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THE OPERATION

Induction hardening of 17" five-blode
lawn mawer reel ossemblies at REQ
MOTORS INC., lan{ing, Michigan.
Discarded method: 15 per hour. New
method: one a minute ar 300% gain
in production. Problems of scale for-
mation and warpage, formerly cosily
and unpredictable, now negligjble.
Additional savings in other depart-
ments such as complete ossembly af
blades, spiders and shaft up to fin.
ished grind.

THE

AMPEREX TUBES

THAT DO THE JOB!

Four Amperex TYPE S7SA Recti:

fiers: Mercury Vapor, High Voltoge
An originol Amperex contribution

porticularly noted far reliabllity
ond long life. Peok inverse volt-
oge, rating, 15,000; Plate cur-
rent rating, 1.5 Amps,

i tioh
C high frequency inducti

4 oN‘ L ute of OP°
wodel "1070” THER M. of 1070 BTV PET N0 7
with an outPY of 375,000 ¢¥eie™ Twa Amperex TYPE 892 Oscilla-
gel\gro"" 20 KW ot © 'reque'\“y X |ob\e'wi|\'\ ""“P“e tars: three-electrode, water-cooled
pro:i"‘c"e‘y osition outlomotic e - Al equiP’ externol copper anode; standard for
seconss A MOE atial, speed? sy |N|)|.K:.“°N seasigiion ot M\ nosley Myiedd
_|he-bll"°" o diUI'Ed by N Y. dissination conservotively rated
Y designed © RS N, NEW YORK 3. N SUOfEW;
ment desi “PoaA‘ﬂo .
G
HEATIN

Induction heating may be the answer to your equipment, AMPEREX TUBES are vital for perfor- |

hardening, brazing, melting, forging and an- mance, long life and economy. As tube special- |

nealing problems. In induction heating as in all ists concerned with all electronic developments

industrial, communication, rectification, electro- Amperex engineers are in a position to give '

medical, special purpose and experimental detached counsel and information. L

Write Amperex Application Engineering Department \ I
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‘ Newest product of Bendix F]ighr.ﬁﬁgii{eering'—’—“the NA-2 ADF Svstem -developed by the same

b engineers who designed the world-famous MN-31 and NA-1 ADF Systcms—meets aviation’s 1n-
creasing need for improved long-range performance, reduced air drag and weight with increased
flexibility of installation. Elimination of loop and antenna transmission lines and use of a complete,
miniature RF tuning unit adjacent to the miniature,, tuned loop and sense antenna results in
greatly improved sensitivity over other ADF systems. ’

The NA-2 System is particularly well-adapted to large aircraft installations due to circuit
arrangements permitting grouping of the loop, sense antenna and miniature RF unit 100 feet or
farther from the MN-75A IF-AF unit, which contains the i.f., audio, power and automatic loop
control circuits. Remote control may be located at any desired distance from associated equipment.
The Bendix electrical tuning system provides smooth, finger-tip control without the undesirable

“lack lash” characteristic of mechanical remote tuning

— systems nor the “overshooting” of earlier electrical |

N7 OA tuning systems employing “left-right” switches or

MATER S O rheostats. Hermetic sealing of the loop and other com-

ponents assures long life and trouble-free operation with

mn-aea a minimum of maintenance,
MINIATURE / ‘
TUNED LOOP |

%

MN-SBA
INDICATOR
{DUAL ADF}

MN-74A
| REMOTE CONTROL

MN-BT7A ANTENNA

ENCLOSED IN MN-34A i MNEERS
HOUSING WITH LOOP INDICATOR i IF-AF UNIT AND MR-74CA
i (SINGLE ADF) & MOUNTING BASE .
. . . Eaiedl—— Sl —
| STANDARD FOR THE AVI
L - e | o N e S o Proes el
= BENDIX RADIO DIVISION
BENDIX RADIO) BENDIX AVIATION CORPORATION .
e 8 BALTIMORE 4, MARYLAND AVIATION CORPGRATION

