an evacuated ionization gauge that had been
activated. This air was allowed to remain in the gauge
for varying periods, following which the system was

again evacuated and the gauge reactivated. This pro-
cedure was able to be repeated four times before the
filament coating showed noticeable deterioration, and
even then the necessary emission was still obtainable.
The same results occurred, irrespective of whether the
filament was hot or cold when the moist air entered the
system. To increase the life of the gauge, however, it is
evident that it would be best to prevent exposure to
humid air whenever possible.

CONCLUSION

Thus, with a quite simple construction, this gauge
measures pressure from above 10-4 to less than 10-8
millimeter of mercury with a sensitivity of 1 micro-
ampere per 1.0 X10-5 millimeter of mercury, and all
danger of filament burnout due to vacuum leaks has
been removed.
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Resonant -Cavity Measurements*
R. L. SPROULLt AND E. G.

Summary-Satisfactory methods are described for measuring
the resonant frequency, Q, and shunt resistance of resonant cavities.
Some of the wavemeters and other equipment developed for these
measurements are described.

The methods of determining resonant frequencies permit moder-
ate accuracy in absolute measurements and very high precision in
the comparison of the resonant frequencies of two cavities.

Three methods of measuring Q are described which are similar
in principle but different in detail.

Shunt resistance has been determined by two methods which are
convenient and reliable. By inverting these methods, the dielectric
constants and dielectric conductivities of liquids and gases can be

measured.
I. INTRODUCTION

CAVITY resonators are indispensable in the micro-
wave art, and in order to exploit them effectively
it is necessary to be able to measure their char-

acteristic properties. The parameters generally used to
describe cavities are resonant frequency, Q, and shunt
resistance. The methods in use at longer wavelengths
for measuring these properties of resonant circuits are
not generally applicable in the centimeter -wave region
of frequencies. For several years, measuring procedures
suitable for resonant cavities in this frequency region
have been developed concurrently with applications of
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cavities. The most satisfactory methods are described
here. These methods have been used successfully in the
wavelength range from 2 to 12 centimeters and should
also be useful at longer and shorter wavelengths.

II. APPARATUS

The frequency stability of microwave oscillators is
usually poor, and it is desirable to avoid reliance on the
constancy of frequency of the signal generator in any
measurements in this frequency region. A "sweep fre-
quency" technique' was therefore used, as sketched in
Fig. 1. The apparatus used is illustrated in Fig. 2 and
Fig. 3.

The frequency of the oscillator is modulated at a 60 -
cycle rate. A short, tunable transmission line from the
oscillator ends in a probe, which may be inserted into
the cavity being tested. A similar probe abstracts from
the cavity a very small fraction of the oscillator's power,
and another short, tunable transmission line connects
this probe to a crystal detector. The rectified current
from the detector is applied to an audio amplifier, the
output of which is connected to the vertical -deflection
system of a cathode-ray oscilloscope. The horizontal
deflection is at a 60 -cycle rate.

1 F. E. Terman, "Radio Engineers' Handbook," McGraw-Hill
Book Company, New York, N. Y., 1943.
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The pattern traced out on the oscilloscope screen is,

therefore, crystal current as a function of the modulat-
ing voltage applied to the oscillator. With some restric-
tions, this pattern is also a measure of the "response" of
the cavity (the square of the absolute magnitude of its
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Fig. 1-Diagram of measuring equipment.

Fig. 2-Photograph of measuring equipment. The oscilloscope, audio
amplifier, and power -supply modulator are in the background. Themixer box is in the center. In the foreground are the detector,cavity mounting, wavemeter, and oscillator.

Fig. 3-Detector, cavity mounting, and oscillator. The low -Q crystaldetector circuit is a coaxial line, tunable by a rack-and-pinion
control. Another rack and pinion controls the insertion of the de-tector probe into the resonator. The tunable transmission linefrom the oscillator is terminated by the small wire probe which
projects into the cylindrical cavity being tested.

impedance) as a function of frequency. These restric-
tions are: (1) the coupling into and out from the test
cavity must be very loose; (2) the crystal must be
"square law"; (3) the bandwidth of the coupling systems
must be much greater than that of the cavity; (4) the
amplifier and oscilloscope amplifiers must not distort
the signals applied to them; (5) the oscillator must have

negligible amplitude modulation over a frequency region
of several times the bandwidth of the cavity; (6) the
frequency modulation must be linear; that is; frequency
must be a linear function of the modulating voltage.

The first four requirements can be satisfied quite gen-
erally, and the last two do not constitute serious diffi-
culties except for very low -Q cavities. The probe coupling
has been used in most of the measurements because the
only modification of the cavity required for the measure-
ments is the provision of two small holes in the cavity
walls. For precise work, waveguide systems have been
used, but they suffer from lack of versatility.

The mixer shown in Fig. 1 permits the simultaneous
appearance on the screen of resonance curves of two
cavities, one of which is usually a wavemeter or sec-
ondary frequency standard. When these two cavities
are tuned to nearly the same frequency, the oscilloscope
vertical deflection is the algebraic sum of the signals

Fig. 4-Resonant-cavity wavemeter. The dielectric -covered antennais at the left, and the threaded bushing above it and to the rightis the connector for rectified crystal current. The micrometerwhich fixes the piston position is at the right.

from the two detectors. The relative amplitudes of the
two signals may be varied by adjusting the coupling
of the oscillator to the two cavities, or by adjusting the
potentiometers in the mixer.

Three kinds of wavemeters have been used, all based
on resonant cavities. A carefully constructed concentric
transmission line with movable terminating piston has
been used as a frequency standard. The Q of this type of
wavemeter is low, of the order of 1000, but it will ap-
pear that this does not constitute a serious limitation
for most frequency measurements. This meter is not
satisfactory for measuring small frequency differences
because of its low Q and small dispersion (small travel
of piston and change in scale reading per unit of wave-
length change).

A resonant -cavity wavemeter, illustrated in Fig. 4,
has been developed' for more accurate measurements.
It consists of a rectangular cavity, the length of which
is variable by a piston driven by a micrometer screw; a
crystal detector and a small probe antenna arc loosely
coupled to the cavity. This type of wavemeter has the
advantage of a high Q; a further advantage is that a
given motion of the piston corresponds to a smaller
wavelength change than the same motion of the con-
centric -line plunger. Its chief disadvantage is its limited
wavelength range. At the short-wavelength end of the
scale the entrance of higher modes of oscillation of the

2 D. Blitz and E. G. Linder.
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cavity limits the range, while the long -wavelength limit
is caused by the proximity of the "cut-off" point. The
resonant wavelength can never he longer than twice the
width of the cavity, regardless of the piston's position.

For higher dispersion in a much narrower range
(about one half per cent of the mean wavelength) a
wavemeter has been built using the TE1,2,0 mode, also
called the (1, 2, 0) mode3 of a rectangular cavity, as
shown in Fig. 5. The end of a micrometer screw was
ground to form a small pin which was inserted through,
but without touching the rim of, a small hole in the
center of the broad side of the cavity. This arrangement

Fig. 5-Narrow-range resonant -cavity wavemeter. The small pin
which varies the resonant frequency is driven by the micrometer
screw.

permits very slight current flow on the part of the pin
which lies outside the cavity, and secures maximum
linearity of resonant wavelength as a function of the
depth of insertion of the pin. Since the whole scale of the
micrometer corresponds to only a fraction of a per cent
change in a resonant wavelength, high dispersion is ob-
tained. This wavemeter is made of Invar to minimize
the temperature coefficient of frequency.

III. RESONANT -FREQUENCY COMPARISONS

No effort has been made in this work to attain great
accuracy in the measurement of the absolute resonant
frequencies of resonant cavities. The accuracy of such
measurements has been limited by the accuracy of the
frequency standards employed. The absolute accuracy
of the coaxial -line wavemeter is probably no better than
±0.1 per cent in the centimeter region.

It is frequently desirable to he able to compare the
resonant frequencies of cavities with a precision much
higher than this accuracy of the absolute measurement
of frequency. Measurement of small frequency differ-
ences or the construction of an internally consistent set
of secondary frequency standards require such high pre-
cision. The frequency -comparison method described
here is capable of as great precision as can be profitably
employed at the present stage of the microwave art.

As an introduction to the method actually used, it is
worthwhile to describe a more rudimentary method. If,
in the system shown in Fig. 1, the range of frequencies

3 E. U. Condon, "Principles of microwave radio," Rev. Mod. Phys.,
vol. 14, p. 347; October, 1942.

generated by the oscillator includes the resonant fre-

quencies of both the wavemeter and the cavity under
test, the pattern on the oscilloscope screen will resemble
Fig. 6(a).4 In this and subsequent figures, the wave -
meter resonant frequency and Q are called f, and Q.;
fc and Q,, are the properties of the cavity being tested.
As f,,, becomes nearly equal tote, the pattern of Fig. 6(b)
results, and Fig. 6(c) portrays exact equality of fre-

(a)

(b)

f

(c)

Fig. 6-Oscilloscope patterns for first method of frequency compari-
son.

(a) Horizontal scale compressed. Wavemeter resonant frequency
(f.,) and cavity resonant frequency (f r) considerably different.

(b) f,, nearly equal to 0+ (.f,/1 0Q,)
(c) exactly equal to

quencies. It is impossible to determine equality of fre-
quencies with much less error than that represented by
Fig. 6(b), and even the difference between Fig. 6(b)
and Fig. 6(c) is difficult to detect if the amplifier gain or
oscillator power fluctuates. This constitutes a frequency -
comparison precision of about ± (10/Q,) per cent. While
this is sufficient for many purposes, it is not adequate
for measuring small differences in resonant frequency,
such as will be encountered in shunt -resistance meas-
urements.

The frequency -comparison method actually used is a

' E. U. Condon, "Forced oscillations in cavity resonators," Jour.
Appi. Phys., vol. 12, pp. 129-132; February, 1941. Figs. 6, 7, and 9
are computed from the known form of a high -Q cavity's transfer
impedance as a function of frequency, when the coupling is very loose
and the coupling systems are of low Q. The resonance curves are of

the form 11+4Q2(f-pal-1.
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distinct improvement over this simple arrangement. In
the improved method the detector outputs are combined
in such a way that the signal from the wavemeter crys-
tal decreases the deflection produced by the crystal
coupled to the cavity under test. This may be accom-

(a)

(b)

(c)

fw

f~
(d)

Fig. 7-Oscilloscope patterns for second precision method of fre-quency comparison.
(a) Horizontal and vertical scales compressed. f, considerably

different from fc. Q.= 2Qc.
(b) fw nearly equal to h. fw=h+0.01 USW; Q.= 2Q,.(c) f. exactly equal to f'. Qw=2Qc.
(d) f. nearly equal to fc, but a value of Q/Q, different from parts(a), (b), and (c). f,= 0.008 (fc/Q,); Q.=1.10Q,. Verticalscale expanded.

plished by using crystals which differ in the sign of the
rectified current or merely by reversing the leads from
one crystal to the mixer. The oscilloscope patterns thus
obtained are shown in Fig. 7(a) for f.,#fc, in Fig. 7(b)
for f,"--1 and in Fig. 7(c) for 1,0=fc. The inequality
in resonant frequencies is obvious from the unequal
heights of the two limbs in Fig. 7(b), even though the
frequency difference is only 1/Q,, per cent. One there-
fore has only to tune the wavemeter until the heights

of these two limbs are approximately equal to obtain
precise equality of f. and f,,.

This comparison is particularly sensitive when the
wavemeter Q is nearly equal to that of the cavity. The
mixer is then adjusted to give equal amplitudes to the
two resonance curves. If Q. =Q, and f.,=f a straight
line appears on the oscilloscope, and the slightest de-
parture from equality of f. and f, is immediately ap-
parent. A number of cavities and a wavemeter with Q's
within 10 per cent of 8000 have been used in this meas-
urement work. Fig. 7(d) is typical of the patterns en-
countered with these cavities; the existence of a
frequency difference is obvious, yet the difference is
only one millionth of the resonant frequency L.

It is essential to this method that the amplitudes of
the two resonance curves be of the same order of magni-
tude, but only when Q/"A'Qcis it necessary to make them
approximately equal. Some advantage is obtained when
12..Q, if the higher Q resonance is given a somewhat
larger amplitude. Fluctuations in the power or fre-
quency of the oscillator or in the gain of the amplifiers
cannot cause errors. Amplitude modulation of the oscil-
lator can cause a slight error, but this error is much
smaller than its analogue in the former method. The
resonance curves of both wavemeter and cavity must
be undistorted, any resonances in the transmission lines
must be of very low Q, and the coupling to the cavities
must be loose. It is not necessary that the frequency
modulation be linear, though linearity is a convenience
in detecting distortion. The crystal capacitance and
distributed capacitance of wiring must be kept low
enough that it does not cause a significant phase delayof the signal from one crystal relative to that from the
other. This is easily possible because of the low repeti-
tion frequency (60 cycles).

This method has proved reliable and convenient in
operation. Photographs of the oscilloscope screen are
shown in Fig. 8.

In the precision measurement of frequency using cav-
ity wavemeters, corrections must be applied for atmos-
pheric properties and cavity temperature. If the parts
of the wavemeter which determine the dimensions of the
resonant cavity are of a single metal, the temperature
coefficient of wavelength is the coefficient of linear ex-
pansion of the metal. The temperature and humidity of
the atmosphere within the wavemeter must be known in
order to convert wavelength in this atmosphere to
wavelength in vacuo, and hence to frequency. When
comparing the frequencies of a wavemeter and a reso-
nant cavity, both open to the same atmosphere, these
corrections for the dielectric constant of the air need not
be applied; but a correction for thermal expansion of
the cavity dimensions must be applied whenever the
cavities being compared are of different metals.

IV. Q MEASUREMENTS

The oscilloscope presentation of a cavity-resonance
curve permits measurement of Q value by measuring the
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difference Al in frequency at the two half -power points
and using the value of already obtained to compute
Qc-f,/,6,1 Under the conditions of coupling, linearity,
etc., noted in the second section, the half -power points
are the points where the vertical deflection is one half
the maximum deflection. If a wavemeter of sufficiently

(a)

(b)

(c)

Fig. 8-Photographs of oscilloscope screen. The conditions corre-
spond roughly to those of Fig. 7(a), (b), and (c).

high Q is available, the wavemeter detector signal may
be combined with the resonance curve and the two fre-
quencies at the half -power points determined directly;
Fig. 9(a) shows a wavemeter tuned to one of these two
frequencies, where the wavemeter Q. is 15 times the Q,
of the cavity.

This method becomes less accurate as the ratio Q./Qc
becomes smaller than 10 or 15, since it becomes increas-
ingly difficult to determine the half -power points in the
presence of the wavemeter signal. To overcome this
difficulty, the amplitude of the wavemeter signal may
be made exactly one half of that of the cavity. The
wavemeter may then be set to a half -power point by

tuning it until it produces a dip in the resonance curve
which just reaches the reference base line for the reso-
nance curve, as in Fig. 9(b). This method may be used
for any Q./Q ratio, but becomes unsatisfactory if Q, is
so large that the number of scale divisions of the wave;
meter corresponding to the frequency difference be-
comes small.

When measuring high -Q cavities it is often found that
the wavemeter dispersion is insufficient for accurate

(b)

-Al

f 12 , f2

(c)

Fig. 9-Oscilloscope patterns for measurement of Q.
(a) Method suitable when Q./Q,>>1. Q.= 1512;
(b) Method suitable for any Q./Q, but not accurate if is ex-

tremely large. Q.= 4Qc; f.= f ±(f /2Q,)
(c) Method suitable for any Q./Qr.

measurements; the frequency difference between half -
power points may correspond to only a fraction of a
scale division of the wavemeter. It is then desirable to
"calibrate the screen" of the oscilloscope as in Fig. 9(c).
The frequencies fi and f2 corresponding to two well -
separated points h and 12 on the screen are determined
by tuning the wavemeter until the peak of its resonance
curve coincides with each of these points in turn. If the
linear separation on the screen of the half -power points
of the cavity being tested is Al, then

C12

-11\
- /11.

Af = Al (1)
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This is valid, of course, only if the frequency modulation
and oscilloscope horizontal deflection are linear func-
tions of the modulating voltage, and nonlinearity of
modulation constitutes the most troublesome source of
error in this method. This method also requires that the
generated frequency at any one modulator voltage re-
main constant for the few seconds required to tune the
wavemeter. None of the other methods described here
has this limitation.

If the Q is very low, it may be necessary to correct the
measurements for amplitude modulation of the signal
generator. The amplifier must pass an undistorted reso-
nance curve for accurate measurements with any value
of Q, which requires that its gain and time delay be con-
stant from 60 to about 6000 cycles. The input and out-
put couplings of the cavity must be very small if the
measured Q is to be the "unloaded" Q of the cavity. This
last requirement means that the power transmission
into the detector must be very small. For example, if
the measured Q is to be within 5 per cent of the unloaded
Q, the power into the detector can be at most only 0.5
per cent of the power which could have been obtained
from the same oscillator when coupled for maximum
power transfer into the detector.

V. SHUNT -RESISTANCE MEASUREMENTS

In many applications of cavity resonators it is neces-
sary to know the shunt resistance of the cavity, which
is its shunt impedance at resonance. This is particularly
true if the resonator is to be excited by an electron beam,
as in a microwave oscillator.

The shunt resistance Ro of a cavity, like that of a
conventional "lumped" circuit, can be defined from the
relation

Ro =
2W/

V2
(2)

where Wt is the power dissipated per second in the cav-
ity (watts) and V is the amplitude of the "voltage" be-
tween two points on the cavity walls. By "voltage" is
meant the line integral of the alternating electric field.'
For a given W1, the value of V, and hence of Ro, depends
on the two points chosen; this corresponds to the differ-
ent values of resistance obtained by "tapping" at dif-
ferent turns of the coil in a coil -and -capacitor resonant
circuit. Ro also depends, in the case of a resonant cavity,
upon the choice of the path between these two points
over which V is evaluated. In most applications of reso-
nant cavities, the particular value of Ro of most interest
is that obtained by choosing end points and path such
that the maximum Ro is obtained. The Ro thus evalu-
ated is consistent with the usual definition' and will be
used in the remainder of this section.

In applications involving electron beams, one is gen-
erally interested in cavities such that the amplitude of
the electric field is nearly constant over the required

6 See p. 365 of footnote reference 3.

path; such a case is illustrated in Fig. 10(a), where Ro
is to be evaluated over the straight-line path between p
and P. Only such constant -field cases are susceptible to
the following measuring methods.

(a)

(b)

(c)

Fig. 10-Measurement of shunt resistance in a doughnut -shaped res-
onant cavity. Cylindrical symmetry about pP. The shunt resist-
ance between the points p, P is required. In (b) a dielectric cylin-
der is inserted, and in (c) the dielectric has been inserted in an
easier manner, which gives approximately correct results when
1/d>>1.

Two methods of measuring shunt resistance have
been developed, and they will be called the "resistance -

insertion" and "capacitance -insertion" methods. In the
former, a small resistor is inserted between the two
points where Ro is required and the effect upon the Q
of the cavity is observed; in practice, this "resistor" is
usually a rod of lossy dielectric. In the latter method, a
small dielectric cylinder is inserted as before, but the
effect upon the resonant frequency of the cavity is ob-
served.

A small dielectric cylinder of cross-sectional area A
and length 1 is inserted between the points p and P in
Fig. 10(a), such that the ends are in intimate contact
with the cavity walls and the axis of the cylinder is per-
pendicular to the cavity walls. Since the electric field in
the neighborhood of the dielectric is nearly constant and
parallel to the elements of the cylinder, the electric
field at the surface of the dielectric is entirely tangential
to this surface, and hence is the same intensity inside
the dielectric as it is just outside. If the cross-sectional
area, dielectric constant, and conductivity of the rod are
sufficiently small, the Q will remain of the order of 100
or more and the change in resonant frequency can be
kept of the order of one per cent or less. Under these
circumstances the electric and magnetic fields at reso-
nance will not be substantially changed by the presence
of the dielectric, and Ro can be calculated from either
the change ,in Q or the change in L.

The algebraic expressions relating Ro to the observ-
ables in the two methods can be derived in several ways.
Using the energy -decrement definition of Q and (2), and
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obtaining the power dissipated in the lossy dielectric
from Maxwell's equations, the expression for the re-
sistor -insertion method may be obtained. The relation
for the capacitance -insertion method may be derived
from the change in the average stored electric energy
when the dielectric is inserted and the requirement that
the average electric and magnetic energies must be
equal at resonance.' Also, both expressions may easily
be verified directly from Maxwell's equations for the
special cases of cavities the geometrical shapes of which
permit analytical solutions for the fields before the
dielectric was inserted. Derivations based on the
"lumped" -circuit analogy are given below. The relations
derived by any of these methods are identical and sub-
ject to the same restrictions.

In lumped circuits

Q, = 271 cCRo. (3)

The essence of the methods for measuring Ro of cavities
is to express the unmeasurable quantity C in terms of
observable quantities. In the resistance -insertion method
a resistance R inserted between the points p and P, as
in Figs. 10(a) and (b), is essentially a resistance in par-
allel with the shunt resistance Ro between these points.
If fe and Q. were the resonant frequency and Q before
the resistor was inserted, and f,' and Q,' the new values
with the resistor, Q,' will be related to the parallel com-
bination of R and Ro in the same way that (3) related
Q, to Ro:

1 1 1 +1 \ f,C \Ro( 1 +1
Q' 27rf,'C' Ro R fc'C' ) Ro R)
If the resistor's size and dielectric constant are suffi-
ciently small, f,C nearly equals f,'C' ; setting f,C=f,'C'
and rearranging terms gives

Ro = R(Qc/Q,' - 1). (5)

Because of the limitation to situations of constant field,
where the electric field is known to be substantially the
same inside the resistor as it is outside, the effective
resistance R of the cylinder is just the resistance calcu-
lated in the usual way: R=1/aA. Skin effect need not
be considered since the skin depth is much larger than
the diameter of the cylinder for all useful values of A
and a. Therefore

Ro = (Qc/QZ - 1) ohms.
QA

(6)

Of course one must use the value of o, the dielectric con-
ductivity,' which pertains to the frequency at which the

° See p. 351 of footnote reference 3. This property of resonance
holds for systems of electromagnetic standing waves, provided one
sums the energies over an integral number of half wavelengths of the
standing -wave pattern, which is what is done in computing the elec-
tric and magnetic energies of a cavity at its resonant frequency.

7 0" is related to the tangent of the angle 5 of loss by tan S = cr/2rf K co.
The "Q" of the dielectric is Q = 1/tan 5 and sin 5 is its "power factor."
a here is measured in m -k -s units (mhos per meter), but (6) may be
used with 1 and A112 in centimeters and u in mhos per centimeter.

measurements are made. Note that in using (6) the
change in frequency upon insertion of the resistor must
be small compared to the frequency itself, the resistor
must be of constant cross section and parallel to the
electric field, its ends must make good contact with the
cavity walls, and the amplitude of the electric field must
be constant in the neighborhood of the resistor. The
"good -contact" restriction frequently may be removed,
as explained below.

This method has been successfully used on a variety
of cavities. The limitations associated with (6) make
metallic resistors impractical, but lossy liquids and
glasses exhibit the correct orders of magnitude of con-
ductivities for use as resistors. The conductivities of
common glasses and some common liquids range from
about 0.015 (Corning 705BA glass) to 15 (water) mhos
per meter in the centimeter-wavelength region. For
most cavities a thin Pyrex capillary tube containing
water, water -ethyl -alcohol mixtures, or carbon tetra-
chloride has produced a satisfactory resistor. With bores
of the order of 10-3 or 10-4 square centimeter and
lengths of 0.1 to 1 centimeter, resistances of the order
of 1000 ohms to 10 megohms may be obtained. The size
and conductivity of the dielectric are so chosen that
Qc/Qc' is substantially different from unity, in order to
avoid the situation where a small error in measuring
Qe/Qc' introduces a large relative error in the determina-
tion of Ro. On the other hand, Q,,' must not be too low
or difficulty will be encountered in measuring it because
of the limited frequency -modulation range of the oscil-
lator.

In the capacitance -insertion method, the insertion of
the small dielectric cylinder increases the capacity by
the amount AC = (K -1)024 /1. This comes about because
the contribution to the total cavity capacitance of the
volume occupied by the dielectric was 0,4/1 before the
dielectric was inserted and oce0A /1 afterwards. K is the di-
electric constant of the material, Eo =8.85 X10-42 farads
per meter, and 1 and A 112 are expressed in meters.

The rate of change of resonant frequency with
change in capacitance is obtained by differentiating
27rfe = (LC) -"2 and it is

ajc

ac 2C

For small finite changes it is approximately true that

\ - fc(K - 1)60A

Afc = = 2C1
(7)

Using (7) in (3) to eliminate the unknown and unmeas-
urable quantity C, one obtains

Qc1(Afc)
Ro = (8)

7rfc2(K - 1)foil

A simpler and more convenient relation is obtained by
expressing the frequency change Afc in terms of a reso-
nant -wavelength change AX,; when this is done and the



approximation (irceo)-1= 120 ohms is used, (8) becomes

Qc/(AXc)Ro = 120 ohms.
(K - 1)A (9)

M -k -s units have been used to derive (9) but of course it
is valid if 1, AX,, and Ali' are in the same units, whether
or not these units are meters. The restrictions mentioned
in connection with (6) apply as well to (9).

This capacitance -insertion method is more convenient
and accurate than the resistor method, since only one Q
measurement is required in the former and the change
in resonant wavelength, even though it may be very
small, can be measured quite accurately by the method
portrayed in Fig. 7. But the capacitance method is less
flexible because the range of K's of available materials is
small compared to the range of o -'s. This means that for
cavities of very low shunt resistance, A must be larger
than in the resistor -insertion method in order to pre-
serve a AX, of sufficient magnitude.

In using either of these methods, it is much more con-
venient to drill small holes in the cavity walls and insert
the dielectric cylinder through these holes than to install
it completely inside the cavity. This "short-cut" is il-
lustrated in Fig. 10(c). It is satisfactory provided d<<l;
under these circumstances the fringing field in the

dielectric near the cavity walls is not a serious source of
error, and the contact of the dielectric rod with the
walls is not important in either method. Tests have
shown that even if d'.."-dll4 the methods are still reliable.

Both methods of measuring shunt resistance have
been tested by measuring Ro of rectangular and cylindri-
cal cavities, where the ratio of Ro to Qc could be calcu-
lated. The measured ratio agreed with the theoretical
Ro/Q, within a few per cent for all the cavities investi-
gated. Since this ratio depends only on the cavity
geometry and not upon the material or surface condition
of the cavity walls, comparing experimental and the-
oretical values of this ratio is a better test of the meas-
uring method than comparison of Ro values.

The methods for measuring shunt resistance may be
reversed to provide methods for measuring the conduc-
tivity o- and dielectric constant K of solids and liquids at
very high frequencies. A cavity of simple geometrical
shape is employed and R0/02, is computed from the
known electric and magnetic fields in the cavity. Then
from measurements of Qc, and of and AX, when a
dielectric cylinder is inserted, o and K may be obtained
from (6) and (9). This method has been used for many
different materials, and wherever comparison with val-
ues of a and K obtained by other methods was possible,
good agreement was secured.

Cylindrical Shielding and Its Measurement
at Radio Frequencies*

ALTON R. ANDERSON'

Summary-The effectiveness of shields from the point of view
of the wave theory of shielding is discussed. Specific consideration is
given to cylindrical shielding against low -impedance fields and its
measurement at radio frequencies. Various methods and concepts of
measurement are discussed briefly; inadequacy of probe -type tests
and the advantages of an integrating -type test are pointed out.

Equipment of the integrating type suitable for production testing
of specimens of cylindrical shielding from 3/16 to 2 inches diameter
at 3 megacycles is described and illustrated. With this equipment,
shielding effectiveness of the unknown is determined in terms of
the effectiveness of a specified rigid metal -tube standard. Sensitivity
is sufficient to measure the leakage through 0.024 inch of copper
at the test frequency. A shielded room is not required.

SOME THEORETICAL CONSIDERATIONS

ACCORDING to the wave theory of shielding,' the
effectiveness of a metallic cylindrical shield sur-
rounding wires carrying alternating current is

in part due to reflections of the wave caused by im-
* Decimal classification: R201.5. Original manuscript received by

the Institute, November 19, 1945.
t The American Metal Hose Branch of The American Brass Com-

pany, Waterbury, Connecticut.
1 S. A. Schelkunoff, "Electromagnetic Waves," D. VanNostrand

Company, Inc., New York, N. Y., 1943, pp. 303-315.

Experimental results obtained with this and similar equipmen
from 200 kilocycles to 10 megacycles are given. Tests at various fre-
quencies on thin -wall copper tubes of different thicknesses are shown
to be in agreement with the results predicted by theory. Included are
data on metal tubes, wire braids, coaxial cable, and flexible -shielding
conduits.

Test results are shown to be independent of current through the
specimen, receiver gain or adjustment, and various other factors.
Results are shown also, in general, to be independent of the length of
specimen tested and its impedance. Various factors affecting test
results are considered and formulas are given for correcting results
obtained on exceptional specimens having abnormally high resist-
ance.

pedance mismatches at the two metal -dielectric bound-
aries of the shield and in part to attenuation of the
wave in passing through it. When the shield forms the
outer conductor of a coaxial line, so that the shield itself
serves as the "return" circuit for the wire to be shielded,
there obviously is no reflection at the inner surface but
there is attenuation through the metal and reflection at
the outer metal -air boundary.

For shielding considerations, varying electromagnetic
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fields ma} convenie itly be classified as being of low
impedance or high impedance, with respect to the in-
trinsic impedance of the dielectric in which they exist.
Low -impedance fields have large magnetic components
and small electric components, while high -impedance
fields are those having relatively large electric and small
magnetic components. Fields associated with alternat-
ing -current -carrying inductors and conductors are

usually low -impedance fields; those associated with the
alternating charges on the plates of a capacitor, for ex-
ample, generally are high -impedance fields.

It can be shown that, when a high -impedance wave
strikes any metallic surface, reflection is almost com-
plete and that it becomes complete as the frequency
approaches zero. It is for this reason that shielding
against such fields is a relatively simple matter. On the
other hand, shielding against a low -impedance field is
not nearly so easy; reflection losses are much smaller
and attenuation may not be adequate. At high frequen-
cies the attenuation of most metals is sufficiently great
that, except for very thin shields, attenuation usually
constitutes the major component of the total shielding
effectiveness. At low frequencies, however, the attenua-
tion obtained with shields of practical thickness is small
and reflection losses may predominate. At such frequen-
cies, good use can often be made of the reflection oc-
curring at metal -metal boundaries, by employing
appropriate arrangements of laminated shields consist-

ing of properly selected dissimilar metals.
Equations have been derived for calculating reflection

lossei for certain shields, which depend upon frequency,
the metal used, and the shield geometry. Likewise, the
attenuation of an electromagnetic wave of a given fre-
quency in passing through any metal, in terms of the

magnetic permeability, electrical conductivity, and
thickness of the metal can be calculated.

The attenuation of any metal at a given frequency,
expressed on a decibel basis, is proportional to the
square root of the product of its electrical conductivity
and magnetic permeability. The attenuation obtained
from a particular metal is directly proportional to the
thickness employed. The attenuation of any given
shield increases as the square root of the frequency.

For pure copper (100 per cent electrical conductivity)
the following simplified expression for attenuation may
be used:

A =3.338 tVF (1)

where A =attenuation, in decibels
t = thickness, in mils (thousandths of an inch)

F= frequency, in megacycles per second.

If the attenuation per mil of a metal is known at a
given frequency, the attenuation of any thickness ob-
viously can readily be determined. A curve is shown in

Fig. 1 from which the attenuation per mil of pure copper

can be read for any frequency from 10 kilocycles to 900

megacycles. Points for plotting this curve were calcu-
lated from (1). The figure is based upon theoretical

considerations but has been verified by numerous meas-
urements; it is given here because of its general useful-
ness and to facilitate comparison with experimental
data to be presented.

The attenuation of commercial (deoxidized) copper,
such as is commonly used for making tubing, may not
be more than about 95 per cent of that of pure copper,
due to the lower electrical conductivity of deoxidized
copper. For the experimental work herein described
pure (oxygen -free) copper tubes were obtained. The
copper used is known to the metals trade as "O.F.H.C."
copper and has a conductivity very close to 100 per cent
International Annealed Copper Standard.
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F!g. 1-Calculated attenuation of pure copper at various frequencies.

Fig. 1 can be used to determine the attenuation per
mil of any metal if the value read for copper is multi-
plied by the square root of the product of its relative
magnetic permeability and electrical conductivity (rela-
tive to copper). For example, if the permeability of a
metal is 400 and its conductivity is 6.25 per cent Inter-
national Annealed Copper Standard, it has an attenua-
tion of \/(400)(0.0625) =5 times that of copper.

Attention will be confined hereafter to cylindrical
shielding intended primarily for low -impedance fields;
consideration of such fields will be implicit in all subse-

quent references to shielding effectiveness. Thin -wall

metal tubes, flexible ignition -shielding conduit, and
coaxial cable are examples of commercial products
which find widespread use where their shielding proper-
ties to low -impedance fields are important.

For cylindrical shields of approximately the same
diameter, made of the same metal, reflection losses will

be nearly identical. Thus, for all practical purposes, dif-
ferences in over-all shielding effectiveness at a given
frequency, between successive specimens of a series of
thin -wall tubes of a particular metal, having approxi-
mately the same nominal diameter but different thick-
nesses, will be equal to the differences in attenuation of

the tubes. This fact can be utilized advantageously in

studying the operation of equipment, such as that to be
described, which is intended for testing the effectiveness

of cylindrical shields.
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MEASUREMENT CONSIDERATIONS

Various methods have been devised for measuring the
effectiveness of cylindrical shielding. Proposed tech-
niques frequently have been found unsatisfactory. They
may lack precision, be too complicated, or measure
something other than shielding effectiveness. The need
for a simple test of shielding effectiveness readily ap-
plicable to cylindrical shields, which yields reasonably
precise quantitative results, has been recognized by
those concerned with design, production, or application
of shielding products.

Skin -effect formulas have been unsuccessfully applied
to rigid metal tubing in an effort to calculate the current
or current density on the outside of the shield for a given
total current or given current density on the inside. The
exponential decay of intensity of alternating current
with distance below the surface of a conductor expressed
by such formulas is valid for an infinitely thick slab of
the material but not for calculating the outside surface
current of a shield. Such formulas, derived on the as-
sumption of infinite thickness, neglect the (relatively
large) effect of reflection at the outer metal -air boundary
of the shield.

Different quantities have been measured in attempts
to evaluate shielding effectiveness. Field -strength meas-
urements at some specified external position without
and with the shielding in place would give the desired
information, but these may be very difficult or impos-
sible to make. Most of the cylindrical shields upon
which measurements are desired are so effective that,
even for exceedingly strong incident fields, the external
field is very weak and difficult to measure. Furthermore,
for the types of shields in which we are here primarily in-
terested, the shield itself usually serves as one of the
conductors of the circuit to be shielded. In these cases
removing the shield destroys the circuit, making such
measurements impossible.

The concept of surface transfer impedance per unit
length, such as (open -circuit) voltage per foot along the
outside of the shield per ampere flowing in the shield,
has been applied successfully in computing and measur-
ing the effectiveness of coaxial cable and similar cylin-
drical shielding.' The lower the transfer impedance the
better the shield. That is, transfer impedance per unit
length measures the inverse of shielding. Hence, the
reciprocal of this quantity, which is "transfer admit-
tance" X length, might be a more appropriate unit for
expressing the effectiveness of the shielding.

Shielding may be employed for either or both of two
purposes: to restrict electromagnetic interference fields
to or to keep them out of the enclosed area. Obviously,
shielding is never complete for there is no such thing as
a perfect shield. Shielding need only be sufficient to keep
interference between circuits or elements to an unde-
tectable or tolerable value.

2 S. A. Schelkunoff and T. M. Odarenko, "Crosstalk between
coaxial transmission lines," Bell Sys. Tech. Jour., vol. 16, pp. 144-164;
April, 1937.

Seldom is the' required degree of shielding actually
known. It may not even be known approximately, since
figures for the intensity of the generated interference
field or the permissible interference level, or both, may
not readily be available. However, if a given shield is
not adequate it sometimes is possible to estimate how
much better shield is required. For such purposes, com-
parative rather than absolute measurements of the ef-
fectiveness of shields under consideration are sufficient.
In development work on or production testing of cylin-
drical shielding such measurements are very useful. The
simplicity afforded by comparative as contrasted with
absolute measurements is considerable.

When the effectiveness of an unknown specimen is
determined by comparative tests in terms of the shield-
ing effectiveness of a constant, reproducible standard,
such as a specified thin -wall metal tube, such measure-
ments become increasingly meaningful. Furthermore, if
the shielding effectiveness of the reference tube is known
or can be calculated, a figure for the absolute effective-
ness of the unknown may be so obtained.

During the course of development work on flexible -
shielding conduit at the American Metal Hose Branch
of The American Brass Company, a number of different
types of testing equipment, intended to give compara-
tive measures of shielding effectiveness, were designed
and tried. Those employing small probes, coupled either
directly, capacitively, or inductively, to investigate
"leakage" along the specimen, were found to be unsatis-
factory and soon were replaced by integrating types of
test which evaluate the effects of leakage over the entire
length of specimen (usually 2 to 6 feet). Such probes are
valuable tools for locating and localizing areas of leakage
in shielding but have been found to have serious limita-
tions when applied to the measurement of shielding
effectiveness, even of such simple shields as thin -wall
metal tubes.

Considerable work was done which showed that tests
made with the small, one- or two -turn shielded -loop
probes, such as have been rather widely used in recent
shielding investigations, in general are not satisfactory
for determining the effectiveness of cylindrical shields,
whereas the results of integrating -type tests, such as
performed with the equipment herein described, are
directly related to the functioning of the specimen as a
shield. A discussion of this investigation is beyond the
scope of the present paper but it is hoped that publica-
tion of the experimental data and related material col-
lected will be possible at an early date.

THE INTEGRATING -TYPE TEST

With the several test sets of the integrating type
which have been constructed, what are believed to be
reliable measurements have been made at frequencies
from 0.2 to 10 megacycles. There seems to be no reason
why the frequency range could not be extended ap-
preciably downward and upward to the frequencies
where standing waves introduce limitations. At higher
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frequencies a somewhat different technique would ap-
pear to be preferable. Experience indicates, however,
that for most purposes tests made between 0.2 and 10
megacycles are adequate to determine the suitability of
a shield at the higher frequencies. This follows from the
fact that shields tend to become more rather than less
effective as the frequency is increased, unless they have
holes, cracks, or other openings. In such cases the ef-
fects of these openings are readily detectable at the
above frequencies and due allowance can be made for
them.

The equipment to be described compares the voltage
drop along the outside of an unknown specimen with
that along the outside of an equal length of a standard,
usually a 0.010 -inch -wall pure -copper tube of the same
nominal inside diameter, and gives, directly, the shield-
ing effectiveness of the unknown in decibels above or
below that of the standard.

A PRODUCTION -TEST MODEL

The equipment shown in Fig. 2 is a production -test
model, operating at a fixed frequency of 3 megacycles,
which accommodates specimens from 9 to 75 inches in
length. By use of a series of threaded adaptors, cylindri-
cal shielding from 3/16 to over 2 inches inside diameter
can be tested. The range of satisfactory measurement
is from about 20 to more than 140 decibels. Sensitivity
is sufficient to measure the leakage through a 0.024 -
inch -wall copper tube at 3 megacycles. While somewhat
simpler in construction than the adjustable -frequency
models used for development work, the production -test
model will serve to illustrate the technique employed,
which is the same at all frequencies for which the
method is applicable.

Fig. 2-Production-test equipment for comparative measurement
of cylindrical shields at 3 megacycles.

On the shelf, at the left, is a copper box housing the
signal source. To the right of this is a communications -
type receiver and between the units can be seen a
rectifier -type audio -output meter. The long copper box
on the bench houses the specimen and "leakage" pickup
circuits. This box enables measurements to be made in
areas of high interference level, obviating the necessity
for a shielded room. On the front of the box can be seen
a shielded switch, used for connecting the receiver an-
tenna circuit either to the pickup circuit or to the output
of the calibrated attenuator which can be seen in the

foreground. The latter is of the coplanar, mutual -
inductance type3 designed to provide 16 decibels atten-
uation per inch of movement.

Certain points of construction may be of interest.
Fig. 3 is an inside view of the signal -source unit. The
power supply is shown on the right. It furnishes rectified
and filtered plate voltage to the oscillator and rectified,
unfiltered plate voltage to the amplifier (which results

Fig. 3-Inside view of signal -source unit.

in almost 100 per cent, nearly sinusoidal, 120 -cycle
as determined from oscillo-

graphic study of the modulation envelope). The four
vertical cylinders at the rear are copper cans shielding
the line filters. (These must be really effective.) Leads
entering and leaving the cylinders are enclosed in copper
tubing and all joints are soldered all the way around.

To the left of the power supply can be seen the 6V6G
3 -megacycle crystal -controlled oscillator and to the left
of that the 6L6G modulated amplifier, the tank circuit
of which is mounted in front of the tube. The additional
coil and variable capacitor shown are used for coupling
energy to the specimen and resonating this load circuit.

The scale of the plate -current meter in the center is

illuminated by an internal light and viewed through the
long, 2 -inch diameter, cutoff tube which extends from
the front panel almost to the meter face. Such tubes,
functioning as wave guides well below cutoff frequency,
are a most satisfactory though somewhat cumbersome
means for effecting leak -proof openings in shield boxes.
A second similar tube, for facilitating ventilation, can
be seen protruding inward from the left. For all compo-
nents requiring external adjustment, such as the vari-
able capacitors, switch, and inductive coupling, i-inch
diameter nonconducting shafts enclosed in a few inches
of f -inch inside -diameter metal tubing soldered to the
panel (cutoff tubes) are employed. Metal shafts are
avoided since they would lead the signal out.

3 Daniel E. Harnett and Nelson P. Case, "The design and testing
of multirange receivers," PRoc. I.R.E., vol. 23, pp. 578-592; June,
1935.
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Excellent shielding of the signal source is required,
but double walls are not needed; the 0.048 -inch -thick
copper used for the shield box is entirely satisfactory;
in fact, somewhat thinner copper could have been used.
All seams are completely soldered. Double removable
lids are used, however, since these necessarily involve
joints which are difficult to make sufficiently tight. At-
tention is called to the large number of bolts and nuts
considered necessary to secure each cover; also to the
fact that the inner cover is fitted with a conducting
gasket, consisting of tinned -copper -wire braid slipped
over vinylite tubing (the latter to provide resiliency).
This is used to reduce leakage around the periphery.
A gasket was found necessary with one but not both
covers.

The inside view of a portion of the specimen box
(Fig. 4) shows a specimen of molded flexible -shielding
conduit mounted in the test position. The outer metallic
surface of the specimen, the silver-plated copper rod
running parallel to it, and the inductor and variable
capacitor shown, constitute a series -resonant pickup cir-
cuit into which voltage is introduced by leakage of the
specimen. A short coaxial cable from the antenna switch
leads to a coil interwound with and, hence, closely
coupled to that of the resonant circuit. With the switch
set in one of its two positions the receiver (low -imped-
ance) antenna terminals are connected to this winding
and thus coupled to the pickup circuit, of which the
specimen is a part.

As can be seen in Fig. 4, the specimen is attached to
a fixed fitting at the left, and to an adjustable fitting at
the right. The latter can be slid along the ways on the

Fig. 4-Inside view of specimen -shield box.

brass base of the specimen box to accommodate speci-
mens of various lengths. It provides means for capping
the end of the specimen and an electrical connection
from one end of the exterior of the specimen to the
measuring circuit. Connection of the other end to the
measuring circuit is completed through the shield box.
To facilitate testing, a rigid center conductor of suitable
length having a beryllium -copper banana plug on one
end, for making contact with the inside of the specimen,
is employed. The opposite end of the conductor is
gripped by a miniature chuck mounted in lucite within

the fixed fitting. This makes easy the changing of con-
ductors for testing specimens of different lengths. Spa-
ghetti tubing is slipped over the conductor to prevent
possible undesired contact with the interior of the speci-
men.

Fig. 5 is a diagram with the aid of which operation of
the equipment can be described. The path of the
3 -megacycle current from the signal source is as follows.
Starting at the output coil (within the signal -source
box) current passes via a well -shielded lead to and

OUTPUT COIL

ATTENUATOR I

MOVABLE / FIXED
COIL (( COIL

1

n._
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L -
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J SHILL° BOA SPECIMEN
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Fig. 5-Integrating-type equipment for comparison of
cylindrical shields at 3 megacycles.