Proceepings or Tine LR.E., March, 1947, Vol. 35, No. 3. Published monthly in two sections by The Institute of Radio Engincers, Inc., at 1 East
79 Street, New York 21, N.Y, Price $|.Sd per copy. Subscriptions: United States and Canada, $12.00 a year; foreign countries $13.00 a year. Entered
as second class matter, October 26, 1927, at the post office at Menasha, Wisconsin, under thc act of March 3, 1879. Acceptance for mailing at a
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The ocean, long a barrier to spoken com-
munications, was conquered when
Bell System engineers designed,
built, and operated the transmit-
ter which first sent the human
voice across the Atlantic
and Pacific.

A VWestern Electric transmitter was used
in one of the pioneer ship-to-shore
radiotelephone experiments. Thir-
teen yeare later the first regular
commercial service was estab-
lished with Western Elec-
tric equipment.

With the first airborne transmitter,
Western Electric demonstrated two-
way radiotelephonebetween a plane
in flight and the ground. From
this earliest experiment came
commercial airline equip-
ment in 1930.

Western Electric radio became a part
of the nation’s telephone system when
it was used to connect Catalina
Island to the mainland. Seven
years later, the Bell System
offered commercial radio-
telephone service to
Europe.

Western Electric manufactured and
installed the first "high power”
(500 Watt) commercial broad-
cast transmitter — for the
Detroit News Station
WWJ.

Transmitter designed by Bell Labora.
tories first used for one-way contact
with policecars.Policeused Western
Electric fixed station transmitters
as early as 1922, and two-way
mobile equipment
from 1935.

From the basic developments pic-
tured at the left, the team of Bell
Laboratories and Western Electric
continued to set the pace with the
best in transmitting equipment.
Amongthe later advances pioneered
by this team were:

1928. The first 50 kiv commercial broadcast
transmutter, built by Western Electric, in-
stalled at WLW, Cincinnati, Ohio.

1935. A 50 kw Western Electric AM trans-
mitter installed at WOR was the first to
incorporate the Bell Laboratories-designed
stabilized feedback circuit, since accepted
as a broadcasting standard.

1937. The first single sideband transmitter
was introduced for long distance.point-to-
point communications. The world-wide mil-
itary communications network used in the
war came directly from this development.

1938. Flying tests of the first VHF aircraft
transmitter showed relatively static-free
communication at all times. Modifications
of the original Bell Laboratories design
were used for basic Army-Navy aircraft
radiotelephony in World War II.

1940. The first Synchronized FM transmitter
installed at WOR enabled broadcasters to
put top-quality FM programs on the air and
keep them on their assigned frequency.

1941. First FM transmitter to use grounded

plate amplifier circuit was Western Electric
10 kw installed at WOR.

194). Twelve talking channels adjacent to
each other, available for the first time on
a single radio frequency band, used to
connect telephone lines on either side
of Chesapeake Bay. Envelope feedback
developed by Bell Telephone Laboratories
and applied to the carrier technique in
radio telephony made this possible.

—QUALITY COUNTS—
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The experience gained during the war, when the
Bell Laboratories- Western Electric team was the
largest supplier of communications equipment,
added greatly to the skill and knowledge acquired
through 30 years of transmitter devclopment.

This background, plus unequalled research and
manufacturing facilities, provides assurance that there
arc no finer transmitters than those designed by
Bell Telephone Laboratories and built by Western
Electric—whether for AM or FM broadcasting,
point-to-point radiotelephony, or any type of com-
munication or mobile service.

1943. The ARC-1, a crystal con-
trolled ten frequency transceiver,
used by the Navy’s fighter planes
during the war, has been accepted
asstandard VHF equipment by U.S.
airlines. Provides nine plane-to-
ground frequencies and one plane-
to-plane frequency.