J

through the fixed coil of the attenuator, then via well -

shielded leads through a rigid wire down the center of
the specimen. This wire connects to the inside of the
specimen at the far end which is sealed with a metal cap
to prevent leakage. The current thus returns through
the specimen and along the inside of the heavy copper
pipe leading from the specimen box to the signal source,
through the variable capacitor and thence to its starting
point on the output coil. By means of this variable ca-
pacitor the entire circuit just described is made series
resonant; this is done to facilitate obtaining relatively
large current (3 amperes) through the specimen. Ad-
justment of this circuit is not at all critical since, as will
be shown later, test results are not a function of the cur-
rent through the specimen provided leakage is sufficient
to be measured.

Since the shielding provided by a specimen is not
perfect, passage of current through it causes some volt-
age to be developed along its outer surface which, in
turn, results in a small current through the pickup cir-
cuit. This circuit is made series resonant at the test
frequency to obtain maximum possible receiver response
for a given degree of leakage of the specimen. Resonat-
ing the circuit results in a very considerable increase in
maximum sensitivity of the equipment. The measured
gain is about 25 decibels, varying somewhat with
length, over direct connection of the receiver antenna-

ground terminals across the specimen.



1946 Anderson: Cylindrical Shielding 317

TEST PROCEDURE

The test procedure is briefly as follows. The specimen
in question is inserted in the equipment, due care being
taken to ensure electrically tight joints at each end. Use
of suitably designed seats and spherical -end ferrules
soldered to the specimen is suggested, since good con-
tact around the complete periphery is required. The box
lid is closed to keep out extraneous noise. With the re-
ceiver tuned to the test frequency and its antenna cir-
cuit switched to the leads from the pickup circuit, the
latter is carefully resonated. This adjustment is deter -
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Fig. 6-Test results at 3 megacycles on 5/16 -inch -inside -diameter
pure -copper tubes of different wall thicknesses.

mined by observing the output -meter deflection, the
gain of the receiver being reduced, as necessary, to avoid
overloading. The receiver antenna circuit is then alter-
nately switched to the movable coil of the attenuator
and the pickup circuit and, without disturbing any sig-
nal source or receiver controls, the attenuator setting is
varied until the same output -meter deflection is ob-
tained with the switch in both positions. The signal
from the attenuator then equals that from the specimen.
The attenuator reading A2 for this setting is recorded.

Preceding or following this, a reference copper tube
of approximately the same diameter and of the same
length is tested similarly and the corresponding attenua-
tor reading Al obtained for this tube is also recorded.
The difference in the two attenuator readings A2-A1,
which is in decibels, represents the apparent shielding
effectiveness of the specimen with respect to the refer-
ence tube at the test frequency. In most cases, this is
essentially equal to the true relative shielding effective-
ness. The exceptional cases requiring correction are
treated later.

The particular equipment described was designed for
production testing of relatively large numbers of speci-
mens of a given length. For this reason the attenuator is
provided with both a fixed scale and a sliding plus -and -

minus decibel scale having zero in the center. The ref-
erence tube is tested once, at which time the zero on the
sliding scale is made to coincide with the pointer of the

attenuator. The shielding effectiveness of test specimens
can then be read, directly from this scale, in decibels
relative to the shielding effectiveness of the reference

tube.
Using the technique just described, the shielding ef-

fectiveness of an unknown specimen is measured in
terms of the reading on the attenuator scale which, in
turn, is calibrated in terms of the shielding effectiveness
of a stable, reproducible standard; namely, a specified

copper tube. The attenuator thus provides a means for
comparing the effectiveness of the unknown directly
with that of the standard. Although it is necessary care-
fully to resonate the pickup circuit, if this is done the
same setting on the attenuator will be obtained for a
given specimen regardless of the gain of the receiver, its
tuning adjustment, the calibration of the output meter,

or the level of current through the specimen. The latter
is true because, in case of variation, the current through
the specimen and that through the fixed coil of the at-
tenuator vary simultaneously and by precisely the same
amount. Tests showing the independence of current
level are given elsewhere.

EXPERIMENTAL RESULTS

Operation of the equipment can be judged from Figs.
6 and 7. Fig. 6 shows the attenuator readings obtained
for a series of 2 -foot specimens of 5/16 -inch -inside -

diameter pure -copper tube of different wall thicknesses
and also for another series
Curves obtained at other frequencies on 2 -foot speci-

mens of the same tubes using a different test set are
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Fig. 7-Test results at three frequencies on 2 -foot 5/16 -inch -inside -
diameter pure -copper tubes of different wall thicknesses.

shown in Fig. 7. By measuring the slopes of such curves,
attenuation per mil thickness of the metal can be deter-
mined. For example, the measured slope of curve A of
Fig. 6 is 5.75 decibels per mil while that of curve B is
5.72 decibels per mil. These values should be compared
with the calculated attenuation of pure copper (5.781
decibels per mil) at 3 megacycles. (See Fig. 1 or apply
equation (1)). Note that, as theory predicts, attenuation
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differences in each case are directly proportional to the
thickness differences of the tubes. Measurements on
these tubes, made at several frequencies from 0.2 to 10
megacycles, in every case gave measured attenuations
agreeing within 2 per cent or better with the calculated
values as can be seen from Table I.

TABLE I
COMPARISON OF MEASURED AND CALCULATED VALUES OF

ATTENUATION OF PURE -COPPER TUBES

Frequency
(Megacycles)

Attenuation (Decibels per mil)
Remarks

Calculated Measured

0.2 1.493 1.46 (From Fig. 7)1.0 3.338 3.33 (From Fig. 7)2.0 4.720 4.66
3.0 5.781 5.74 (From Fig. 6)5.0 7.464 7.52
6.0 8.178 8.06
7.0 8.832 8.73 (From Fig. 7)10.0 10.56 10.40

These tests also show that, as predicted by theory,
attenuation of the tubes increases as the square root of
the frequency. However, if specimens of flexible shield-
ing employing wire braid or other constructions having
inherent small openings are tested in comparison with
rigid metal tubing, this behavior generally will not be
observed. It is found that such shields ordinarily do not
increase in effectiveness with frequency as rapidly as do
rigid metal tubes, and that their shielding -versus -fre-
quency characteristics may vary appreciably from the
square -root relationship.

FACTORS NOT SERIOUSLY AFFECTING TEST RESULTS
As explained previously, attenuator readings obtained

for a given specimen are not affected by the magnitude
of the current through the specimen. The independence
of current level is illustrated by the curve of Fig. 8
which shows the reading obtained for a 0.0106 -inch-
wall copper tube essentially unaffected over a 30 -decibel
range of current. The slight variations (less than 1 deci-
bel) observed following changes in current were found
to be attributable to changes in attenuation of the speci-
men due to changes in its temperature caused by alter-
ing the rate of heating. This point is demonstrated by
curve A of Fig. 9 which shows the manner in which the
shielding effectiveness of the same tube was found to
decrease as it heats slightly from room temperature
during a prolonged test. Upon cooling, the initial effec-
tiveness is restored. Curve B in Fig. 9, calculated on the
basis of the change in electrical conductivity of copper
with temperature, shows that for small changes in tem-
perature the attenuation of a 0.010 -inch -wall copper
tube at 3 megacycles would be expected to decrease
about 0.1 decibel per degree centigrade increase in tem-
perature.

Although mistuning of the receiver has no direct ef-
fect upon attenuator readings, it is desirable that the
receiver be tuned reasonably close to the signal -source

frequency to obtain maximum sensitivity with mini-
mum gain and background noise. Manual rather than
automatic gain control is employed to attain sensitivity
to small signal changes. In testing specimens having
widely different degrees of leakage, it obviously becomes
necessary to operate the receiver with the gain control
at different levels. This may produce a change in the
input impedance of the receiver which, as the receiver is
switched from one position to another, does not neces-
sarily load the pickup circuit and the attenuator by the
same amount. As a result, a slight error is introduced
from this source but tests have shown that, with the
present equipment, it can be ignored since it amounts to
but a small fraction of a decibel.

0 5 /0 /5 20 23
CURRENT THROUGH spec/MEN

Dec/cm-La BELOW NORMAL

30

Fig. 8-Observed changes in attenuator readings for changes in cur-rent through specimen. 0.0106 -inch -wall copper tube at 3 mega-cycles. Normal current 3 amperes.
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Fig. 9-(A) Measured change in attenuation of an 0.010 -inch -wall cop-per tube at 3 megacycles as it heats during prolonged test.(B) Calculated change in attenuation of an 0.010 -inch -wall coppertube at 3 megacycles with change in temperature.

While the equipment is intended to test straight
lengths of a specimen, it has been found that no appre-
ciable error results from testing considerably bowed or
bent specimens provided allowance is made for the true
length of such specimens. Also, if the center conductor
does not touch the specimen (except where connected
by means of the banana plug) no special precautions are
necessary to keep it centered within the specimen.
Identical test results have been obtained using pre-
cisely coaxial conductors and conductors deliberately
thrown off -center.

Since the voltages it is desired to compare are open -cir-
cuit voltages, it would appear that an infinite -impedance
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voltmeter would have to be employed to read true val-

ues, whereas the impedance of the measurement cir-
cuit used actually is quite low. That appreciable error
will not ordinarily result from use of this low-impedance
circuit, which is done to gain sensitivity, can be dem-
onstrated mathematically and has been proved experi-
mentally. It can be shown that no error results from use

of a low -impedance measuring circuit if the specimen
and the standard have the same outside surface resist-
ance at the test frequency. Reactances do not enter the
picture since the complete circuit is made series reso-
nant and the current in the measuring circuit is limited
only by the total circuit resistance. The resistance of
most specimens likely to be tested for shielding effec-
tiveness is so low that they can be compared directly
with a copper reference tube. The subject of corrections
for cases of specimens having exceptionally high resist-
ance is taken up in the next section.

Since voltage introduced into the measuring circuit
and the resistance of the specimen, standard, and meas-
uring circuit all vary more or less with length tested, by
far the most simple procedure is to compare equal

lengths of specimen and standard. Fig. 10 shows the
observed variations in attenuator readings with length
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Fig. 10-Test results at 3 megacycles on two 5/16 -inch -inside -diame-
ter pure -copper tubes using specimens of various lengths.

tested for two copper tubes of different thickness. Note,
however, that the readings for the two tubes vary simi-
larly with length and by the same amounts. Thus, by
comparing specimens of from 12 to 72 inches long the
heavier tube is found by Fig. 10 to be 33 decibels better
than the thinner one. It can readily be shown that if
the low impedance of the measuring circuit were causing
appreciable error, different values for apparent shielding
effectiveness would be obtained by comparing different

lengths.
The same independence of specimen length is appar-

ent also in Fig. 6 and has been observed in comparing
most shielding conduit, coaxial cable, and the like, with
copper tube. This point is further illustrated by Fig. 11
which shows the measured shielding effectiveness at 3

megacycles, relative to 0.010 -inch -wall pure -copper
tubing, of various lengths of shields having widely dif-
ferent constructions.

It is perhaps preferable to compare unknown speci-
mens with tube standards having the same diameter.
However, since attenuation is independent of diameter
and reflection does not change greatly with small
changes in diameter, nearly identical results will be
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Fig. 11-Measured shielding effectiveness of various types of shields
at 3 megacycles. Tests on specimens of different lengths.

obtained whether a specimen is compared with a stand-
ard tube of the same or approximately the same diam-
eter.

SOME FACTORS AFFECTING TEST RESULTS

Stray leakage pbviously must be kept to a value low
compared with the specimen leakage to avoid significant
error. The signal in the measuring circuit from all
sources of stray leakage should be at least 30 decibels,
preferably more than 40 decibels, below that produced
by the leakage of the best specimen to be measured. Its
magnitude can be evaluated conveniently by insertion
of a very good specimen, known to have negligible leak-
age, such as, at 3 megacycles, a 0.050 -inch -wall copper
tube. Stray leakage is below the inherent background
level of the receiver in the equipment here described.

As would be expected, such leakage becomes more
troublesome the better the shield tested. This is illus-
trated in Fig. 12, which shows two cases where stray
leakage deliberately was introduced. In general, stray
leakage causes the attenuator readings for thick tubes
to be reduced more than the readings for thin tubes and,
for tubes in excess of a certain thickness, to remain con-
stant with increasing thickness. However, depending
upon the phase relationship between stray and specimen
leakage the effect of stray leakage sometimes is to make

a specimen appear better rather than worse. This effect

can be seen in the figure; it becomes particularly notice-

able when specimen and stray leakage are approxi-
mately equal. In any case, in the presence of stray leak-

age a plot of attenuator readings versus wall thickness
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for a series of similar thin -wall tubes results in a curve
of some sort, such as B or C of Fig. 12, while in the ab-
sence of appreciable leakage a straight line such as A
invariably is obtained. Testing such a series of tubes
with a view to obtaining a linear relationship is one
way of determining whether stray leakage exceeds the
permissible value.
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Fig. 12-Measured effects of stray leakage at 3 megacycles.
Pure -copper tubes of different wall thicknesses.

To obtain meaningful and reproducible results it is
necessary to maintain frequency with considerable pre-
cision inasmuch as the equipment is capable of meas-
uring the small changes (such as 0.2 decibel) in attenua-
tion which would result from relatively small frequency
changes. The error resulting from a given frequency
error can be calculated for copper tubes from (1). At 3
megacycles the error in the measurement of a 0.020-

inch -wall copper tube is about 0.2 decibel per 10 -kilo-
cycle error in frequency.

Care obviously must be taken carefully to resonate
the pickup circuit for each test. Since the gain of this
circuit is introduced between the specimen and receiver
the circuit is constructed with a view to mechanical and
electrical stability. Poor contact between the end of the
specimen and the rod of the measuring circuit and in the
antenna change -over switch have been found likely
sources of trouble.

It is absolutely essential that both ends of the speci-
men be attached to the test -equipment fittings with
really tight joints making contact around the complete
periphery. If successive tests on a given specimen show
more than a fraction of a decibel variation, it is sug-
gested first that contact between specimen and fittings
be checked and then that the specimen be investigated
to determine whether its shielding effectiveness varies
with flexing. Some variation of this nature is ordinarily
observable with flexible shields employing wire braid.

It has been mentioned that when specimens of shield-
ing having excessively high (outside -surface) resistance
are compared with a low -resistance standard, such as a
copper tube, shielding effectiveness apparently varies

with the length compared and corrections have to be
applied to the measured values to obtain true shielding
effectiveness.

To study such resistance effects, specimens having
exceptionally high resistance have been made up and
tested. A typical test on one of these at 3 megacycles is
shown in Fig. 13. From curve A the shielding effective-
ness relative to the 0.010 -inch copper reference tube ap-
pears to vary from -41 decibels to -34 decibels for
specimens of 12 to 72 inches in length. Actually, all of
these readings are appreciably in error. However, when
proper correction is applied to the apparent shielding
effectiveness found for any length of such a specimen, a
consistent figure for shielding effectiveness is obtained.
The corrected values are shown plotted in B. In the
case at hand, it is -44 decibels. The outside -surface
resistance of this particular specimen at 3 megacycles
is very high (0.63 ohm per foot) while that of the copper -
tube standard is indeed small compared either with this
or with the measuring -circuit resistance, which, for the
equipment described, is about 1.64 ohms at the test
frequency. The latter, incidentally, remains essentially
constant regardless of specimen length, since the re-
sistance of the included copper rod, which changes with
length of specimen, comprises but a small part of the
total measuring -circuit resistance.
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Fig. 13-(A) Measured apparent shielding effectiveness at 3 mega-
cycles of a shield having exceptionally high resistance. Tests on
specimens of different lengths.
(B) True shielding effectiveness of the high -resistance shield ob-
tained by correcting values shown in (A).

Since the resistance of most specimens having signifi-
cant shielding is small compared with 1.64 ohms, rela-
tively speaking the measuring -circuit impedance is high
and negligible error results from neglect of resistance
corrections. Calculation shows that with the particular
equipment described, shielding specimens having out-
side surface resistances up to nearly 0.2 ohm can be
compared directly with a copper -tube standard with an
error not exceeding 1 decibel. However, if it becomes
necessary to test relatively high -resistance specimens in
comparison with standards having appreciably different
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resistance, or it is desired to determine the magnitude
of the resistance correction in any given case, the re-
marks immediately following are applicable.

If the resistances of the specimen, reference tube, and
measuring circuit at the test frequency are known, it is
quite easy to compute the true shielding effectiveness
from the measured apparent value. True shielding ef-
fectiveness is given by (2) and (3).

S = S' AS (2)

R,+Rnr
AS = 20 logio (3)

Rz + RM
where

S= true shielding effectiveness
S' =apparent shielding effectiveness decibels

AS =correction to be applied
R, =resistance of the standard
Rx=resistance of the specimen
Rm =resistance of the measuring circuit

(that part of the pickup circuit ex-
clusive of the specimen).

If the resistances are not known, the following procedure
can be applied: (1) Measure the reference tube in the
usual manner calling the attenuator reading obtained
Al decibels.

(2) Measure the unknown specimen in the same
manner, calling this attenuator reading A2 decibels.
Now, the apparent shielding effectiveness S' is

S' = A z - A1 (4)

(3) With the unknown specimen in place, add resist-
ance R in series with the measuring circuit until the
attenuator setting, necessary to give the same output -
meter deflection with the antenna switch in both
positions, is 6.0 decibels higher than A2. Call this setting
A3 decibels.

(4) With R in the measuring circuit, measure the
reference tube, calling the attenuator reading obtained
A4 decibels. A new apparent shielding effectiveness S"
is thus determined where

S" = A 3 - 4. (5)

Calculate the quantities
a = antilogio (S'/20) (6)

b = antilogio (S"/20) (7)

and compute the true shielding effectiveness S from

ab
S = 20 logio (8)

2a - b

at the test
frequency

The same result is obtained by applying (2) or (8).
Derivations of (3), (6), (7), and (8) are given in the ap-
pendix.

CONCLUSIONS

With equipment such as that which has been de-
scribed, it is possible to make reasonably precise com-
parative measurements of the over-all effectiveness of

a wide variety of cylindrical shields at radio frequencies.
Test results on thin -wall metal tubes are in substantial
agreement with calculations based upon the wave the-
ory of shielding. The equipment has sufficient range to
make possible measurements on shields differing in ef-
fectiveness by more than 120 decibels. Although the
particular equipment described operates on a fixed fre-

quency of 3 megacycles, adjustable -frequency versions
can and have been made to operate equally as success-
fully at considerably higher and lower frequencies.

APPENDIX

DERIVATION OF EQUATIONS (3), (6), (7), AND (8)

In testing the standard reference tube, the current in
the measuring circuit is

I. =
R. Rm

E.
(9)

where
I.= current in measuring circuit with standard under

test
E. =voltage developed across the standard as result

of leakage
R3=outside-surface resistance of standard at test

frequency
Rm =resistance of measuring circuit at test frequency.

Since the complete circuit, measuring circuit plus speci-

men, is made series resonant, the current is limited only
by resistance, and reactances are not involved in the
expression. The equivalent circuit is shown in Fig. 14(a).

Similarly, in testing the unknown, the current

(a)

(b)

Fig. 14-Equivalent circuits.
(a) With standard under test (attenuator reads A,).
(b) With unknown under test (attenuator reads A2).

through the measuring circuit is given by

Ex
Iy =

Rr R11
(10)

where
Ix= current in measuring circuit with unknown under

test
Ex =voltage developed across the unknown as result

of leakage
Rx=outside-surface resistance of the unknown at test

frequency.

The equivalent circuit is shown in Fig. 14(b).
The apparent shielding effectiveness S' of the un-

known in terms of the standard, as determined by the
test is
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S' = 20 logio (/8//x). (11)

The desired quantity, referred to as the true shielding
effectiveness S, is given by

S = 20 logio (EWE.). (12)

From (9) and (10) we find that
R. Rm

Es/E. = (I,11 x)
R.+ Rm

whence

S = 20 logio ( Rm1 + 20 logio (L/i.)
+ Rm

S=
Or

where

OS = 20 logio
R, + Rm\
R. + Rm ) 

It will be seen that (16) and (3) are identical.
From (13) we obtain the following:

Rs+ Rm
E8/E. =

Rx± Rm(1.11.)

EWE.= Is/l. - (1 Rs +
R.+ Rm (I8"

x)

R. - RsEs/Ex= Is/I. (Is/I x).
R.+ Rm

This equation obviously holds for any positive value
of RM. With the unknown under test, let us add resist-
ance R to RM, as shown in Fig. 15(a), until the total

If, now, both the unknown and standard are tested
with this new value of measuring -circuit resistance we
obtain a new apparent shielding effectiveness S" (see
Fig. 15)

S" = 20 logio (/;// x') (21)
and have

R. - Rs
(13) Es/E, = Is'/Ix' (I8'1I x') (22)R. + Rm'

R. - R.
Es/E. = 1871 x'

2(R. + RM)
(I.'/I r') (23)

(a)

(b)

R (cR

Fig. 15-Equivalent circuits with resistance R added to measuring
circuit.
(a) With unknown under test (attenuator reads A3).
(b) With standard under test (attenuator reads A4).

circuit resistance is doubled. To accomplish this, R must
have a value (12.+Rm). Designating the new value of
measuring -circuit resistance by RM' we have

RM' = RM R = RM (R.+ RM). (20)

Since the total circuit resistance is now 2(/?-1-Rm) the
current Ix is halved, becoming Ix', and a change of 6.0
decibels in the attenuator reading is required to restore
balance. Hence this value of R can readily be determined
experimentally.

where

=current in measuring circuit with standard under
test when measuring -circuit resistance equals
RM'

Ix' =current in measuring circuit with unknown under
test when measuring -circuit resistance equals
RM'.

Equating (19) and (23) we obtain

R. - R8
IsII x

R.+ Rm(Is/I
R. - Rs

= Is' x' (I,'/I.'). (24)
2(R5 RM)

If we designate ./.8//5 by a and .7Y/ix' by b we find that

R. - R, 2(b - a)
R.+ RM b - 2a

Substitution of this in (19) gives

2(b - a) abEs/E. = a - a = (26)b - 2a 2a - b
From (12)

(25)

ab
S = 20 logio (27)2a - b

in which, from (11) and (21)

a = antilogio (S'/20)

b = antilogio (S"/20).
(28)

(29)

It will be seen that (27) and (8) are identical, as are
(28) and (6) and also (29) and (7).
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10 amps. available. D.C. voltmeter for
measuring output.

The HARVEY Regulated Power Supply
206 -PA operates precisely and efficiently

in the 500 to 1000 volt range. It provides
a regulated flow of D.C. power in two
ranges: 500 to 700 volts at X amp; 700 to
1000 volts at M amp. Ripple content
1/10 of 1% or better at any voltage . . .

300MV at 1000 volts or better. Output is
constant within 1% from no load to full
load in each range; regulation 1% or
better.

For complete specifications on the
HARVEY 106 -PA, write for Bulletin No.
25; on the HARVEY 206 -PA, Bulletin
No. 26. We'll be pleased to send youi
either or both. Write:

Typical HARVEY products: Above left:he
phone

HAR-CAM Visual Alignment Signal Generator Model 205 TS;

Marl MFT-25 FM Transmitter.
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FIMITE
OFFERS THE WIDEST, MOST COMPLETE

RANGE OF TYPES AND SIZES IN

CLOSE CONTROL Rheostats

10 Wattage Sizes from 25 to 1000 watts,
from 1-9/16" to 12" Diameter, with Standard or
Special Features, with Uniform or Tapered
Windings, in Stock or Special Resistances,
in Single, Tandem or Concentric Units.

Only Ohmite provides such a wide range of types
and sizes ... to give you a quick and correct answer
to your Rheostat deeds. Stock models in 25, 50,
100, 150, 3Q0, and 500 watt sizes in a wide range
of resistance values.

All models have the time -proved features of Ohmite
design-the pioneer design that revolutionized
rheostat construction. Every Ohmite unit assures
permanently smooth close control ... under every
operating condition.

Get the benefit of Ohmite experience in countless
applications. Let Ohmite engineers cooperate in
solving your rheostat control problems.

OHMITE MANUFACTURING COMPANY
4862 FLOURNOY STREET, CHICAGO 44, U.S.A.

VISIT BOOTH NO. 72 AT THE RADIO PARTS AND
ELECTRONIC EQUIPMENT CONFERENCE AND SHOW

HOTEL STEVENS, CHICAGO, MAY 13 -16

ee Regitt cad MINUTE
RHEOSTATS  RESISTORS  TAP SWITCHES

Send for Catalog and
Engineering Manual No. 40

Write on company letter-
head for this valuable
helpful guide in the selec-
tion and application of
rheostats, resistors, tap
switches, chokes and
aftenuators.
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Accurate Long nge Navigation...anytime...in all weather

With Sperry- Loran tint navigator has

at hart a quirk and accurate means
of deternaininga ship's position at any

time, in all hinds of weather. This
system involves the reception of ac-
curately timaisadiopuises from shore -

based transnii::ing stations, usually
200 to 400 a -)art.

The ekteresre iz thae of arrival of
signals from a pair of transmitting
stations is measured and the time dif-

ferencn is then used to determine,
from rpacial charm or tables, a line -

of -position ars the earth's surface.

When two liar`-of-rosition from two
different pairs of Loran stations are

crossed, you have a 'Loran fix." Fixes

are cbtair_able at distances from shore

stations up to 1400 miles at night,
700 miles in daytme.

In your consideration o: Loran,
note particularly that Sperry s equip -

men: is easy to operate. A Time
Difference Meter (see illustration
above) greatly simpliEes the operator's

work and prevents errors in readings.

Sperry Loran is backed by a world-

wide service organization and meets
the usual high standards of test and
performance of all Sperry products.
Loran equipments in limited quantity

are ready for immediate delivery.

*The Time Difference Meter, giving position
references directly, is a Sperry exclusive.

(1-1 Sperry Gyroscope Company, Inc.

EXECUTIVE OFFICES: CHEM NECK, NEW YORK DIVISION OF THE SPERRY CORPORRTION

LOS AINGELES SAN FRAnciscx, NEW ORLEANS HONOLULU CLEVELAND SEVITLE

GYROSCOPICS ELECTRONICS tADAR AUTOMATIC COMPUTATION SERVO -MECHANISMS
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Your SHURE Glia Pickup Check List

 low mass

faithful tracking

no springs
no counterweights

/ higher output

absorbs shocks

greater lateral needle
point compliance

longer record life

1'/8 oz. needle force

clearer, fuller tone
qualities

lever -driven crystal

MODEL 93A-$5.50 LIST
Immediately Available at Shure Distributors Everywhere

Patented by Shure Brothers. Licensed under the Patents of the Brush Development Company

SHURE BROTHERS
Designers and Manufacturers of Microphones and Acoustic Devices

225 West Huron Street, Chicago 10, Illinois
Cable Address: SHUREMICRO

BALTIMORE

"Frequency Modulation and Control
Symposium," by James Day, Radio Engi-
neering Laboratories, J. E. Young, Radio
Corporation of America, W. G. Broughton,
General Electric Company, M. R. Briggs,
Westinghouse Electric Corporation; Feb-
ruary 26, 1946.

"Aspects of Color Television," by P. C.
Goldmark, Columbia Broadcasting Sys-
tem; March 26, 1946.

BOSTON

"Radar Countermeasures," by R. A.
Soderman, General Radio Company;
March 22, 1946.

BUFFALO -NIAGARA

"Methods of Electronic Control," by
W. D. Cockrell, General Electric Com-
pany; February 20, 1946.

"Microwave Generation and Utiliza-
tion in Communication," by J. B. H.
Kuper, Federal Telecommunications Laba-
ratories; March 20, 1946.

CEDAR RAPIDS

"New Methods in the Air Navigation
Program," by H. I. Metz, Civil Aero-
nautics Authority; March 20, 1946.

"Printed Electronic Circuits," by R. L.
Wolff, Centralab Company; March 20,
1946.

CHICAGO

"Development and Trends in Radio
Receiving Tubes," by L. G. Hector, Na-
tional Union Radio Corporation; March
15, 1946.

"Industrial Applications of Electron
Tubes," by E. E. Moyer, General Electric
Company; March 15, 1946.

CINCINNATI

"Television Equipment for Guided
Missiles," by C. J. Marshall, ATSC
Wright Field; March 19, 1946.

CLEVELAND

"Magnetic Recording, Physical Aspects
and Recent Developments," by Otto
Koreni, Brush Development Company;
March 28, 1946.

COLUMBUS

"Experiences of the State Highway
Patrol With Frequency Modulation," by
A. B. Shirk, State Highway Patrol Radio;
February 8, 1946.

CONNECTICUT VALLEY

"CBS Color Television," by Paul
Reidy, Columbia Broadcasting System;
February 21, 1946.

"Offensive Use of Radar," by D. P.
Tucker, United States Navy; March 14,
1946.

DAYTON

"Engineering Education Meets the
Challenge," by W. L. Everitt, University
of Illinois; March 5, 1946.

"My Impressions of Japan," by G. L.
Haller, Aircraft Radio Laboratory; March
5, 1946.

(Continued on page 38A)
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Callite components help Federal make the "Megatherm"

The Federal -Megatherm" Induction

Heating Unit is designed to deliver a 25 kw out-

put continuously at frequencies adjustable within

a range of 2 to 5 mc. The use of this frequency
range makes possible accurate control of heating
depth and permits effective and speedy heating,

soldering or brazing of brass, copper, aluminum

alloys and steel.

Immembssum
CALLUS
TUNOITIN

The Federal Telephone and Radio Corporation long has

relied on Callite for tungsten and molybdenum wire

and fabricated parts such as filaments, filament supports,
grid side rods, etc.

Callite processes tube components by methods per-
fected after years of research and experience. Let us co-
operate with you. We may be able to save you time and
money. Callite Tungsten Corporation, 544 Thirty-ninth
St., Union City, N. J. Branch Offices: Chicago, Cleveland.

Hard glass leads, welds, tungsten and molyb-
denum wire, rod and sheet, formed parts
and other components for electron tubes and
incandescent lamps.
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For FM and TV

NEW ANDREW COAXIAL CABLE WITH

51.5 OHMS IMPEDANCE!

Meets Rigid FM -TV Standards

A new coaxial cable, especially designed for FM
and TV use, is now a reality at the Andrew Co.
Scheduled for mid -June delivery to the first orders
received, these new cables, in 4 sizes, introduce
the following important engineering features:
1. Characteristic impedance of 51.5 ohms. (The
regular Andrew cables for AM applications have
a nominal impedance of 70 ohms.)
2. Connectors and associated fittings have been
engineered with special care to avoid reflections
and discontinuities. Being completely solderless, these fittings simplify
installation and eliminate problems of flux corrosion and pressure leaks.
3. Insulators are spaced 12 inches apart in the 3 large size cables, and
6 inches in the 7/8 -inch cable.
4. Improved low loss insulation material is used, having a dielectric con-
stant of 6.0 and a maximum loss factor of .004 at 100
5. Close tolerances have been established on conductor and insulator
dimensions, in order to maintain a constant characteristic impedance.

6. Inner and outer conductors are made of copper
having a minimum conductivity of 95% IACS at
25° centigrade.
Your order now is the best assurance of early
delivery on this new coaxial cable for your FM
or TV installation.
Write or wire the Andrew Co., 363 East 75th
Street, Chicago 19, Illinois, for complete infor-
mation or engineering advice on your particu-
lar application.

61/2"

COAXIAL

CABLE

ATTENUATION CURVE
Attenuation is calculated
to provide for conduc-
tor and insulator loss,
including a 10% derat-
ing factor to allow for
resistance of fittings
and for deterioration
with time.
 The new 51.5 ohm
air insulated coaxial
cable for FM and TV
comes in 4 sizes, priced tentatively as follows: Ye",
42c per ft.; 1%", 90c per ft.; 31/a", $2.15 per ft.;
6y8", $5.20 per ft. Andrew Co. also manufactures
a complete line of accessories for coaxial cables.

3%
COAXIAL

CABLE

Ati°"#

ANDREW CO.
363 EAST 75th STREET
CHICAGO 19, ILLINOIS

(Continued from page 36A)

DETROIT

"The Design and Development of an
Inter -modulation Test Set," by G. W.
Archer, International Detrola Corp.;
March 21, 1946.

MONTREAL

"Radio Broadcasting in Canada," by
Augustin Frigon, Canadian Broadcasting
Corporation; February 27, 1946.

"A Cylindrical Oscillograph," by R. P.
Langlois, University of Montreal; March
13, 1946.

"A Compensated Cathode -Ray Tube
Using a Nonlinear Time Base," by L. A.
Dion, University of Montreal; March 13,
1946.

"Analysis of Multiplex Transmission
Systems," by P. H. Lavallee, Laval Uni-
versity; March 13, 1946.

"Automatic Frequency Control for the
Very Highs," by Bruce McCaffrey, Queens
University; March 13, 1946.

"Radio Microwaves and Radar," by
W. H. Doherty, Bell Telephone Labora-
tories; March 21, 1946.

OTTAWA

"Frequency -Shift Radio Teletype," by
J. Mitchell, RCA Victor Company, Ltd.;
January 17, 1946.

Demonstration of Captured German
Army Equipment by Captain MacDonald,
Lt. Cooke, and Sgt. Major Singer,
Canadian Army; February 7, 1946.

"Canada's Short -Wave Stations," by
R. C. Cahoon and Peder Aylen, Canadian
Broadcasting Corporation; March 1, 1946.

"Microwave Antennas," by Keith Mac-
Kinnon, Consulting Engineer; March 21,
1946.

PHILADELPHIA

Part I-"Critical Comparison of Con-
tinuous Wave, Frequency Modulation, and
Pulse Radar," by Irving Wolff, RCA
Laboratories; March 7, 1946.

Part II-"Altimeter Developments,"
by Irving Wolff, RCA Laboratories;
March 7, 1946.

PITTSBURGH

"Philco Philadelphia to Washington
Television Relay Link," by F. J. Bingley,
Philco Radio and Television Corporation;
February 11, 1946.

PORTLAND

"Loran System," by Earl Schoenfeld,
RCA Laboratories; February 27, 1946.

"Some Aspects of Atomic Energy," by
Manuel Holtzman, Manhattan Atomic
Bomb Project; March 13, 1946.

ROCHESTER

"Future Significance of Wartime Elec-
tronic Developments," by D. G. Fink,
Electronics Magazine; March 14, 1946.

(Continued on page 40A)
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ERIE RESISTOR

Due to the high operating frequencies of FM,
many electrical and mechanical characteristics
not ordinarily considered in condensers, become
of paramount importance. The most important of
these is low inductance, both in leads and in the
basic construction of the condensers themselves.

The condensers illustrated on this page fulfill
this requirement through simplicity of design
and low internal inductance. For by-pass appli-
cations, Erie Stand -Off Ceramicons and Erie
Feed- Thru Ceramicons are most efficient for
carrying off R.F. current to ground. Heavy termi-
nals, with direct connection to ground, reduce
external and internal inductance to a minimum.
Available capacities, up to 1,000 MMF, are
usually sufficient to efficiently by-pass frequen-
cies of 80 MC or higher. Tubular Ceramicons,
shown at the top right, have the same internal
advantages as the Stand -Off and Feed-Thru type
Ceramicons, because of their simplicity of con-
struction, but are provided with regular pigtail
leads necessary for many installations where

FEED-THRU, STAND-OFF, PIGTAIL CERAMICONS

CINCH -ERIE PLEXICON TUBE SOCKETS

with built-in By -Pass Ceramicons

ERIE BUTTON MICA CONDENSER
4 -

some moderate lead inductance can be tolerated.
The Cinch -Erie Plexicon Tube Socket, shown

in the center photogragh, with built-in by-pass
Ceramicons, puts the condensers around the tube
pins-where they belong. Leads are practically
eliminated, and other components can be install-
ed closer to the socket, further increasing effi-
ciency. Any tube pin or groups of pins can be
by-passed with condensers having up to 1,000
MMF capacity.

Erie Button Mica Condensers were designed
specifically for high frequency work. Ribbon
type leads, plus circular design, gives extremely
short electrical path -to -ground through the entire
area of the condenser. These compact units are
available in a number of different mounting styles
and in capacity ranges up to .006 mfd.

You can stake your reputation on these con-
densers for dependable use in tuned circuits, for
by-pass applications, or as coupling condensers,
in all FM applications. Write for complete details,
giving desired operating characteristics.

ERIE RESISTOR CORP., ERIE, PA.
LONDON, ENGLAND . . . TORONTO, CANADA
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It's unimportant
unless

there aren't enough
to go

around.
'When the loaf isn't

large
enough to

feed every-

one who asks for a slice,

the problena
becomes

involved.
The size of each

slice takes on significance.

%am Slices Ill a 0 Breacll

Ve, at Stancor,
are confronted

with a parallel

situation.
A. day never passes that we don't risk

offending
valued custonaers

by keeping
the slices

as thin as
feasible . that everyone

naay have his

fair share.

Ve know how -you feel about this. You need

transformers,
desperately

perhaps,
and it's been

a long time since Stancor
has been able to supply

all you want. 'We're certain,
however,

that you

not condone
a sacrifice

of quality
for quan-

tity. In a sense, then, you dictate Stancor
policy.

Because
of our insistence

on high standards
of

quality , prodection
anddeliver/have

never stayed

apace with Stancor
sales.Toda-y

there is a greater

gap than eve.e feel -you understand
the reasons

for this, since our current problems
are also yours.

Soon, we hope to be able to meet your con-

stantly
increasing

demands.
Meanwhile,

there

can be no change
in the Stancor

policy'
of quality.

'We know you wouldn't
want it any other way.

T401091 -I

STANDARD
TRANSFORMER

CORPORATION 22

1500 NORTH
HALSTED

STREET
CHICAGO

, ILLINOIS

(Continued from page 38A)

ST. Louis
"Electronic Applications in Aircraft

Testing," by I. A. Shepard, Shepard Engi-
neering Company; February 28, 1946.

"Physics of Nuclear Energy," by K. K.
Dan -ow, Bell Telephone Laboratories;
March 18, 1946.

"Television. Its Mechanism and Prom-
ise," by W. L. Lawrence, RCA -Victor
Division ; March 28, 1946.

SAN DIEGO
"Pulse -Position -Modulation Radio -

Communication Equipment," by J. H.
Clark, Southern California Telephone
Company; March 5, 1946.

SEATTLE

"Aircraft Instrument -Landing Sys-
tems," by V. L. Palmer, University of
Washington; February 8, 1946.

"The Loran System of Long-range
Navigation," by Earl Schoenfeld, RCA
Laboratories; February 28, 1946.

TWIN CITIES
A Three -Beam Oscillograph for Record-

ing at Frequencies Up to 10,000 Mega-
cycles," by G. M. Lee, Central Research
Laboratories; March 19, 1946.

WASHINGTON

"Short -Wave Direction Finding," by
Henry Busignies, Federal Telecommunica-
tions Laboratories; November 12, 1945.

"VT or Radio Proximity Fuse," by
Harry Diamond, National Bureau of
Standards, and Harner Selvidge, Johns
Hopkins University; November 19, 1945.

"Research," by Dr. Kettering, General
Motors Company; November 20, 1945.

"Precipitation Static," by Ross Gunn,
Joint Army -Navy Precipitation -Static
Group; December 10, 1945.

"Microwaves," by W. C. White, Gen-
eral Electric Company; January 8, 1946.

"Very -High -Frequency Wave Propaga-
tion, Particularly in the 50 -to -100 -Mega-
cycle Region," by E. W. Allen, Jr., Federal
Communications Commission, and C. W.
Carnehan, Zenith Radio Corporation;
January 14, 1946.

"Radar Echoes From the Moon," by
E. K. Stodola, Evans Signal Laboratories;
February 11, 1946.

"The Maximum Range of A Radar
Set," by A. C. Omberg, Bendix Aviation
Corporation; February 27, 1946.

"Complimentary Diversity Reception
on Microwaves," by T. J. Carroll, Office of
the Chief Signal Officer; March 11, 1946.

WILLIAMSPORT

"Measurements at Microwave Fre-
quencies," by F. J. Gaffney, Polytechnic
Research and Development Company;
April 3, 1946.

SUBSECTIONS

PRINCETON

"The Measurement of Thermal Radia-
tion at Microwave Frequencies," by R. H.
Dicke, Princeton University; March 13,
1946.
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THE IMC ENGINEER IS

'Your *tart
BUT NOT ON YOUR PAYROLL

Call him when you need Insulation assistance
A quick summons brings the IMC engineer to your side to give

expert consideration and advice on all your most intricate and stub-

born electrical insulation problems. He will serve you well ...

1. Assist in selection of best insulating materials for the specific

job. (Note well-known nationally recognized products from

which to make selections.)
2. Give instructions as to proper application.
3. Suggest ways to eliminate waste.

4. Speed up and increase your production.
He will welcome your call ... any time. Phone or write to us or

nearest branch office.
IMC PRODUCTS: Macallen Mica Products-Vortex Varnished Cloth

, and Tapes- Varslot Combination Slot Insulation-Varnished Silk and

Poper -Fiberglas Electrical
Insulation-Manning Insulating Papers

and Pressboards-Dow Corning Silicones- Dieflex Varnished Tub-
ings and Saturated Sleevings of Cotton and Fiberglas-National Hard
Fibre and Fishpaper-Phenolite

Bakelite-Adhesive Tapes- Asbes-

tos Woven Topes and Sleevings-Cotton Tapes, Webbings, and Sleev-
ings-Pedigree Insulating Varnishes-Wedgie Brand Wood Wedges.

INSULATION
MANUFACTURERS CORPORATION

o_cTR icx1/4

*CHICAGO 6
565 W Washing-
ton Blvd.

rA,
"suLATiotl

*CLEVELAND 14
1005 Loader Bldg

Representatives in: MILWAUKEE 2: 312 East Wisconsin Avenue

DETROIT 2: 11341 Woodward
Avenue MINNEAPOLIS 3: 1208 Harmon Place

PEORIA 5: 101 Heinz Court And other cities



cornish
WIRE COMPANY, INC.

15 Park Row, New York 7, N.Y.
AtIcle oy enyineeti acrt Znyineeti "

42A

The following transfers and admissions
were approved on April 2, 1946:

Transfer to Senior Member
Black, L. J., 243-30 St., Oakland 11,

Calif.
Bliss, W. H., 235 Newton Ave., Riverhead,

N. Y.
Brady, F. B., 25 Arnold PI., Dayton 7,

Ohio
Brunetti, C., National Bureau of Stand-

ards, Washington 25, D. C.
Carnes, W. T., Jr., 2815 W. 68 St., Mis-

sion, Kan.
Cole, R. I., Watson Laboratories, ATSC,

Red Bank, N. J.
Emurian, A. D., 617 W. Sedgwick St.,

Philadelphia 19, Pa.
Ferguson, J. C., 1005 W. Packard Ave.,

Fort Wayne 6, Ind.
Ferrier, D. T., 1737 Cambridge St., Cam-

bridge, Mass.
Fisher, B. A., Electrical Engineering Dept.,

U. S. Naval Academy, Annapolis,
Md.

Frink, F. W., 106 N. Grove St., East
Orange, N. J.

Gannaway, R. R., 411 S. Harvey, Oak
Park, Ill.

Greer, J. W., Code 930A, Electronics Div.,
Bureau of Ships, Navy Dept.,
Washington 25, D. C.

Hansell, G. E., 140 Moriches Rd., River-
head, N. Y.

Hucke, H. M., Radio Corporation of
America, Camden, N. J.

Hussey, L. W., 24 Pine Ave., Madison,
N. J.

Kinsell, W. L., 4506 Wilmette St., Fort
Wayne 5, Ind.

Knight, A. R., 1657 Hearthstone Dr.,
Dayton 10, Ohio

Koros, L., Echeverria 3368, Buenos Aires,
Argentina

Lowry, L. R., Rumson Rd., Little Silver,
N. J.

Magnuski, H., 2825 Logan Blvd., Chicago
47, III.

Maxwell, D. E., Columbia Broadcasting
System, Inc., General Engineering
Dept., 485 Madison Ave., New
York 22, N. Y.

Meahl, H. R., Room 461, Bldg. 5, General
Electric Co., Schenectady 3, N. Y.

Morlock, W. J., 3723 N. Denny St.,
Indianapolis, Ind.

Mullin, L. A., 25 Applied Science Bldg.,
Syracuse University, Syracuse 10,N. Y.