1947. The new TRANSVIEW design
FM transmitter, being produced in

1947, The Western Electric 238- 1,3 aud 10 kw units, for the first

type mobile radiotelephone system
is providing dependable Bell Sys-
tem service between vehicles and

time provides the operator with
an unobstructed view of all tubes
while in operation. Incor-

any wire telephohe in a growing
number of cities and along trunk
highways.

porates Bell Laboratories-

developed synchronized e )ttt
frequency control. = ﬁ _6_5’
GraybaR

OFIICES 1M 93 PRINCIPAL CITNIS

BELL TELEPHONE LABORATORIES

World's largest organization devoted exclusively to rescarch
and development in all phases of electrical communications.

Western Electric

Manufacturing unit of the Bell Svstemn and the nation's lurgest
producer of communications equipment.
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COMPACT VERSATILITY
for 10 KW at 110 MC

Mounted in a 19-in. relay rack as illustrated
above, two Eimac 3X2500A3 triodes arc regularly
pushing more than 10 kw of useful output power into
a water-cooled load in the Eimac testing department.
As measured, 12,500 watts is being delivered at 110
mc. The tubes are operating class C in a grounded-
grid circuit, which requires no neutralizing and gives
an apparent overall efficiency of 90 per cent. Circuit
losses are reduced to a minimum by the usc of low
plate voltage. The 3X2500A3's deliver 12.5 kw at
only 3500 plate volts.

So compact are the 3X2500A3 triodes (see inset
closcup) that the entire final amplifier and driver can
be housed in the equivalent space of two five-foot
racks. The driver section, as shown at the right, pro-
vides 3 kw of driving power with four of Eimac’s new
4X500A tetrodes in a push-pull parallel circuit. The
low plate-voltage requirements of the 3X2500A3 also
permit use of a common power supply for driver

and amplifier.
4A

amplifier, above,
and detail of Eimoc 3X2500A3 triodes in finol stoge.

Combinotion plate lines ond air ducts simplify cooling.

Simple compact transmitter design is now
made possible in the higher power brackets of
the new f-m band. The Eimac 3X2500A3 offers
a number of design advantages such as low
driving power, low plate voltage, functional
electrode terminations, and tool-less installation
and removal. Write for full particulars.

EITEL-McCULLOUGH, INC.,1363J San Mateo Ave., San Bruno, Calif.

ExportAgents: Frazarand Honsen, 301 Cloy Street, Son Francisco 11, Colif.,U.S.A.

Follow the Leaders fo
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BIG POWERINA V. _
SMALL PACKAGE +

Besides the ability of a pair to produce
122 kw of useful power output at 110
mec, the Eimac 3X2500A3 fills the bill for:

INDUSTRIAL HEATING . .. High power output at low
plate voltage combines process speed and cfficiency with
safety to personnel. Low voltage is an additional advan-
tage in tough industrial surroundings involving dust, dirt
and moisture.

AUDIO AMPLIFICATION. .. Low plate resistance of the
Eimac 3X2500A3 gives it excellent qualifications for use
as a class-B modulator tube.

SUPERSONICS . .. Low voltage and high power with
small driving power requirements combine to make an
cfficient and economical tube for application to low-
frequency work as well as operation in the vhf region.
This makes it just the tube for high-power applications in
the supersonic frequencies.

W EIMAC
3X2500A3
TRIODE

Outstanding features of the Eimac 3X2500A3 triode include:

FILAMENT. .. Thoriated tungsten for high electron emis-
sion at low temperature and long useful life.

GRID. .. One hundred per cent uscful grid area, with no
interfering support structure. Grid wires specially
treated by exclusive Eimac process exhibit suppressed
primary emission for precise control and stability and con-
trolled secondary emission for low driving requirements.

THE COUNTERSIGN OF DEPENDABILITY
IN ANY ELECTRONIC EQUIPMENT

PROCEEDINGS OF THE LR.E. March, 1947

ANODE . . . External type with vertical-finned cooler of 2
size which facilitates combination of plate lines and air
ducts, at the same time providing ample cooling without
the need for either high air pressures or inconveniently
large volumes of air. Sufficient cooling of the entire tube
can be conveniently performed with only one blower. Low
plate voltage gives high circuit efficiency, reduces power
supply costs, minimizes operating failures by arc-over, and
increases safety.