Nottingham, W. B., Massachusetts Insti-
tute of Technology, 77 Massachu-
setts Ave., Cambridge 39, Mass.

Reichle, W. E., Bell Telephone Labora-
tories, 180 Varick St., New York,N. Y.

Rojas, F. R., 14 Sterling Pl., Malverne,
N. Y.

Sanders, E. R., 9407 Garwood St., Silver
Spring, Md.

Scott, E. D., 1103 Trenton Pl., S.E.,
Washington 20, D. C.

Taylor, J. H., 243 Linden Ave., Towson 4,
Md.

(Continued on page 44A)
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You can Start!-Stop!-Reverse!-or
"Keep things moving !"

Alliance Power-pakt motors will do one

or all! They'll multiply automatic opera-
tions, provide better control, and speed

up performance.
Operating characteristics and power
ratings are variable. For radio, electronic,

electric and heating controls-for remote
actuation, continuous and intermittent
duty, there's probably an Alliance motor
already "built to your order".

Here Are Just A Few Places:
Electronic and electric controls, time, pressure, temperature

and humidity controls, remote actuation controls, radio tuning

and turntable drives, coin operated dispensers, fans, valves, blowers,

door openers, signals, motion displays, projectors and specialized uses.

\

ALLIANCE MOTORS are made with centerless ground precision

shafts; large, self -aligning, graphite bronze oilless-type bearings; and

with adequate mounting facilities to incorporate them in any device. Shaded

pole induction type motors for A.C. voltage from 24 to 250, and frequencies

of 40, 50 or 60 cycles have starting torques from one-half ounce -inches

at 10 watts, to two ounce -inches at 36 watt input. Spl t phase resistor

type, enclosed reversible control motors for

intermittent duty, with or without integral

gear reduction are made for 60 cycles,

24 or 117 volts. Typical weights run

from less than 13 ounces to more

than two and one-half pounds.

MINIATURE MOTORS
THAT KEEP 'EM MOVING

WHEN YOU DESIGN -KEEP

MOTORS IN MIND
ALLIANCE MANUFACTURING COMPANY ALLIANCE, OHIO

ALLIANCE TOOL AND MOTOR LTD., TORONTO 14, CANADA
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COAXIAL CIRCUITS ...

Here's the switch you've been looking for. Now a simple and
efficient means of switching coax lines is available in three
models. Present Types handle 50 -ohm coax at frequencies up
to 4000 megacycles. Characteristic impedance is maintained
thru all switch details.

Application: Selection of antennas, receivers, low power
transmitters; Intra-equipment switching in coax links; with
phase monitors in directionals; double -ended selection of
insertion devices, filters, etc.

Model 74 handles single line with choice of six channels.
Model 718 in similar to Model 74 but with 8 -channels.
Model 72-2 is a double -pole, double -throw type for switch-
ing two circuits simultaneously. Other versions of the novel
switching action of the COAXWITCH and other impedance
levels are under development. If you have a coax switching
problem, we can help you. Data sheets are available. Write

Bird Electronic Corporation, 1800
East 38th St., Cleveland 14, Ohio,
for your copy today.

BIRD ELECTRONIC
/aatealtegratioo

e,oetteed 7reutdofiedieut

(Continued from page 42A)

Tucker, D. P., 2707 Adams Mill Rd.,
N.W., Washington 9, D. C.

Upp, C. B., Naval Research Laboratory,
Electronics Section, Washington
20, D. C.

Van Ryn, J. C., Woodstock, N. Y.
Watton, A., Jr., TSEPL-6, Propeller

Laboratory, Hq. Air Technical
Service Command, Wright Field,
Dayton, Ohio

Webb, J. S., Electrical Engineering Dept.,
University of Minnesota, Min-
neapolis, Minn.

Admission to Senior Member

Closson, L. E., Philco Corp., C and Tioga
Sts., Philadelphia 34, Pa.

Colton, R. B., 927-15 St., N.W., Wash-
ington, D. C.

Dennis, J. L., 2 Parran Dr., Dayton 10,
Ohio

Goddard, C. T., 1626 River St., Belmar,
N. J.

Guarino, P. A., 3578 W. 130 St., Cleve-
land, Ohio

Hamlett, R. T., 339 Park Ave., Manhasset,
L. I., N. Y.

Hessler, V. P., Electrical Engineering
Dept., University of Kansas, Law-
rence, Kan.

Hubbard, M. M., 15 Waldron Court,
Marblehead, Mass.

Hunter, P. B., 136 Hillside Ave., Me-
tuchen, N. J.

Knowlton, A. D., 9 Bedford Rd., Summit,
N. J.

Lacy, R. E., 95 East River Rd., Rumson,
N. J.

Lammers, E. S., Jr., Westinghouse Elec-
tric Corp., Box 4808, Atlanta, Ga.

Lewyt, A. M., 60 Broadway, Brooklyn,
N. Y.

McMillan, E. B., 30 Avon St., Wakefield,
Mass.

Plamondon, A. D., Jr., 6 N. Michigan
Ave., Chicago 2, III.

Schrenk, M. H., 2618-32 St., S.E., Wash-
ington 20, D. C.

Thwaites, J. T., 111 Leinster Ave. S.
Hamilton, Ont., Canada

Trotter, H., Jr., 357 Cobbs Hill Dr.,
Rochester 10, N. Y.

Transfer to Member
Beers, Y., 8 Gorham St., Cambridge 38,

Mass.
Belleville, L. M., RFD 14, Box 800, Port-

land 16, Ore.
Benner, H. J., 75 Riverview Ave., Long-

meadow 6, Mass.
Bonadies, V. J., 28 Hillcrest Terrace, East

Orange, N. J.
Bosman, E. H., 54-14-254 St., Little

Neck, L. I., N. Y.
Cary, T. R., Jr., 43 Pleasant St., South

Weymouth 90, Mass.
Curtis, C. T., 10 Agassiz St., Cambridge,

Mass.
Denton, A. D., 52A High Rd., Bushey

Heath, Herts, England
(Continued on page 46A)

4-4 A

Proceedings of the I.R.E. and Waves and Electrons May, 1946



b.,

TO tIEW Nik-1 AIRCRAFT

NAVIGNIONn
SYSTE

T famous

M.

Latest addition to the already

Bendix Audio Compass
Line

A new example
of fiendixRadio CreativeEngineering

-TheN A-1

System furnishes
automatic

visual bearings and simultaneous
aural

reception
of cw, mcw or voice signals in the range 100-1750 kc.

It also serves as a low frequency
range receiver, or manual, direc-

io finder, and operates
on a straight wire antenna or static

reducing
loop throughout

its frequency
rang.

The MN -6A Radio Compass
Receiver is designed for operation

with r.f. transmission
lines up to 30 feet in length, for flexibility

in location
of loop and sense antenna.

All receiver
and loop con-

trol circuits are included
in a single case. The receiver operates

from a primary power supply of .i.15 'V., 400 cycles a.c. and28 V. a. c.

The MN60A. Iron Core Loop-Small,
streamlined,

is ideal for

highspeed
craft. It increases

payload of aircraft by reducing

All functions
of the NA -1 System are controlled

with the type

MN -63A Remote Control
Unit, or with c-ustora-buat

controls

designed
for specific overall systems

and types
of airplanes.air -drag.

Bendix Radio specializes
in the design of such consolidated

control assemblies.

Bearing indicators
are available

in several types and sizes for

All components
of the NA -1 System are built to the same rigid

either a single or dual compass system.

specifications
that have made Bendix the Greatest Name in Air-

craft Radio. They bear CAA type certification
for scheduled

air -

For full information,
write to Sales Deportment

line operation.

BENDIX
RADIO DIVISION

BALTIMORE
4, MARYLAND
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THE

TOUCH

 Every magnet individually tested
in loud speaker structure before
shipping . . .

 Every magnet meets R. M. A.
proposed standards

 Every magnet meets Arnold's
minimum passing standards of
4,500,000 BHmax.

Here's what the individual touch
means. Thousands of the nine
different sizes of speaker mag-
nets shown at right are now be-
ing turned out daily. Each one is
individually tested in a loud
speaker structure before ship-
ping. Each magnet is made to
meet R. M. A. proposed standard
for the industry. Each magnet
must meet Arnold's own mini-
mum passing standard of 4,500,-
000 BHmax for Alnico V ma-
terial. Thus by careful attention
to the important "individual
touch" in volume production can
Arnold promise you top quality
in each individual magnet you
select.

THE ARNOLD ENGINEERING COMPANY
147 EAST ONTARIO STREET, CHICAGO 11, ILLINOIS

Specialists in the Manufacture of ALNICO PERMANENT MAGNETS

(Continued from page 44A)

Dickerson, B. C., 904 Raleigh Ave., Nor-
folk 7, Va.

Dlouhy, F. W., 6 Peter Circle, Cranford,
N. J.

Dunn, H. C., Hoyclo Rd., Stamford, Conn.
Dunn, J. E., Anwell Rd., RFD 1, Belle

Mead, N. J.
Eames, A. M., Jr., General Radio Co., 275

Massachusetts Avenue, Cambridge
39, Mass.

Evans, C. P., 134 Dracena Ave., Piedmont
11, Calif.

Freiermuth, V. J., 140 New Montgomery
St., San Francisco 5, Calif.

Gilfilen, L. J., 133 Nimitz Dr., Dayton 3,
Ohio

Granberry, D. S., Western Electric Co.,
403 Hudson St., New York 14,
N. Y.

Hagler, D. L., Physical Research Unit,
Boeing Aircraft, Seattle 14, Wash.

Harris, L., 140 E. Second St., Brooklyn
18, N.Y.

Holtzman, M., 1431 S.W. Park Ave., Port-
land, Ore.

Huber, W. A., 50 W. Sylvania Ave.,
Neptune City, N. J.

Hurrell, L. W., 3 Havelock St., Wellington
S.W. 1, New Zealand

Ives, G. M., 4221 Arthur Ave., Brookfield,
Ill.

Jaeger, J. H., Ohio Bell Telephone Co., 42
E. Gay St., Columbus 15, Ohio

Jorysz, A., 8502 Fort Hamilton Pkwy.,
Brooklyn 9, N. Y.

Kleinhofer, B. A., 428 W. Wharton Rd.,
Glenside, Pa.

Kuhn, H. G., 211 Frankhauser Rd., Wil-
liamsville 21, N. Y.

Leaver, E. W., 215 College St., Toronto,
Ont., Canada

Lehnhoff, R. G., 322 Joselin Ave., Cin-
cinnati 20, Ohio

Leslie, F. E., 596 Mitchell Ave., Elmhurst,
Ill.

Lutes, R. K., 210 Kansas St., Belleville,
Ill.

Marshall, J. L., Canadian Broadcasting
Corp., 1440 St. Catherine St. W.,
Montreal 25, Que., Canada

McCorvey, V. A., 1302-B St., Belmar,
N. J.

McGaughey, J. R., 1569 Catalina Blvd.,
San Diego 7, Calif.

Metzger, S., 315 E. 88 St., New York 28,
N. Y.

Montgomery, D. J., Palmer Physical
Laboratory, Princeton, N. J.

Moseley, T. B., 3441 Amherst St., Dallas
11, Tex.

Myers, H. W., National Union Radio
Corp., Plane St. and Raymond
Blvd., Newark, N. J.

Norman, R. 0., Officer's Mess, RCAF
Station, Pennfield Ridge, N.B.,
Canada

Peavey, E. A., NAB Communications,
Naval Air Station, Seattle 5, Wash.

Podolsky, L., 18 Lexington Pkwy., Pitts-
field, Mass.

(Continued on page 52A)
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LABORATORY INSTRUMENTS FOR SPEED AND ACCURACY

A New -hp- AF Oscillator
MODEL 201B

OUTSTANDING
NEW FEATURES

3 Watts Output

Distortion Less Than 1/i of 1%

Low Hum Level

New Dial With Ball -Bearing Drive

Accurate Expanded Frequency
Calibration

Improved Control of Output Level

In FM and other fields where high fidelity is important, this new
-bp- Model 201B Audio Frequency Oscillator will meet every
requirement for speed, ease of operation, accuracy and purity of
wave form. The product of 6 years of -hp- oscillator develop.
ment, this new oscillator has many brand new features, in addi-
tion to the revolutionary resistance -tuned circuit which has made
-hp- a byword in engineering circles.

The 201B has an accurate, convenient method of frequency
control. The 6" dial, with smooth ball -bearing action, may be
tuned by a directly controlled knob, or for still greater accuracy,
may be set by the vernier which has a ratio of 6 to 1 to the main
dial. The illuminated main dial is designed so that parallax is
eliminated. It is calibrated over 300 degrees with approxi-
mately 95 calibration points and has an effective scale length of
about 47 inches. The frequency range is 20 cps to 20 kc.

The amplifier delivers up to 3 watts of power into a 600 ohm
resistance load, with distortion held to 1%. Thus there is suffi-
cient power available for driving almost any kind of laboratory

or production equipment. Harmonic distortion may be kept to
less than 1/2 of 1%, if the output of the amplitier is limited to
1 watt.

Another important feature of this oscillator is the provision
which is made for standardizing each frequency range against
a reliable standard, such as -hp's- Model 100E Secondary Fre-
quency Standard. By standardizing the instrument regularly, fre-
quencies can be depended upon to be better than 1% accurate.

A new departure in oscillator design is the dual method for
controlling output level. A volume control which is ahead of
the amplifier controls the voltage at which the amplifier oper-
ates. An output attenuator is provided to attenuate the signal
delivered by the amplifier. Attenuation is approximately linear
from zero to 40 DB. Both hum level and output voltage are thus
attenuated together. As a result; hum level may be kept 60 DB
or more below the signal level, a special advantage in cases
where small test signals are used.

The impedance looking back into the out circuit is about 50
ohms; thus the voltage regulation for varying loads is extremely
good. For measurements where it is desirable to have impedance
looking back into the instrument of 600 ohms, as in transmission
measurements, the attenuator may be used to give about 6 DB
or more of attenuation, making the reflected impedance of the
instrument about 600 ohms.

Care has been taken to perfect every detail of this new oscil-
lator. Improved chassis layout and placement of component
parts minimizes thermal drift. The voltage on the oscillator is
maintained constant with an electronic voltage regulator. The
entire instrument is characterized by greater mechanical rigid-
ity; the tuning assembly is mounted on a sturdy cast aluminum
frame. The chassis itself is made of aluminum; the oscillator is
light in weight and easy to handle. Write today for latest data,
prices and delivery information on this versatile, accurate re-
sistance -tuned oscillator.

HEWLETT-PACKARD COMPANY
BOX 1158D STATION A  PALO ALTO, CALIFORNIA

Audio Frequency Oscillators Signal Generators
Noise and Distortion Analyzers Wave Analyzers

Square Wave Generators frequency Standards Attenuators

Vacuum Tube Voltmeters
Frequency Meters

Electronic lachomeers
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Ckahl
X011.412. FOR IDEAS

Though little publicized, Astatic's large
staff of research engineers and laboratory technicians are

indispensable factors in Astatic's continued march forward.

Their domain, recently enlarged and elaborately equipped,
is at one and the same time both birthplace and clearing
house for ideas. The practical application of new discoveries

as they may be utilized in the improvement of sound pick-
up and reproduction devices, is in their hands. Theirs is the
responsibility for the development of new designs, the
adaptation of new principles or the use of new materials ...
constant, unending research that keeps Astatic Microphones,

Phonograph Pickups, Cartridges and Recording Heads not
alone abreast of the times, but, as is so often the case, a
step or two ahead.

CORPORATION
CONNEAUT, OHIO

IN CANADA: CANADIAN ASTATIC LTD., TORONTO, ONTARIO

Positions Wanted
By Armed Forces

Veterans
In order to give a reasonably equal op-

portunity to all applicants, and to avoid
overcrowding of the corresponding
column, the following rules have been
adopted

The Institute publishes free of charge
notices of positions wanted by I.R.E. mem-
bers who are now in the Service or have
received an honorable discharge within a
period of one year. Such notices should not
have more than five lines. They may be
inserted only after a lapse of one month or
more following a previous insertion, and
the maximum number of insertions is
three per year. The Institute necessarily
reserves the right to decline any announce-
ment without assignment of reason.

SALES ENGINEER
Age 25, B.S. in Commerce and A.S.T.P.

in E.E. Desire position in the electrical in-
dustry. Sales and laboratory experience.
Box 12W.

PART TIME WORK
Desire part time while completing

MEE, permanent after June, 1947. Age
23, married. Two years design, production
experience on radar. Navy RT instructor.
Available June. East Coast. Box 13W.

SALES ENGINEER TRAINEE

MIT -Harvard trained electronics -radar
officer, AAF, B.S., age 27, married. Ex-
perienced test engineer, electronic equip-
ment. In service field, supervised men in
installation and maintenance of all air-
borne navigational aids and high altitude
microwave bombing equipment and corn-
putors. R. I. Gaines, 29 Wadsworth Ave.,
New York 33, N.Y.

EXECUTIVE'S ASSISTANT
M.S., secretary -stenographer, age 28.

Four years electronic experience. Will
work in New York City or environs. Box
14W.

RADIO ENGINEER
B.S. E.E., Purdue University. Age 26,

married. Four years experience design,
development, production, test and installa-
tion of electronic and microwave equip-
ment. Box 6W.

EXECUTIVE ASSISTANT
M.I.T. trained electronics -radar officer,

AAF. 26 years old, married. B.A., M.S.
degrees Industrial Management. Experi-
enced in supervision Loran, GCA, micro-
wave equipment ; also public accounting,
budgets, costs. Available March. Box 7W.

ELECTRONICS TECHNICIAN
Age 25, married. Desires electronics re-

search position preferable in Los Angeles
area. B.S.; First Phone license; experi-
ence in broadcast, radar, and teaching. Au-
thor articles in RADIO and QST. E. M.
McCormick, 3455 Lemon St., Riverside,
Calif.

BROADCAST AND COMM UNIATIONS
ENGINEER

Pre-war resident in Middle East now
serving Royal Air Force and employed by
Forces Broadcasting Service (M.E.) in
search of congenial, responsible position
anywhere in world beginning winter 1946-
47. Familiar aircraft radio installations
and conventional equipment. Offers to
BM/ZC6, London W. C. 1, England.
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When insulator
design
calls for

When time is of the utmost importance the ease and precision

with which Mykroy can be fabricated into insulator parts makes

it exceptionally useful to electronic and electrical engineers.

Make those design changes on the spot . . . make them quickly

and economically with Mykroy, for, here is a ceramic which can

be worked in your own shop. Just transfer your design to the

Mykroy sheet . . . then using conventional shop tools . . . pro-

duce the desired part by simple cutting, grinding, drilling, tap-

ping and polishing techniques.

Because it has high structural strength and physical stability

Mykroy can be machined to critical tolerances more readily than

other types of ceramics. In addition, its electrical characteristics

are of the highest order and do not shift under any conditions

short of actual destruction of the insulation
itself. This, plus excellent chemical and
physical properties, makes it one of the best

insulating materials ever developed for
general and high frequency applications.
Get the full facts about this versatile dielectric now.
Ask for a copy of the new MYKROY BULLETIN 102
which describes the new larger (191/4" x 291/4") sheet
now available and call upon our engineers to help

with your problems.

MADE EXCLUSIVELY BY

A representative group of parts fabricated in Mykroy to
customer's specifications in our own plant. We have
complete facilities to produce such parts in any quan-
tities on rapid delivery schedules. Send us your speci-
fications.

70 CLIFTON BLVD., CLIFTON. N. J.
CHICAGO 47; 1917 N. Springfield Ave., Tel. AL.... 1 t10

EXPORT OFFICE: 89 Broad Street, New York 4, N. , York

MYKROY IS SUPPLIED IN SHEETS AND RODS -.MACHINED OR MOLDED TO SPECIFICATIONS

MECHANICAL PROPERTIES*
MODULUS OF RUPTURE 18000-21000psi
HARDNESS

Mohs Scale 3-4 BHN. BHN SOO K9 Load. 63-74
IMPACT STRENGTH ASTM Charpy .34-.41 ft. lbs.
COMPRESSION STRENGTH 42000 psi
SPECIFIC GRAVITY 2.75-3.8
THERMAL EXPANSION 000006 per Degree Fahr.
APPEARANCE Brownish Grey to Light Tan

ELECTRICAL PROPERTIES*
DIELECTRIC CONSTANT 6.5-7
DIELECTRIC STRENGTH I Y.") 630 Volts per Mil
POWER FACTOR 001-.002 (Meets AWS

*THESE VALUES COVER THE VARIOUS
GRADES OF MYKROY

GRADE 8. Best for low less requirements.
GRADE 38. Best for low loss combined with high me-

chanical strength.
GRADE 51. Best for molding applications.
Special formulas compounded for special reaui ements.

024

.020

014

010

006

002
0. 100

MEGACYCLES AT 70 F

Based on Power Factor Measurements made by
Boonton Radio Corp. on standard Mykroy stock.
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lug-inType
AIR -WOUND
INDUCTORS
No other type of coil can equal B & W
AIR Inductors for all-around efficiency.
AIR WOUND Inductors are lighter,
easier to tap, wound to uniform pitch,
have exceptionally low dielectric loss
(no winding form in coil field) and are
extremely durable. There is little about
them to break if dropped. Even if bent
completely out of shape, they can easily
be repaired. B & W
types include stand-
ard, fixed and swing-
ing link assemblies
in sizes and ratings
for almost any ap-
plication. Write for
catalog.

WE'LL MATCH ANY INDUCTOR
REQUIREMENT

BARKER &
WILLIAMSON

Dept. IR-56, 235 Fairfield Avenue
Upper Darby, Penna.

The following positions of interest to
I.R.E. members have been reported as
open. Apply in writing, addressing reply
to company mentioned or to Box No. ....
The Institute reserves the right to refuse any
announcement without giving reason for
the refusal.

PROCEEDINGS of the I.R.E.
330 West 42nd Street, New York 18, N.Y.

EXECUTIVE ELECTRONICS ENGINEER

At once by Connecticut manufacturer
who is fast moving into the realms of
larger business-must be an engineering
school graduate ; experienced in radio,
electronics, and electricity; must have ad-
ministrative experience and stature; must
have product and production evaluation
knowledge ; must get along with an ener-
getic, independent organization. Write all
details in first letter; salary expected; re-
cent picture. Box No. 415.

APPLIED PHYSICISTS, COMMUNICATION

AND ELECTRONICS ENGINEERS

Research minded with good theoretical
background to engage in research in aero-
nautical science, advanced degrees pre-
ferred. Salary commensurate with qualifi-
cations. Address replies to Cornell Aero-
nautical Laboratory, Personnel Office, Box
56, Buffalo 5, N.Y. Replies will be held in
strict confidence.

ACOUSTICAL ENGINEER

Primarily in the field of architectural
acoustics, whu is qualified to determine the
acoustical properties of broadcasting and
recording studios and to develop new
methods and equipment for the measure-
ment of these characteristics. A working
knowledge of the acoustical problems as-
sociated with microphones and loud-
speakers is also necessary.

Applications and requests for inter-
views should be made in writing to W. B.
Lodge, Director of Engineering, Colum-
bia Broadcasting System, Inc., New York
22, N.Y.

Remler Appointed
Agent for

WAR ASSETS
CORPORATION

(Under Contract No. 59A-3-48)

. . . to handle and sell a
wide variety of

ELECTRONIC
EQUIPMENT

released for civilian use

Write for Bulletin Z -7C

Remler Company Ltd.
2101 Bryant St.

San Francisco 10, Calif.

REMLER
SINCE 1918

Radio Communications
Electronics

We will be grateful if

you will mention Proc-

ceedings of the IRE

when writing to our ad-

vertisers.

WANTED
Loudspeaker Design Engineer

Large electronic equipment manufacturer located in the East with
extensive research development and design facilities has opening
for an experienced Loudspeaker Design Engineer capable of design-
ing quality equipment. Permanent position with opportunities for
advancement. Salary commensurate with past experience and ability.

Box 414

THE INSTITUTE OF RADIO ENGINEERS
330 WEST 42ND STREET, NEW YORK 18, N.Y.
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K AA R "ANTHEATING

MOBILE FM

Zozo avallaged An FM Radiotelephone
with a truly NATURAL voice quality!
New KAAR FM radiotelephones offer an improvement
in tone quality which is suprising to anyone who has had
previous experience with mobile FM equipment. The
over-all audio frequency response through the KAAR
transmitter and receiver is actually within plus or minus 5
decibels from 200 to 3500 cycles! (See graph below.) This
results in vastly better voice quality, and greatly improved
intelligibility. In fact, there is appreciable improvement
even when the FM -39X receiver or one of the KAAR
FM transmitters is employed in a composite installation.

KAAR FM transmitters are equipped with instant -heat-
ing tubes, thus making it practical to operate these 50 and
100 watt units from the standard 6 volt ignition battery
without changing the generator. Inasmuch as standby
current is zero, in typical emergency service the KAAR
FM -50X ( 50 watts) uses only 4% of the battery current re-
quired for conventional 30 watt transmitters. Battery drain
for the KAAR FM -100 X (100 watts) is comparably low.

For full information on new KAAR FM radiotelephones,
write today for Bulletin No. 24A-46.

KAAR LOUD SPEAKER, remote controls for transmitter
and receiver (illustrated above) and the famous Type
4-C push -to -talk microphone are among the acces-
sories furnished with the equipment.

IMPROVED OVER ALL FREQUENCY RESPONSE

THROUGH KAAR FM TRANSMITTER AND RECEIVER
10

S

S
RAAR FM

ii -10

IS
100 700 300 500 1000 7000 3000 5000

FREQUENCY IN CYCLES PER SECOND

KAAR ENGINEERING CO.PALO ALTO  CALIFORNIA
/KAAR

ENGINEERING\ CO.
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Ali Announcement
To Those Who Require

The Best

THIS advertisement is addressed to the
manufacturers of electronic equipment

whose product demands the best in component
parts-who will want the best in transformers,
if "the best" is offered at a prier that will fit
the cost specifications of their fini-hed product.
By adapting to peace -time use the major fea-
tures of the Hermetically -Sealed transformer
construction that won war -time leadership,
Chicago Transformer is prepared t
best in transformers to those who r
Fully developed basic mounting
utilized on a mass production
basis, will provide the
element of economy
in manufacture.

CHICAGO TRANSFORMER
(4"4N.. DIVISION OF ESSEX WIRE CORPORATION/c.

3501 WEST ADDISON STREET

CHICAGO, 18eg CG.

52A

(Continued from page 46A)

Russell, D. C., 5555 Sheridan Rd., Chicago
40, Ill.

Ruze, J., Box 95, Belmar, N. J.
Scalbom, J. D., 109 Smithwood Ave.,

Catonsville 28, Md.
Small, B. I., 30 Wendell St., Cambridge

38, Mass.
Small, F. R., 63 Kendall Ave., Maplewood,

N.J.
Smith, M. S., 2042 Linn Blvd., S.E., Cedar

Rapids, Iowa
Starr, J. 0., RFD 1, Camp Ave., Darien,

Conn.
Suydam, C. H., 451 Heywood Ave.,

Orange, N. J.
Symonds, G. W., 4208 Belvieu Ave., Balti-

more 15, Md.
Tarkoff, P. B., 4024 Garrison Blvd., Balti-

more 15, Md.
Willson, J. E., 1002 Lombardy Dr., South

Bend 21, Ind.
Wood, J. 0., 15 Stoddard Rd., Hingham,

Mass.
Wulfsberg, A. H., 1412 Third Ave., S.E.,

Cedar Rapids, Iowa
Young, P. G., Box 2529, Phoenix, Ariz.

Admission to Member

Aitken, R. A., 2012 Glenwood Rd., Brook-
lyn 10, N. Y.

Alsop, S. E., Dept. 943, Electronics Div.,
Northern Electric Co., 1261 Shearer
St., Montreal, Que., Canada

Aurell, C. G. P., Telefonaktiebolaget L. M.
Ericsson, Stockholm 32, Sweden

Bain, D., RCA Victor Div., 445 N. Lake
Shore Dr., Chicago 11, Ill.

Baker, G. M. K., RCA Laboratories Div.,
Radio Corporation of America,
Princeton, N. J.

Barker, C. B., II, 205 Mt. Auburn, Cam-
bridge 38, Mass.

Bell, J. W., Box 37, Market St., George-
town, Ont., Canada

Bethel, C. D., Jr., Mackay Radio and
Telegraph Co., Inc , 67 Broad St.,
New York 4, N. Y.

Bohnert, J. I., 19 Shepard St., Cambridge
Mass.

Brandt, M. M., 532 Merion Ave., Haddon-
field, N. J.

Brickler, J. B., 1216 Kumler Ave., Day-
ton 7, Ohio

Caplan, N., Lakeside Apts., Melrose Park,
Pa.

Chance, B., Radiation Laboratory, Massa-
chusetts Institute of Technology,
Cambridge, Mass.

Christensen, H., Aircraft Radio Corp.,
Boonton, N. J.

Cutten, H., 17, Beech Ave., Crews Hills,
Enfield, Middlesex, England

Davis, W. L., Ohio State University, Elec-
trical Engineering Dept., Columbus
10, Ohio

Delort, R., 1467 Girard St. N.W., Wash-
ington, D. C.

Dentler, C. E., 10 Lancaster St., Cam-
bridge 40, Mass.

Dungan, M. R., Bell Telephone Labora-
tories, Whippany, N. J.

(Continued on page 54A)
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ALLEN B DU MONT LABORATORIES. INC.

ALLEN B. DuMONT

*BIG NEWS! A large screen television receiving Tube with all
the advantages of direct viewing - high picture definition and
more than adequate brightness for demonstrating under usual
showroom lighting conditions. Measures only 20 inches long fo
permit graceful cabinet design.

OTHER IMPORTANT FEATURES ...

1. Essentially flat face

2. 7.5 - 10 KV anode supply

3. All -magnetic deflection and focusing

4. No ion trap

LET DU MONT'S REPRESENTATIVE PROVE THIS IS YOUR "BEST BUY!"

Zeadaw htf,cwer:of 67-eaeit-gotive
LABORATORIES, INC., PASSAIC, NEW JERSEY  CABLE ADDRESS: ALBEEDU, PASSAIC, N. J., U. S. A.
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ELECTRONIC VOLTMETER
For every requirement

ALL MODELS HAVE THE

SIMPLIFIED

LOGARITHMIC
SCALE

STANDARD
Model 300

Ideal for the Accurate measure-
ment of AC voltages in the Audio,
Supersonic, Carrier Current and
Television ranges.

Use of Logarithmic voltage scale as-
sures uniform accuracy of reading
over whole scale while permitting
range switching in decade steps.

Each Voltmeter equipped with an
output jack so that the instru-
ments can be used as a high -
gain stable amplifier.

SPECIFICATIONS
MODEL 300

RANGE-.001 to 100 volts.
FREQUENCY -10 to 150,000 cycles.
ACCURACY -2% at any point on scale.
AC OPERATION -110-120 volts.

MODEL 304

RANGE-.001 to 100 volts.
FREQUENCY -30 c.p.s. to 5.5 megacycles.
ACCURACY -0.5 DB.
AC OPERATION -110-120 volts.

MODEL 302

RANGE-.001 to 100 volts
FREQUENCY -5 to 150,000 cycles.
ACCURACY -2% at any point on scale.
DC OPERATION-self-contained batteries.

Send for Bulletin for further description

Model 302
BATTERY

OPERATED

Model 304
R -F

\ OLTMETER

(Continued from page 524)

Eckhardt, D. L., 35 Lakewood Rd., New-
ton Highlands, 61, Mass.

Goldsmith, A., 519 Cornelia Ave., Chicago
13, III.

Graul, D. P., Watson Laboratories, ATSC,
Red Bank, N. J.

Gregory, J. H., Research and Develop-
ment, Nots., Inyokern, Calif.

Groom, B., The Hollies, Galashiels, Scot-
land

Heagy, M. S., Peddie School, Hightstown,
N. J.

Heibel, J. D., 4217 Trask Ave., Erie, Pa.
Higgins, W. H. C., 61 Whittingham Pl.,

West Orange, N. J.
Hsu, Y., Moore School of Electrical Engi-

neering, University of Pennsyl-
vania, 200 S. Walnut St., Phila-
delphia 4, Pa.

Johnson, J. R., Jr., Mount Arlington, N. J.
Knauss, H. P., 42 Richardson Rd., Bel-

mont 78, Mass.
Kraepelien, H. Y., Ericsson Telephone

Sales Corp., 101 Park Ave., New
York 17, N. Y.

Levine, R., 140 E. 52 St., New York 22,
N. Y.

Luck, D. G. C., RCA Laboratories, Prince-
ton, N. J.

Lynch, W. M., 4 E 70 St., New York 21,
N. Y.

Martin, E. J., Box 1076, Schenectady 1,
N. Y.

Martin, W. S., 1632 N. Halsted St.,
Chicago 14, Ill.

Mautner, L., 103 Rhoda Ave., Nutley,
N. J.

McCandless, J. B., 6009 Belden St., Phila-
delphia 24, Pa.

McGee, K. Williamsville, Ill.
McLean, M. D., 2320 Lincoln Ave., Mon-

treal, Que., Canada
McProud, C. G., 90 Bank St., New York

14, N. Y.
Meadow, W. L., 167 N.W. 38 St., Miami

37, Fla.
Miller, J. W., Research Dept. Laboratory,

Stanolind Oil and Gas Co., Tulsa,
Okla.

Morawetz, F., 103-26-68 Rd., Forest
Hills, L. I., N. Y.

Musselman, F. I., 2341 Lorne St., Regina,
Sask., Canada

Olds, 0. S., 2340 S. 60 St., Milwaukee 14,
Wis.

Olson, R. W., 323 Circle Dr., Dallas 16,
Tex.

Oorthuys, H. J., University of California,
Div. of War Research, Navy Elec-
tronics Laboratory, San Diego 52,
Calif.

Plummer, J. H., Owens Illinois Glass Co.,
1700 Westwood Ave., Toledo, Ohio

Quinn, R. B., 3221 Wheeler Rd. S.E.,
Washington 20, D. C.

Reed, R. I., 617 McClellan St., Schenec-
tady, N. Y.

Rothman, M. I., 76 Lewis St., Eatontown,
N. J.

Schoenfeld, M., 817 Meehan Ave., Far
Rockaway, L. I., N. Y.

(Continued on page 564)
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,err, SILMTOR

Collins 26W-1 Limiting Amplifier

Collins Speec quipmen
provides better program transmission and stronger signals

  e   e        e         

THE COLLINS 26W-1 audio limiting amplifier
is a product of the most advanced standards of
broadcast engineering. It effectively raises the
modulation level, yet prevents overmodula-
tion of the r -f carrier. The resulting stronger
signal assists materially in station area coverage.

Developed for high fidelity AM and FM
applications, the 26W-1 has a frequency re-
sponse flat from 30-15,000 cps, with a varia-
tion of less than 1.0 db. The compression ratio
above the verge of compression is 20,%1 in db.
Harmonic and tone distortion are not more
than 1.5% at any frequency, any setting of the
input and output levels, and with any amount
of compression up to 15 db. Hum and noise
are 70 db below the operating level. Output
range is -4 to +26 dbm.

Complete metering provides measuring fa-
cilities for individual tube currents, plate volt-

age, compression level, and output level. In-
side -out chassis construction gives immediate
access to all wiring and circuit components
upon removal of the slip-on dust cover. Oper-
ate and release times are independently ad-
justable.

Dimensions, for standard rack mounting,
19" w, 14" h, 9" d. Weight, 45 pounds. Avail-
able in metallic gray or black wrinkle.

Collins speech equipment is thoroughly en-
gineered for highest performance. Reliable in
operation, accessible in maintenance, each unit
meets rigid inspection and tests before it is
approved for delivery. For your requirements,
write today to the Collins Radio Company,
Cedar Rapids, Iowa; 11 West 42nd Street,
New York 18, N. Y.

FOR BROADCAST QUALITY, IT'S . . .
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 SPECIAL ALLOYS made to
meet individual requirements.
Write for list of stock alloys.

SIGMUND COHN &CO.
44 GOLD ST.

S/NCE

56A

NEW YORK

1901

(Continued from page 54A)

Siry, J. W., 125 Ivanhoe St., S.W., Wash-
ington 20, D. C.

Snelling, E. A., 7755 Loomis Blvd.,
Chicago 20, Ill.

Sperling, J. G., 210 Second Ave., Asbury
Park, N. J.

Stega, E. A., Box 101, Eatontown, N. J.
Tull, W. J., 75 Bay State Rd., Arlington

72, Mass.
Turrini, J. J. 3501 Hudson Blvd., Union

City, N. J.
Vant, L. M., 40 Paul St., Watertown,

Mass.
Watts, W. E., 2224 N. 70 St., Wauwatosa

13, Wis.
Weigen, R. B., Box 345, Riverhead, L. I.,

N. Y.
Wilhelm, H. T., 463 West St., New York

14, N. Y.
Williams, P. B., 1961 E. 72 St., Chicago 49,

Ill.
Wouk, V., 1306 Wood St., Pittsburgh 21,

Pa.

Admission to Associate
Abbey, K., 3321 Victory St., San Diego 10,

Calif.
Adams, G. R., Federal Telecommunication

Laboratories, 67 Broad St., New
York, N. Y.

Alexander, S. B., 5 W. 101 St., New York
25, N. Y.

Allen, H. B., 2641 S. Taylor Rd., Cleve-
land Heights 18, Ohio

Anderson, F. A., Albany Turnpike, Collins-
ville, Conn.

Anderson, S. L., 817 Fourth St., Reading,
Ohio

Arvidson, R. F., Training Div., Barracks
6, NATTC, Ward Island, Corpus
Christi, Tex.

Ashley, F. R., 2 Beech Terrace, Yonkers 5,
N. Y.

Atwood, A. R., Public Service Bldg.,
Milwaukee 1, Wis.

Balmer, D. W., 1459 W. Sparks St.,
Philadelphia 41, Pa.

Beliss, G. J., 4819 Hutchinson St., Chicago
41, Ill.

Benenson, S., 1012 Ave. K., Brooklyn 30,
N. Y.

Bennett, R. C., KWG, Hotel Wolf, Stock-
ton 7, Calif.

Benson, M. C., 230 S. Tenth St., Kansas
City 2, Kan.

Biefer, H., Zurcherstrasse 14, Baden,
Switzerland

Brooks, G., 301 Oriental Blvd., Brooklyn
29, N. Y.

Brown, G. P., 16 Luscor Parade, Roseville,
Sydney, N.S.W., Australia

Bubb, A. H., 114 Haas Ave., Sunbury, Pa.
Bundy, R. C., 1451 Main St., Stratford,

Conn.
Buyer, E. M., c/o Michael, 330 Wads-

worth Ave., New York 33, N. Y.
Buzzard, C. R., 190 N. State St., Chicago

1, Ill.
Cavenaugh, D. E., 463 West St., New

York 14, N. Y.
Coffin, J. H., 4221 N. Maryland Ave.,

Milwaukee, Wis.
(Continued on page 58A)
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ENGINEERED
witH

Made right ... to work right ... and stay
right. Whether in stock ratings or to your
own specifications you will find HiQ com-
ponents precise, dependable and long lived.
Send for samples and complete information.

Hi -Q Ceramic Capacitors are of titanium
dioxide (for temperature compensating
types) and are tested for physical dimen
sions, temperature co -efficient, power factor
and dielectric strength. CI type with axial
leads; CN type with parallel leads.

Hi -Q Wire Wound Resistors can be pro.
duced promptly and in quantity - with
quality physical specifications and high
performance electric specifications.

14AAVAMN,

Hi -Q Choke Coils are uniform in their
high quality performance. Ruggedly con-
structed for long service.

ELECTRICAL REACTANCE
CORPORATION

FR ANKLINVILLE, N.Y.
Electrons May, 1946



A MULTI -PURPOSE AMPLIFIER

Worthy of an
Engineer's Careful

Consideration

----"FIE Langewin 114-A Amplifier is primar ly a monitor ari-L-,--
Lir,i-

-.3 9 olifier. It is used in offices, audition and contra rooms

,..._ of radio stations and recording sti_cros, and clso t is

the needs of wired music installations and otter industrial uses

wherever an amplifier For a single or dual speaker installatbn

is -equired.

This amplifier operates on 110-120 volts AC or DC. It can be

rack mounted or used in i-s own metal cabinet, Type 20..-A; it

las a frequency resporse of 30 to 15,000 cycles and delivers

3 watts of audio power at less than 2% RSS total narmo-ic di,.-

tortion at 400 cycle single frequency. At 4 watts output the di-

.ortion is less than 5%.

Langeria 114-A Ampliiie- in 20 4 -ACabtset

ELECTRICAL CHARACTERISTICS

GAIN -Aparoximatety 61 cb htgt, gain and 43 db
when bridging a 60C ohm !our:e. OPERATES:ROM-
0-1CCO ahrts using neninal 000 ohm irpit,
0-25,300 ohms using nominal 25,300 ohm input,
with max morn gain depencing _tarn impedance a'
bridged sou-ce. °PRATES ItTO-t+cminal load im-
pedance of 4 ohms. Working range 2 to E ohms.
OUTPUT POVVER-Approximately. 4 watts wah less
than 5%, and 3 wart; wits ess -has 2%, RSS tots'
harmonic distortion ct 400 :ycles single frequency
into acmirc 4 ohm Iced. 011-PU1 NOISE 42 db belay.
+35 VU 17 db be ow .001 wctt) or beter.
FREQUENCY CHARACTEilSTIC - P-o:Lction run .1.5
db cver he range of 3,0 15,303 cycles. POWER
REQU REPENT -110-120 volt!, 25-1000 cycles AC,
or VC -120 volts DC. Amplifies d aws 70 watts
at 12C ,.cits. SIZE-Maxirrou-n lengt-t 101/4", depth
61/2" heigF- 63/*".

SOUND REINFORCEMENT AND REFRODUCTION ENGINEERING
NEW YORK, 37 W. 65 St., 23 SAN FRANCISCO, 1050 Howard St., LOS ANGLES, 1001 N Seward St., 33



Especially suitable for applications for
close frequency tolerance . . . VHF ser-
vices - police, aircraft, railway com-
munications, etc. . . works on 6.3v at
1 amp. . . temp control within r 3 C
. . . operates at 60 C. . . . frequency
control of d-.005/ ... frequency range
3MC to 14MC . . . fits octal socket . . .

TYPICAL CRL- 30 FREQUENCY TEMPERATURE CURVE

CRYSTAL RESEARCH
LABORATORIES INC.

29 ALLYN ST., HARTFORD, 3, CONN., PHONE 1-3215

STANDARD SIGNAL GENERATOR Model 80
SPIRCA-IONS:

CA ZRIER FREQUENCY R %ME: 2 to 400 megacycles.
OURPUT: 0.1 to 1100,C00 rsicrovolts. 50 ohms output impedance.
PIC DI. LAT1ON: A M 0 so 30% at 400 or 1000 cycles internal.
_ack ffi exte rnc I a Jdo modulation.
viceo nocul 7ticn jacl. fos connection of external pulse generator.
POWER 51.11).21:1: '77 vol.: 50-60 cycles.

N.4 &Is 19". Hight 103/4", Depth 91/2".
1VEIGHT: Ap,rox inately 3.5 lbs. PRICE-$465.00 f.o.b. Boonton.
iuiatlu comectko cables and matching pads can be supplied on order.

MEASUREMENTS
IOONTON

CORPORATION
NEW JERSEY

(Continued from page 56A)

Cole, B. T., 3810 Stearnlee St., Long
Beach, Calif.

Crissinger, W. W., 410 Grove Ave., Galion,
Ohio

Daily, L. L., Barracks 6, Training Div.,
Ward Island, NATTC, Corpus
Christi, Tex.

Dausman, R. H., 3703 Jardin St., Houston
5, Tex.