LEADS ... Heavy cylindrical leads have low inductance
and high current capacity. They make shielding easy and
work well with coaxial lines. Tubes can be inserted and
removed without tools.

GET FULL INFORMATION...Write for complete
application data on the Eimac 3X2500A3 triode.

Sa
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Meissner Coils, long the accepted standard for engineers
who insist on high quality performance, are designed to
meet your most exacting requirements. Precision-made,
these superior components are backed by a 24 year

reputation for quality and uniformity in manufacture.

A complete line, including Air Core Plastic I. Fs, Iron Core

Plastic I. Fs and standard |I. Fs. Send for free catalog.

Available Soon!

|

The new Hazeltine Combination AM-IF and FM-IF Single Unit Coils. The

answer to space and production problems in the design of AM-FM receivers.

WRITE
FOR FULL [T

NFORMATION

0A

I I' B UTOR AND
LES DEPARTMENT

MAGUIRE INDUSTRIES, ...

936 N. MICHIGAN AVENUE - CHICAGO 11, ILLINOIS
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LABORATORY

A

INSTRUMENTS

R.M.S.VOLTS

FOR SPEED AND ACCURACY

MAXIMUM ACCURACY ON

06

A

A0 g

DECIBELS - 1 MW. 600 Q@

2

0
X2

-hp- 400A VACUUM TUBE

10 cps to 1 mec.

There’s an almost limitless number
of uses for this practical, wide-band
-hp- voltmeter in today’s laboratory,
plant, production line, electrical or
electronic installation. Power or car-
rier circuit voltages, capacity,hum and
output level, amplifier gain, network
response, audio to video voltages—
this -hp- model 400A quickly and
accurately measures them all. The
simple panel control gives you in-
stantaneous choice of 9 direct reading
voltage and decibel ranges. Each
decibel range is related to the next
by a 10 db interval.

For greatest precision in voltage
measurement, this -hp- 400A volt-
meter has an open, easily-read linear
scale. Because of generous overlap
between ranges, it is always possible
to make readings well up on the scale,
thus minimizing meter frictional

VOLTMETER

Precise, Swift Measurements
between .005 and 300 volts,

errors. Tedious switching during a
series of measurements can always
be eliminated by selection of the
proper range. The linear scale meter
is exceptionally rugged, and will
maintain its high degree of accuracy
over a long period of time, despite
hard knocks in the field.

The overall accuracy of the -bp-
400A voltmeter is within 3% to 100
kc; 5% to 1 mc. Variations caused by
changing line voltage or aging tubes
affect readings less than 3%. Input
impedance of 1 megohm enhances
exactness of measurement because
circuits under test are not disturbed.
And overloads 100 times normal do
not appreciably affect performance of
this light, compact instrument.

Write or wire today for further
details. Immediate shipment can be
made from stock.

HEWLETT-PACKARD COMPANY

1358D PAGE MILL ROAD

PALO ALTO, CALIFORNIA

THIS -hp- LENEAR SCALE

These -hp- Representatives
Are at Your Service

CHICAGO 6, ILLINOIS
Alfred Crossley
549 W. Randolph Street
State 7444

DENVER 10, COLORADO
Ronald G. Bowen
1886 South Humboldt Street
Spruce 9368

HIGH POINT, NORTH CAROLINA
Bivins & Caldwell
134 West Commerce Street
High Point 3672

HOLLYWOOD 46, CALIFORNIA
Norman B. Neely Enterprises
7422 Melrose Avenue
Whitney 1147

NEW YORK 7, NEW YORK
Burlingame Associates Ltd.
Il Park Place
Worth 2-2171

TORONTO 1, CANADA
Atlas Radio Corp. Ltd.
560 King Street West
Waverley 4761

Export Agents: Frazar and Hansen, 301 Clay Street, San Francisco 11, California, Y. S. A.