Campbell, C. W., 39 Bold St., Hamilton,
Ont., Canada

Carter, F., 1405 W. Cherokee, Enid, Okla.
Cooperman, P., 67 E. 175 St., New York

53, N. Y.
Crum, P. C., 751 N. Central Ave., Chicago

44, Ill.
Davidson, C., III, Bell Telephone Labora-

tories, Whippany, N. J.
De Sarkar, S. S., East of Public Library,

Chandernagor, Bengal, India
Dreyfus, R. M., Sun Oil Co., Beaumont,

Tex.
Dugan, D. J., 866 Perkiomen St., Phila-

delphia 30, Pa.
Earshen, J. J., 1054 Tifft St., Buffalo 20,

N. Y.
Eidson, H. G., Jr., WIS, Columbia, S. C.
Ferrell, D., 3723 Lovell Ave., Cheviot,

Cincinnati 11, Ohio
Geiger, J. R., 245 Marion St., Brooklyn,

N. Y.
Clay St., San Francisco

8, Calif.
Goldberg, C., Electronics Test Div., Naval

Air Station, Patuxent River, Md.
Gordon, G. B., 6524-40 St., S.W., Seattle

6, Wash.
Granros, G. J., 108 Second St. N., Virginia,

Minn.
Greenhalgh, F. R., 2506 San Marcos Ave.,

San Diego 2, Calif.
Griffin, R. S., No. 1 Officer's Mess, RAF,

Cranwell, Lincs., England
Gross, F. J ., 6111 Kingsley Dr., Indianapolis

5, Ind.
Guidi, G. J., 871 Post Rd., Scarsdale,

N. Y.
Hancess, E. A., 57a Zurcherstr., Baden,

Switzerland
Hancock, N. W., 351-18 St. S.E., Cedar

Rapids, Iowa
Hart, E. S., Box 344, York St., Sackville,

N.B., Canada
Helm, H. A., Bell Telephone Laboratories,

Inc., Whippany Radio Laboratory,
Whippany, N. J.

Henning, R. E., 474 W. 238 St., New York
63, N. Y.

Herriman, T. D., 719 E. Ave. 43, Los
Angeles 31, Calif.

Horwitz, A. H., 731 Interdrive, St. Louis,
Mo.

Jaggers, H. D., Box 43, Rocky Point, L. I.,
N. Y.

Johnson, G. D., Bell Telephone Labora-
tories, Whippany, N. J.

Johnson, H. E., 86 Lawson St., Hemp-
stead, L. I., N. Y.

Jowdy, G. P., 275 Chestnut St., Lawrence,
Mass.

(Continued on page 60A)
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See the Turner Exhibit at the Parts Show,
Booth 0, Stevens Hotel, Chicago, May 13 to 16.

E0

Turner pioneers again! Colortones are here

to bring distinctive beauty to microphone applications.
Especially created for bands, television studios,

entertainment spots and home recorders, these rugged

plastic microphones come in a range of gem -like colors.

Their lustrous, streamlined beauty will blend,
harmonize or contrast with any setting.

And new inside too! Improved crystal and dynamic

circuits result in smoother, more accurate reproduction.

Write for complete specifications and information

on Colortone colors now available.

The TURNER Company
909 17th Street, N. E., Cedar Rapids, Iowa

TURNER -Pioneers in the
Communications Field

Designed by
ARTHUR HACCSTROM,

Noted Industrial Designer

Licensed under U. S. Patents of the American Telephone and Telegraph
Company, and Western Electric Company, Incorporated.

Crystals licensed under patents of the Brush Development Company
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These heavily silver plated C.T.C. Terminal Lugs simply
swage to the terminal board, provide strong, well -anchored,
swift -soldering terminal posts in a jiffy.

C. T. C. Turret Terminal
Lugs have two soldering
spaces. Lugs heat quickly,
make wiring firm and neat.
Made to fit 3", .;6",

34" and 3,4" terminal
board thicknesses. Also avail-
able with single soldering
space and in Midget size.

CT.0 SplitTerminalLugs
have a :050" hole through
them, permit wiring from
top or bottom side of board
without drilling. Stocked
to fit 9" boards. Ideal
for transformers and other
potted units.

Write for C.T.C. Catalog

C. T. C. Double End Ter-
minal Lugs provide two ter-
minal posts in one swaging
operation. May be wired
from top or bottom. Elec-
trical connection perfect.
Stocked to fit boards.
Also available in Midget
size.

100 today.

CAMBRIDGE THERMIONIC CORPORATION
456 Concord Avenue Cambridge 38, Mass.

PATTERSON PHOSPHORS ARE AVAILABLE

IN A WIDE RANGE OF

1. Colors

2. Grain Size

3. Brilliance

4. Types of Excitation

5. Afterglow

6. Special Blends

Patterson
Phosphors

for Contrast...
Brilliance...Detail

in Television
Images

PATTERSON PHOSPHORS are
designed for maximum luminescence
with minimum input energy. Qual-
ity phosphors for television, radar,
oscilloscopes and other electronic
instruments are available from
Patterson Screen Division of E. I.
du Pont de Nemours & Co. (Inc.),
Towanda, Pa. Manufacturers, ex-
perimental laboratories and schools
are invited to write us outlining
their requirements.

PATTERSON
LUMINESCENT CHEMICALS

BETTER THINGS FOR BETTER LIVING . THROUGH CHEMISTRY U POO

(Continued from page 58A)

Julien, V. 0., 212 N. "E." St., Marion,
Ind.

Kaplan, S. V., H. de Keyserlaan 23,
Hilversum, Holland

Kaszerman, P., 566 Beck St., New York
55, N. Y.

Katz, R., 830 Xenia Ave., Yellow Springs,
Ohio

Klein, W., St. Ursusstr. 6, Baden, Mt.
Aargau, Switzerland

Koehler, R. L., 2915 Broadway, Santa
Monica, Calif.

Krepps, J. E., Jr., 144 N. Front St., Sun-
bury, Pa.

Kroft, H. M., 1807 Winans Avenue, Balti-
more 27, Md.

Krupen, P., 1211 Raum St., N.E., Wash-
ington 2, D. C.

Larock, F. N., 47 Pickwick Rd., Hamden
14, Conn.

Lewis, W. H., Ordnance Research Labora-
tory, State College, Pa.

Litvenko, W., 16 Dow St., New Haven 10,
Conn.

Loeb, M., 115 E. Mosholu Pkwy., Bronx
67, N. Y.

Lounsberry, E. P., 63 Hausman St., Brook-
lyn 22, N. Y.

Lowman, C. 0., 801 S. Eastman Ave.,
Los Angeles 23, Calif.

MacKay, R. F., 20 Paine St., Worcester
5, Mass.

Mansberg, H., 1887 Vyse Ave., New York
60, N. Y.

Margulies, F., 3051 Brighton 14 St.,
Brooklyn 24, N. Y.

Martin, P. J., 2901 Connecticut Ave.,
N.W., Washington 8, D.C.

Mehring, J. S., 320 North Ave., Fanwood,
N. J.

Meyers, J. G., 1056 Sheridan Ave., Bronx
56, N. Y.

McGuinness, J. W., 15 Weld Ave., Rox-
bury 19, Mass.

Miller, H. J., 222 N. Fourth St., Lock
Haven, Pa.

Miller, V. F., 921 Peden Ave., Houston 6,
Tex.

Mills, G. L., 2631 Lenox Rd., Trenton,
Mich.

Monroe, D. G., RFD 1, Rives Junction,
Mi.

Murphy, E. J., 1 Conrad Court, Newport,
R. I.

Muse, D. W., Box 382, 215 McCoy St.,
Martinsville, Va.

Nair, A. K., Nair Samaj Co-operative
Lodge, Ltd., Dadar, Kohinoor Rd.,
Bombay, India

Naylor, J. E., 6857 Mohawk, San Diego 5,
Calif.

Neal, N. A., WBOE, Board of Education,
Cleveland 14, Ohio

Norby, H. A., Box 545, Metuchen, N. J.
Ruffin, F. E., Jr., 10 Dickerson St., Ne-

wark 4, N. J.
Nugent, J. T., Jr., 25 Kensington Ave.,

Jersey City 4, N. J.
Obenland, D.K., 6022 N. Drake, Chicago

45, Ill.
O'Keefe, P., 1553 Alexander Ave., Winni-

peg, Manitoba, Canada
(Continued on page 62A)
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Model 779 is designed
for use with WESTON
Socket Selectors which
facilitate checking tube
circuit conditions - and
with WESTON Tele-
verters for DC voltage
measurements up to
10,000 volts.

Extreme compactness and lightweight-dual DC voltage sensitivity of either

1000 or 20,000 ohms per volt - five AC and DC voltage ranges, seven DC

current ranges, four DC resistance ranges, and five decibel ranges - all care-

fully selected to meet the broadest requirements of testing and maintenance

-precision WESTON resistors throughout-large 50 microampere WESTON

meter - temperature compensated including AC ranges - size only 63/8" x

91/8" x 47/8"- furnished in rugged, solid oak carrying case.

NOW AVAILABLE . . . see Model 779 at the Radio Parts and Electronic

Show . . . Stevens Hotel . . . Booth No. 75. Weston Electrical Instrument

Corporation, 589 Frelinghuysen Avenue, Newark 5, New Jersey.

Weston e9,#/s/00.01
Albany  Atlanta Boston  Buffalo  Chicago  Cincinnati -Cleveland  Dallas  Denver Detroit  Jacksonville  Knoxville  Los Angeles  Meriden Minneapolis  Newark  New

Orleans -New YorkPhiladelphia Phoenix. PittsburghRochesterSan
FranciscoSeattle- St. Louis -Syracuse- In Canada, Northern ElectricCo., Ltd., Powerlite Devices, Ltd.
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JOHNSON
122-101 SOCKET

FOR TOP

PERFORMANCE

FROM

826-829

832

-TRANSMITTING
TUBES

Latest addition to the famous line of JOHNSON
Tube Sockets is the 122-101. A ceramic wafer
socket with aluminum base shield and JOHNSON
superior contacts-the 122-101 is designed to
really "take it"!

Socket is designed so that by-pass capac-
itors may be mounted directly on the
tube socket base. Button mica capacitors
ore available in a range of capacitances
enabling the tube to be used at its highest
frequency.

Grid terminals are designed so that
connecting wires may be isolated from
other circuits.

Grid terminals are specially constructed
to permit small grid coils to be mounted
directly on the terminal ends, thus elimi-
nating connecting leads.

Holes are provided for adequate venti-
lation of the tube.

Built-in retainer springs hold tube se-
curely in place under conditions of heavy
vibration and shock.

Write for Data Sheet 35 describing the 122-101
or see this socket at your JOHNSON Distributor.

vu

Shown at left are JOHNSON 228
and 275 tube sockets. The 228
socket is ideal for many tubes
including the "Tuf-20" and the 275
socket is designed for tubes in-
cluding the 4.125-A, RK28, 125M,
803 and X404

JOHNSON Tube Sockets are out.
standing and orb found widely
used in commercial communication
and industrial equipment Write
for specific information about
sockets to meet your requirements.
JOHNSON Tube Sockets, Conden-
sers, Inductors, Insulators, Connec-
tors, etc., for highest quality,
adaptability, low cost and rapid
delivery

Ware for catalog 968

JOHNSON
a 6amoui name in Nadia

E. F. Johnson Co Waseca, Minn.

(Continued from page 60A)

O'Sullivan, G. C., 1111 Meadowbrook
Ave., Los Angeles 35, Calif.

Patton, P. B., Federal Communications
Commission, Washington 25, D. C.

Paul, R. S., 453 Third Ave., San Francisco
18, Calif.

Peart, J. D., Northern Electric Co., Ltd.,
65 Rorie St., Winnipeg, Manitoba,
Canada

Perry, D. L., Sperry Products, Inc., 15 St.
and Willow Ave., Hoboken, N. J.

Polak, H. L., 111-50-75 Rd., Forest
Hills, L. I., N. Y.

Pollard, C. L., 17 S. Madison, Allentown,
Pa.

Porep, C. L., 573 Lake Park Ave., Oak-
land, Calif.

Possner, J. B., 3804 Grayburn Ave., Los
Angeles 43, Calif.

Powell, D. S., RFD 1, Box 27, Monaca 6,
Pa.

Putz, H. R., 18, Carmichael Ave., Toronto,
Ont., Canada

Ramani, R. V., "Ananda Villa," Town
Extensions, Kumbakonam, South
India

Reynolds, V. F., Kenilworth Apts., Alden
Park, Philadelphia 44, Pa.

Roll, A., c/o Milford, 50 E. 86 St., New
York, N. Y.

Sather, S. A., S.D.O. Telegraphs, Banga-
lore, India.

Schulte, R. J., 1816 Holman St., Coving-
ton, Ky.

Schultheis, H. B., Jr., 218 E. 135 St.,
Hawthorne, Calif.

Scibilia, S. P., 50 E. 196 St., New York
58, N. Y.

Searle, R. W., 1058 Main St., Waltham 54,
Mass.

Shen, C., Standard Telephones and Cables
Co., Ltd., Ilminster, Somerset, Eng-
land

Smith, D. H., 815 S. Quincy St., Arlington,
Va.

Smith, E. W., RCAF Station, Clinton,
Ont., Canada

SoRelle, J. L., 238 Madison Ave., Decatur,
Ga.

Stand, T. R., 63 Ulloa St., San Francisco
16, Calif.

Steward, J. F., 6 Norway Rd., North
Haven, Conn.

Stewart, W. A., Box 493, Natick, Mass.
Streeter, R. A., 315 Fifth Ave. S.W.,

Cedar Rapids, Iowa
Sudershan Lall, S., 40 Daryaganj, Delhi,

India
Temple, W. J., Brooklyn College, Bedford,

Ave. and Ave. H., Brooklyn 10,
N. Y.

Seidner, 0. R., Watson Laboratories, Red
Bank, N. J.

Simmons, J. G., 5612 Sunset Blvd., Holly-
wood, Calif.

Swenson, G. W., Jr., Vint Hill Farms Sta-
tion, Warrenton, Va.

Thynell, G. V., The Bristol Co , Water-
bury 91, Conn.

Toth, W. S., A. T.-USNAS, Patuxent
River, Md.

(Continued on page 68A)

Antennas
Are Available

Fixed or Adjustable
Types in Tubular
Metal . . .

The same sturdy, rugged types of
Tubular Metal Antennas that did
such outstanding service in the
armed forces is now available for
commercial uses.

Many municipalities, public utili-
ties and special services have made
Premax standard equipment
throughout their installations. They
find it substantial . . . able to take
extreme shocks . . . and still bring
in sharp, clear signals.

Let us know your requirements.

Tested in War...
Ready for Peace

P Of C111.101
REMAX PRODUCTS. RVISLA CO INK

NIAGARA FALLS. N Y.

Division Chisholm -Ryder Co., Inc.

4613 Highland Ave. Niagara Falls, N.Y.



MAY

SYLVANIA NEWS
CIRCUIT ENGINEERING EDITION

Prepared by SYLNAINI ELI A:'11114 , PROM IN(:.. Emporium. Pa. It) 16

ANNOUNCING!
EFFICIENT, NEW SYLVANIA R.F. AMPLIFIER TUBE

TYPE 7AG7

TYPICAL OPERATING CONDITIONS
Heater voltage
Heater current
Maximum plate voltage
Maximum plate dissipation
Maximum screen grid voltage
Minimum external negative

grid voltage
Maximum screen grid dissipation
Maximum heater -cathode voltage

6.3 volts
0.150 ampere

250.0 volts
2.0 watts

250.0 volts

1.0 volt
0.75 watts

90.0 volts

SYLVANIA

Here's a new sharp cut-off r -f pentode amplifier

designed especially for 6.3 volt and a-c/d-c

series service in Television and Frequency

Modulation receivers.

The tube may be operated with full plate volt-

age on the screen grid to produce high input
resistance as a result of reduced electron transit

TYPICAL OPERATING CHARACTERISTICS
OF TYPE 7AG7 AS A
CLASS Al AMPLIFIER

Plate current
Plate resistance
Screen grid current
Mutual conductance

6.0 Ma.
0.75 megohm
2.0 Ma.
4200 micromhos

Direct Interelectrode Capacitances

Grid to plate
Input
Output

.005 micromicrofarad Max.
7.0 micromicrofarads
6.0 micromicrofarads

time. Identical voltage requirements for plate

and screen grid also eliminate the need of screen

grid filter resistors and by-pass capacitors in

some circuit applications.

Inquiries concerning the new Sylvania Type
7AG7 r -f pentode amplifier tube are invited. Write

Sylvania Electric Products Inc., Emporium, Pa.

ELECTRIC
Emporium, Pa.

MAKERS OF RADIO TUBES; CATHODE RAY TUBES; ELECTRONIC DEVICES; FLUORESCENT LAMPS. FIXTURES, WIRING DEVICES, ELECTRIC LIGHT BULBS
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The Most Indispensable Reference in Radio -Electronics

Electronic Engineering Master Index
A master compilation of over 15,000 titles of texts

and articles selected for their value to the research en-
gineer, this INDEX coven the years 1925-1945 and
enables you to survey twenty years of research litera-
ture on any subject in a matter of minutes!

Vitally Needed in Every Laboratory and Library

COMPLETE IN ONE VOLUME

PART I

January 1925 to
December 1934

PARTIAL LIST FROM 65

Bell Laboratories Record
Bell System Technical

Journal
Communications

Electrical Communication
Electronics

Electronic Industries
Journal of I.E.E.

PART II

January 1935 to
June 1945

PERIODICALS INDEXED

General Electric Review
Journal of Applied

Physics

Proceedings of I.R.E.
Transactions of A.I.E.E.
Radio News

R.C.A. Review

Wireless Engineer

A $500 Reference Library in One Volume for $17.50
(Special Limited Edition. Part II in one volume, 200 pages, $7.50)

Descriptive circular on request.

ELECTRONICS RESEARCH PUBLISHING COMPANY2 W. 46th Street
New York 19, N.Y.

A ruggedly constructed direct reading laboratory instrument
specially designed to measure Q, inductance, and capacitance
values quickly and accurately. Invaluable in selecting proper low
loss components for high frequency applications.

SPECIFICATIONS:-FREQUENCY RANGE: 30-200 mc, accuracy 1%
RANGE OF Q MEASUREMENT: 80 to 1200

0 CAPACITOR RANGE: 11-60 mmf; accuracy I% or 0.5 mmf, whichever is greater
Write for Catalog C

BOONTO tADIO
BOONTON  NJ  US A ("ICC/Z./di(

* The improved, tougher Type 58
Clarostat wire -wound control provides
among other notable advantages, a neat,
more rugged, still more effective tandem
dual assembly as here shown. Available
with or without power switch.

Metal locating pin on front unit will not
break or tear off. Bushing, keyed into
the bakelite case, cannot slip or turn
when locking nut is drawn up tightly.
1500 v. breakdown insulation between
windings and shaft. Each center rail is
in one piece with its terminal. Direct
connection between winding and "L" and
"R" terminals. Thus a real good dual
control is made still better with these im-
proved Type 58 units.

* Write for Literature ...

CLAROSTAT MFG. CO., Inc.  285-1 N. 6m St., Brooklyn, N.Y.

fit
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Here are some representative improved properties of various

new C -D Electrical Insulating Materials.
Power Factor (at 106 cycles per second) 0.011
Dielectric Strength, volts per mil. 750

Arc Resistance, seconds 185

*Insulation Resistance, megohms 30,000

New higher standards are also obtainable on mechan-
ical properties, heat and moisture resistance,
dimensional stability and fabricating.

The parts illustrated were fabricated from
new grade GB 128 M DILECTO which is a
glass fabric base laminate employing a melamine
the equivalent of Navy Type GHG. This new
grade of DILECTO provides higher heat resis-
tance, greater dimensional stability, superior arc
resistance and improved mechanical properties, and
is noncombustible when compared to standard
paper and cotton fabric base phenolic laminates.

These new C -D insulating materials may be
the answer to your "What Material?" problems,
and will save you much time and worry. Investigate
them while your products are in the planning
stage. Wire, phone or write our nearest office and

a C -D technician will be made available to you.

* Insulation Resistance values based on samples conditioned
for 96 hours at 90% ± 2% relative humidity at 35° -1- 1°C.

RHC-46

NEW YORK

BRANCH OFFICES

C -D PRODUCTS
The Plastics
DILECTO -Thermosetting Laminates.
CELORON-A Molded Phenolic.
DILECTENE-A Pure Resin Plastic

Especially Suited to U -H -F Insu-
lation.

HAVEG-PlastiC Chemical Equip-
ment, Pipe, Valves and Fittings.

The NON-Metallics
DIAMOND Vulcanized FIBRE
VULCOID-Resin Impregnated Vul-

canized Fibre.

MICABOND -Built -lip Mica
Electrical Insulation.

Standard and Special Forms
Available in Standard Sheets,
Rods and Tubes; and Parts
Fabricated, Formed or
Molded to Specifications.

Descriptive Literature
Bulletin GF gives Compre-
hensive Data on all C -D
Products. Individual Cata-
logs are also Available.

17 CLEVELAND 14 CHICAGO 11 SPARTANBURG, S. C. SALES OFFICES IN

WEST COAST REPRESENTATIVES: MARWOOD LTD., SAN FRANCISCO 3

IN CANADA: DIAMOND STATE FIBRE CO. OF CANADA, LTD., TORONTO 8

Cowibteipta= neernicwei FIBRE

PRINCIPAL CITIES 511 OUR
CATALOG IN
SWE T'S

....0101181111

COMPANY
Established 1895..Manufacturers of Laminated Plastics since 1911-NEWAIIIi 48  DELAWARE
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EASTERN PUMPS
COVER A WIDE RANGE OF PERFORMANCE

200

150

100

30

25

20

10

5

IS 20

U 31

25 3 35

GALLoNs/mNtirE

The performance chart shown above typifies the wide range of performance
available through the selection of Eastern Midget Pumps. These pumps can provide
the right equipment for your needs where small size and light weight combined
with high performance and economy of operation are factors. They may be
equipped with the easily adjustable stuffing boxes or rotary seals and will
not leak at several times the maximum working pressures. Weights are from
21/4 to 100 lbs., capacity from to 70 G.P.M. and pressures range up to 250
P.S.I. Standard models of many pumps are available in Monel Metal, Stainless
Steel, Hastelloy "C", Cast Iron, Bronze and other metals and alloys. Models

are motor driven, including Underwriters' approved ex-
plosion -proof motors, air driven or belt driven. Write for
NEW CATALOG describing entire line of pumps.

EASTERN ENGINEERING CO.
86 Fox Street, New Haven 6, Conn.

BOOKS ceeierzed h4 me ENGINEER

UNDERSTANDING

MICROWAVES
by VICTOR J. YOUNG

For those who have not previously con-
sidered radio waves shorter than 10

centimeters. Provides foundation for
understanding various microwave devel-
opments of past five years. To simplify
explanations, mathematics are placed in
footnotes wherever possible.