Power Supplies » Frequency Standards » Amplifiers » Electronic Tachometers » Noise and Distortion Analyzers + Audio Signal Generators « Attenuators
Frequency Meters » UHF Signal Generafors « Square Wave Generators « Audio Frequency Oscillators » Wave Analyzers » Vacuum Tube Voltmeters
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/5 PROVES IT!

——
—

P Guondt

FREQUENCY
MULTIPLIER
"M 12

75 MIGROSEACSO';D‘ ‘) M o D U I. AT l o N

Thl

S L€ PHASE SHIFTER gy ——RF

SIS

SING
CRYSTAL OSCILLATOR

cASCADMEO
FT
sH 6 STAGES

CRYSTAL
OSCILLATOR

PRE EMPHAS! \
i 010 FREQUENGY NETWORK |
.N\IERE'SNEG y AMPLIFIER
FREQU "

NETWORK

AUDIO
INPUT
iz
| \ PRE EMPHASIS V\
TWORK
INVERSE FREOUENCY : B
NETWORK AUDIO AMPUHER

BECAUSE IT:
I s B E T T E R e 0 . Features direct crystal control

. Gives the most desirable electrical characteristics
. Contains fewest circuits, fewest tubes

. Has the simplest circuits
. Is easiest to tune and maintain
a 3 . Has inbherently the lowest distortion level
AND ELIMINATES ALL:
Ty T R L E s

7. High orders of multiplication

8. Complex circuits

9. Expensive special purpose tubes
10. Discriminator frequency control circuits
11. Pulse counting circuits for frequency control
12. Motor frequency stabilizing devices

See your consulting enginecr and write for fully illustrated

Brcellonce in Electronics booklet giving complete technical data and information.
Write today to:

RAYTHEON MANUFACTURING COMPANY



entirely NEW and improved PHONOGRAPH

CARTRIDGE...the Model "QT.”

THIS “QUIET TALK” CARTRIDGE IS DESIGNED ESPECIALLY

Precious
Metal
Tip

Jewel

Tip

TYPE "QT" AVAILABLE

IN TWO MODELS
Model “QT-M” is sup-
plied with precious metal-
tipped stylus; Model “QT-
J” with sapphire-tipped
(Jewel) stylus. Both
models are identical in
every other respect.

UPON REQUEST

PROCEEDINGS O% THE I.R.E March, 1947

SPECIAL *“QT** LITERATURE AVAILABLE

FOR HOME USE AND IS EQUIPPED WITH A REPLACEABLE
NEEDLE OF THE MOST ADVANCED TYPE.

THE improved design of this needle, al-
lowing appreciably more vertical compli-
ance than has heretofore been possible,
results in a VAST REDUCTION in the amount
of surface noise which is ordinarily radi-
ated directly from the needle. Pleasing
reproduction and the absence of acoustic
noise, together with low order of distor-
tion, make the “QT” Cartridge ideally
suited for home use.

Simple Method Devised for the
Removal and Insertion of Needles

Needles in the “QT’* Caitiidge may be re-
moved quickly by placing knife blade beneath
needle and prying gently upward. Replace-
ments are made by inserting shank of needld
in socket and pressing down gently.

asTATIC) CORPORATION
PERE— - CONNEAUT ONIO

N CanaDa Canalian asPaliC 110 1OPONID ONTATO

Astalic Crystal Devices Manulacluted
patents.

under Brush Development Co

0a




& The Rauland VISITRON 10Fra/r6025

... the NEW Picture Tube with
~ Unprecedented Brilliance

NEW!
ALUMINIZED
REFLECTOR.sCREEN

.. Do
Highlighy, 5o ﬁ g Zf: Brilf;

I0FP4
AVERAGE CHARACTERISTICS
00 — =
Ef: 6.3 VOLTS 1

0
| PR [ | ||

5 . . 90 'ER SIZE * e le00
Specifications of the