CHAPTER

The Ultra High Fre-
quency Concept  Sta-
tionery Charge and its
Field .Magnetostatics
Alternating Current
and Lumped Con-
stants  Transmission
lines Poynting's
Vector and Maxwell's
Equations Wave -

HEADS

guides  Resonant
Cavities Antennas
Microwave Oscilla-
tors Radar and
Communication  Sec-
tion Two is devoted
to descriptions of
Microwave Terms,
Ideas and Theorems
Index.

SPEED AND SIMPLICITY

A -C

CALCULATION

CHARTS
Student engineers will find
that this book is invaluable.
It simplifies and speeds any
work involving AC calcula-
tions. The book contains 146
charts. Covers all AC cal-
culations from 10 cycles to
1000 megacycles.

160 PAGES-PRICE $7.50

OUT IN MAY-OVER 400 PAGES-PRICE $6.00
ORDER TODAY

JOHN F. RIDER PUBLISHER, INC.
404 FOURTH AVENUE, NEW YORK 16, N.Y.
Export Division: RockeInternotional Electric Corp., 13 E. 40th Street, New York 16, N.Y

RAWSON D. C.
MULTI -VOLTMETERS

TYPE 501F
I) All the voltage ranges you need,

on one instrument.
Ranges .01-.03-.1-.3-1-10-30-100-300-

1000 volts full scale
2) Guaranteed accuracy 1/2 of 1%
3) 10,000 ohms per volt on all ranges
4) All resistors WIRE WOUND for

permanent accuracy
TYPE 501G

Same as above except 100,000 ohms
per volt. Ranges .1-.3-1-3-10-30-100

Write for bulletin
We also supply: Regular DC Meters, Thermo-
couple AC Meters, Multimeters, Fluxmeters,
Electrostatic Voltmeters.

Special apparatus built to order
RAWSON ELECTRICAL INSTRUMENT CO
118 POTTER ST. CAMBRIDGE, MASS.

Representatives
Chicago, New York City, Los Angeles

Proceedings

I-RE
The Basic Magazine
of Radio Research
and Engineering

A MONTHLY
PUBLICATION

Institute of Radio Engineers

By Engineers-For Engineers

We will be grateful if

you will mention Pro-

ceedings of the I.R.E.

when writing to these

advertisers.

l'n,c,,dirtlls of the 1.1e.E. nr,d Wave unl Ele 00,1 .11,0', 13



POWERSTAT TYPE "LC"
The annoyance of off -nominal line voltage in production testing, laboratory

investigation and factory processes can be eliminated by use of POWER-

STAT Variable Transformers type LC ... LINE CORRECTORS ...

This equipment consists of a POWERSTAT Variable

Transformer in conjunction with a fixed ratio

auxiliary transformer for bucking or boost-

ing the line. With this equipment

high current loads can be eco-

nomically and smoothly

controlled. By sim-

ple adjustment of

the POWERSTAT the line

voltage can be conveniently

restored to the correct value. The

line corrector is also well suited for control

of voltages over limited range.

Consider the ... POWERSTAT Line Correctors ...whenever an

exceedingly smooth control of voltage is required over a... limited

voltage range... Standard types are available for manual or motor oper-

ation and when necessary special units can be designed to your specifications.

Send for Bulletins ER

SUPERIOR ELECTRIC COMPANY
785 LAUREL STREET,
PI ntTedings of the 1.R.E. and ra.rs and Llectrons May, 1946
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NEW ENGINEERING
NEW DESIGN  NEW RANGES

30 RANGES
Voltage: 5 D.C. 0-10-50-250-500-1000

at 25000 ohms per volt.
5 A.C. 0-10-50-250-500-1000
at 1000 ohms per volt.

Current: 4 A.C. 0-.5-1-5-10 amp.
6 D.C. 0-50 microamperes -
0 -1-10-50-250 milliamperes-
0 -10 amperes.

4 Resistance 0-4000-40,000 ohms -4-
40 megohms

6 Decibel -10 to +15, +29, +43,
+49, +55

Output Condenser in series with
A.G. volt ranges

VIODEL 2405

Volt Ohm
Milliammeter

2i5,000 OHMS VOLT D.C.

SPECIFICATIONS
NEW "SQUARE LINE" metal
case, attractive tan "hammered"
baked -on enamel, brown trim.
MI PLUG-IN RECTIFIER-

replacement in case ofoverloading is as simple as
changing radio tube.

READABILITY-the most
readable of all Volt-Ohm-

Milliarsmeter scales -5.6 inches
long at top arc.

Model 2400 is similar by! has D. C. volts
Ranges at 5000 ohms per volt.

Write for complete description

ripiett
ELECTRICAL INSTRUMENT CO.

BLUFFTON II OHIO

tiodiee a "Pocket -Size" OSCILLOSCOPE

ZPOCKETSCOP

 So SMALL in size (4" x 51/2" x 10")

 So LIGHT in weight (51/2 lbs.)

 So COMPLETE in performance

 So INEXPENSIVE in price ($55 net)

 Plus WIDE-ANGLE VISION: on
shelf, on floor, on bench

 Plus RETRACTABLE LIGHT SHIELD:
for increased visibility

FOR DELIVERY :

POCKETSCOPE available,
contact us direct.

Contact your nearest job-

ber. If he doesn't have the
WATERMAN PRODUCTS CO.

INCORPORATED
Phila. 25, Pa.

See the
POCKETSCOPE

at the show:
Booth 26

Stevens Hotel
May 13-16

68A

WATERMAN PRODUCTS
Proceedings

ANOTHER
NEW ARK
sTOREI

Located at 212 Fulton St.,
New York 7, N. Y., another
big Newark Electronic Com-
pany store has been opened
to serve your radio and elec-
tronic needs. Stop in at the
new downtown New York
sure, which is managed by
HY Kahn, and you will find
the same competent person-
nel that has made buying at
other Newark stores a pleas-
ure.

NEWARK BARGAIN

SHEET AVAILABLE
Mail us your name and ad-
dress and we will send you
Newark Electric's famous bar-
gain sheet each month. Write
today. Address Dept. IR of
nearest Newark branch.

Newark fiffiglf
otg

115.111 W. 45th St. 04. 32$3 mpar.:

Pouched
(Adolph Gross)
New Yolk 19New

6

(Continued from page 62A)

"Fritter, A. 0., Trans -Canada Air Lines
Winnipeg, Manitoba, Canada

T ullos, F. N., 6715 Keller, Houston 12,
Tex.

Turner, G. C., 148 Zetland Rd., Doncaster,
England

Tuttle, A. D., 61 Exeter St., Wollaston 70,
Mass.

F., Jr., 158 N.E. Fifth St., Miami 36,
Fla.

Van Etten, J. P., 3815 Warren St., N.W.,
Washington, D. C.

Walter, J. K., c/o Mrs. J. E., Tomlinson,
1515 Alton St., Pittsburgh 16, Pa.

Warren, J. B., 49 Maplewood Ave., Dobbs
Ferry, N. Y.

Warwick, G., Cable and Wireless Ltd.,
Nairobi, Kenya, East Africa

Wells, C. H., Ordnance Research Labora-
tory, State College, Pa.

Wertz, H. J., RFD 3, Hamburg, N. Y.
Westcott, H. H., 938 Mercer St., Glou-

cester, N. J.
Wonnell, T. S., 502 E. 23 St., Indianapolis,

Ind.
Wright, J. F., Jr., 923 Harrison St., Lynch-

burg, Va.
Zavitz, E. G., 65 Jacqueline St., London,

Ont., Canada
Ziolkowski, A., 73 Richards Ave., Dover,

N. J.
of the I.R.E. and Waves and Electrons May, 1946



SOUND EQUIPMENT-precisionized-mechanically and electronleally-bar finer perinrilitinee

Soutedcota

ktome

From now on your station announce-
ment must be relied upon to convince
your listeners that your program is re-
corded-not alive.

Why? Because there will be no tell-
tale rumble, noise or 'wows' from the
turntable. Rumble -free performance is
assured through the unique method of
mounting the famed Fairchild drive.
This drive with its synchronous motor
is mounted in a heavy casting in the
base of the cabinet It is connected to
the turntable by means of a hollow
shaft equipped with mechanical filters.

Vertical vibration is eliminated by
mounting the turntable in a heavy cast
aluminum panel on the top of the sol-
idly constructed cabinet

WOW' is reduced to a minimum at
either 33.3 or 78 rpm by the patented
Fairchild direct -from -the -center, two -
speed drive. Evenness of speed is as-
sured by a carefully calculated loading
of the drive mechanism that keeps the
motor pulling constantly, by precision
control of all alignments that might
cause intermittent grab and release.

In addition, all of the natural beauty

FOR IMPROVED

PERFORMANCE

UNIT 542
LATERAL DYNAMIC PICKUP

Unit 524
Transcription
Turntable

of recorded music or speech can be re-
produced with full naturalness on the
new Unit 524 Fairchild Transcription
Turntable when equipped with the
Fairchild Unit 542 Dynamic Pickup
described below. The 'floating' pickup
arm practically eliminates record wear
to add long life to your library of fine
recordings.

Arrange to see the new desk -high
Unit 524 Fairchild Transcription Turn-
table. Examine it closely. Listen to it
critically. Address: 88-06 Van Wyck
Boulevard, Jamaica 1, New York.

CAMERA

AND INSTRUMENT CORPORATION

Si 0 N II
E 0 I. I PM ENT

Earlier FAIRCHILD portable models
and many other types of recorder -play-
backs will give vastly improved per-
formance if equipped with an adapter
and an improved Fairchild Pickup and
Cutterhead.

UNIT 541 Write for complete information.
MAGNETIC CUTTERHEAD

Proceedings of the I.R.E. and Waves and Electrons May, 1946



Professional
Cards

W. J. BROWN
Electronic 6' Radio Engineering Consultant
Electronic Industrial Applications, Com-
mercial and Broadcasting Transmitter and

Receiver Design, Teat Equipment, etc.
23 years experience in electronic

development
1420 East 25th St., Cleveland 14, Ohio

Superior 1241

EDWARD J. CONTENT
Acoustical Consultant

and
Audio Systems Engineering, FM Standard
Broadcast and Television Studio Design.
Roxbury Road Stamford 3-7459

Stamford, Conn.

R. A. DINZL
Electronic Consultant

Ultra High Frequency Transmitters and Re-
ceivers, Pulse Modulation, Broadcast Studio
Circuits and Equipment Selection.

648 Nottingham Place
Westfield, N.J. TeJephone 2-4539

STANLEY D. EILENBERGER
Consulting Engineer

INDUSTRIAL ELECTRONICS
Design-Development-Models

Complete Laboratory and Shop Facilities
6309 -13 -27th Ave.

Kenosha, Wis. Telephone 2-4213

F. T. Fisher's Sons Limited

Consulting Engineers

Broadcast Transmitters, Antenna Systems,
Studio Equipment, Mobile and Fixed Corn
munication Systems.

1425 Dorchester Street W., Montreal

FRANK MASSA
Electro-Acoustic Consultant

DEVELOPMENT PRODUCTION DESIGN
PATENT ADVISOR

ELECTRO-ACOUSTIC & ELECTRO-MECIIANICAL
VI BRATI NG SYSTEMS

SUPERSONIC GENERATORS & RECEIVERS
3393 Dellwood Rd., Cleveland Heights 18, Ohio

M. F. M. Osborne Associates
Consulting Physicists

Fluid Dynamics, Mechanics, Electronic De-
sign, Electromagnetic and Acoustic Wave
Propagation, Mathematical Analysis.

703 Albee Bldg., Washington 5, D.C.
ATlantic 9084

ADVERTISER'S INDEX
Section Meetings
Membership
Positions Open
Positions Wanted

36A
42A
50A
48A

Aerovox Corp.
. 28A

Aireon Mfg. Corp. 10A, I IA
Alliance Mfg. Co. 43A
American Lava Corp. 9A
American Phenolic Corp. 23A
American Transformer Co. 30A
Amperes Electronic Corp. Cover II
Andrew Co. 38A
Arnold Engineering Co. 46A
Astatic Corp. 48A

Ballantine Labs., Inc.
Barker & Williamson
Bell Telephone Laboratories

54A

50A
6A

Bendix Aviation Corp. (Radio Div.) 45A
Bird Electronic Corporation
Boonton Radio Corp.
W. J. Brown

44A
64A
70A

Callite Tungsten Corp. 37A
Cambridge Thermionic Corp. 60A
Centralab 7A
Chicago Transformer Corp. 52A
Cinaudagraph Speakers, Inc. 10A
Clarostat Mfg. Co. 64A
Sigmund Cohn & Co. 56A
Collins Radio Co. 55A
Edward J. Content 70A
Continental -Diamond Fibre Co. 65A
Cornell-Dubilier Electric Corp. Cover III
Cornish Wire Co. 42A
Crystal Research Laboratories, Inc. 58A

DeMornay-Budd, Inc. 27A
R. A. Dinzl 70A
Allen B. DuMont Labs., Inc...... I4A, 53A
E. I. DuPont de Nemours & Co., Inc. 60A

Eastern Engineering Co. 66A
Stanley D. Eilenberger 70A
Eitel-McCullough . 72A
Electrical Reactance Corp. 56A
Electronic Mechanics, Inc. 49A
Electronics Research Publishing Co. 64A
Erie Resistor Corp. 39A

Fairchild Camera & Inst. Corp. 69A
Federal Tel. & Radio Corp. IA
F. T. Fisher's Sons 70A

General Aniline & Film Corp. 4A & 5A
General Electric 2A & 3A
General Radio Co. Cover IV

Hammarlund Mfg. Company, Inc. I 5A
Harvey Radio Laboratories, Inc. 33A

ALBERT PREISMAN
Consulting Engineer

Television, Pulse Techniques, Video
Amplifiers, Phasing Networks,

Industrial Applications
Affiliated with

MANAGEMENT TRAINING ASSOCIATES
3308 -14th St., N.W. Washington 10, D.C.

Hewlett-Packard Company 47A
Hytron Radio & Electronics Corp.

. 19A

Insulation Manufacturers Corp. 41A
International Resistance Co. 8A
International Tel. & Tel. Corp. IA
E. F. Johnson Co. .. 62A

Kaar Engineering Co. 5IA

Langevin Company, Inc. 57A
Lewis Electronics I IA

Frank Massa 70A
Measurements Corp. 58A
Mycalex Corporation of America 2IA

National Company, Inc. 20A
Newark Electric Co. 68A
North American Philips Co., Inc. 3IA

Ohmite Mfg. Co.
M. F. M. Osborne Associates

34A

70A

Albert Preisman 70A
Premax Products 62A
Press Wireless Manufacturing Corp. 25A
Presto Recording Corp. I3A

Radio Corporation of America 32A, 7 I A
Rauland Corp. I 6A
Rawson Electrical Institute Co. 66A
Remler Co. Ltd. 50A
Revere Copper & Brass, Inc. 12A
John F. Rider, Publisher 66A

Sperry Gyroscope Co., Inc. 35A
Sprague Electric Company IBA
Stackpole Carbon Co. 22A
Standardard Transformer Corp. 40A
Stupakoff Ceramic & Mfg. Co. 29A
Superior Electric Co. 67A
Sylvania Electric Products 63A

Triplett Electrical Inst. Co. 68A
Tung -Sol Lamp Works, Inc. 24A
Turner Co. 59A

United Transformer Corporation I 7A

Waterman Products 68A
Western Electric Company 26A
Weston Electrical Inst. Corp. 6IA
Harold A. Wheeler 70A

Paul D. Zottu 70A

HAROLD A. WHEELER
Consulting Radio Physicist

Radio - Frequency Measurements
Special Antenna Problems

Wideband Amplifiers and Filters
259-09 Northern Boulevard

Great Neck, New York Imperial 445

Paul D. Zottu
Consulting Engineer
Industrial Electronics

High Frequency Dielectric and Induction
Heating Applications, Equipment Selection.
Equipment and Component Design, Develop-
ment, Models.
314 Washington St., Newton, Mass. BIG -9240

70A
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RCA airborne television will bring you thrilling news events that could not otherwise be "covered --while they are happening.

You/1 see news in the making- through Television

Imagine! A helicopter is "covering"
the story of a man marooned on a
burning building. Sitting at your home
television receiver, you will get the
same eye -witness view as though you
were riding along in the nose of the
plane!

To develop equipment compact
enough to fit into a plane was a major
problem. But RCA -NBC scientists
and engineers in co-operation with the
U. S. Navy did it-and airborne tele-
vision became a wartime reality.

This portable equipment has many
peacetime uses-and may lead to de-

velopment of a "walkie-lookie" with
which a radio or news reporter might
cover a story by television as readily
as a news photographer does now
with a camera.

Such progress -making research goes
into each and every RCA product-
and is your assurance that anything
bearing the RCA or RCA Victor em-
blem is one of the finest instruments
of its kind that science has achieved.

Radio Corporation of America, RCA Build-
ing, Radio City, New York 20... Listen to The
RCA Victor Show, Sundays, 4:30 P.M., East-
ern Standard Time, over the NBC Network.

A television -eye- in the nose of a
plane! Besides covering news events
by plane, automobile or boat, such
revolutionary equipment developed
by RCA and NBC, can make accurate
geographical surveys from planes
flown by remote control. Moreover,
similar television equipment can ob-
serve hazardous manufacturing
processes from a safe distance.

RADIO CORPORATION of AMERICA
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THE COUNTERSIGN OF
DEPENDABILITY IN ANY
ELECTRONIC EQUIPMENT

221:

..... ... ....

EIMAC 3 X 2 5 00 A3

Illustrated is an experi-
mental 3 KW FM coaxial
grounded grid amplifier
section with the Eimac
3X2500A3 in the socket.

READY FOR FM N ii141/ 3500 watts (useful*) outputvy at 88 to 108 mc

The radical and efficient mechanical design of this new Eimac
external anode triode makes it ideal for use in any type trans-
mitter circuit. For example, note in the illustration above
how well the arrangement of the terminals enables it to fit
into a grounded grid amplifier. Its design features will be
very much appreciated in the efficient layout of FM trans-
mitters-grounded grid or neutralized. In typical grounded
grid operation at 110 mc, the Eimac 3X2500A3 will provide
3Y2 KW of useful* output with only 3000 volts on the plate.
Furthermore, only 800 watts (approx.) of driving power are
required for such operation. To get your FM transmitter on
the air quickly and efficiently, use the new Eimac 3X2500A3
tube-tried and proven for the job. Complete technical data
is available now.
'Power actually delivered to the load.

FOLLOW THE LEADERS TO

etarilefs

1151-i

EITEL-McCULLOUGH,
1151-1 San Mateo Ave., San Bruno, Calif.

Plants located at: San Bruno, Calif.
and Salt Lake City, Utah

Export Agents: Frazer & Hansen, 301
Cloy St., Son Francisco 11, Calif., U S A.

Typical Operation (110 mc., 1 tube)

D -C plate voltage 3000 volts
D -C plate current 1.6 amps.
D -C grid voltage -350 volts
D -C grid current . 250 ma.
Driving Power (Approx.) . 800 watts
Plate dissipation (Approx.) . . 1500 watts
Total power output (Approx.) . 3800 watts
Useful power output 3500 watts

CALL IN AN EIMAC REPRESENTATIVE FOR INFORMATION
ROYAL J. HIGGINS (W9A10) ... 600
S. Michigan Ave., Room 818, Chicago 5,
Illinois. Phone( Harrison 5948.

11.0.JINSEN,O I Sales Co
2616 Second Ave., Seattle I, Washing-
ton. Phone: Elliott 6871.

ON (W5C1)...1124
Irwin  Kessler Bldg., Dallas I, Texas.
Phone: Central 5764.

ADOLPH SCHWARTZ (W2CN)... 220
Broadway, Room 2210, New York 7,
N.Y. Phone: Cortland 7-0011.

HERB BECKER (W6QD). .1406 S.
Grand Ave., Los Angeles 15, California.
Phone: Richmond 6191.

TIM COAKLEY (WIKKP)...II Beacon
Street, Boston 8, Massachusetts. Phan,.
Capitol 0050.

CAUTION!
Check serial numbers on Eimac tubes before you buy. Be sure
you're getting newest types. Look for latest serial numbers.
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EVEN THE TINIEST COMPONENT 1S important. Like capaci-

tors. If they "sit in" and do exactly the job you've
visualized for them, your final product performs
as planned.

That doesn't mean-make a major issue of capaci-
tor purchases! Buy the kind you don't have to worry

about . . . the kind we make at Cornell-Dubilier.
They're inconspicuous, because they're so dependable.

If you have a special capacitor problem, our
engineers can turn their thinking to it immedi-
ately. Consult us. Cor-
nell-Dubilier Electric
Corporation, South
Plainfield . N. I. Other
plants in New Bedford,
Providence, Brookline
and Worcester.

Others have tried to build capacitors like C -D's.
They can imitate, but not duplicate. Because it's more

than the paper and foil we use that makes C -D's dif-

ferent. It's the experience and engineering flexibility
that comes of having made more capacitors of more
different designs than anyone else. When you buy C -D,

you buy a helpful amount of "freedom from worry".

CORNELL- DUBILIER

CAPACITORS



for Measuring
Complex

Waveforms

THIS analyzer offers the simplest,most accurate
and most direct method of measuring the

amplitude and frequency of the components of
any complex electrical waveform.

It is ideally suited to hundreds of harmonic-

distortion measurements on such equipment as
any type of audio apparatus; broadcast receivers
and transmitters; telephone and public address
systems, oscillators, amplifiers and other vacuum -

tube circuits; hum measurements in a -c operated
communication equipment; harmonic studies of
electric power systems and electric machinery;
induction studies on telephone lines.

In its essentials this analyzer consists of a
heterodyne -type vacuum -tube voltmeter with a
highly selective filter using three quartz crystals.
At only 60 cycles from resonance the attenuation
is down by 75 decibels, yet tuning is very easy
by virtue of the 4 -cycle flat top characteristic at
resonance. Standards for both voltage and fre-
quency are built into the analyzer and can be
used to check its calibration at any time.

The frequency range is 20 to 16,000 cycles and
the voltage range 300 microvolts to 300 volts
full scale. The instrument is completely a -c

operated and has no pickup from external
magnetic fields.

TYPE 736-A WAVE ANALYZER . . . $720.00
WRITE FOR COMPLETE DATA

GENERAL RADIO COMPANY
90 West St., New York 6

Cambridge 39, Massachusetts
920 S. Michigan Ave., Chicago 5 1000 N. Seward St., Los Angeles 38


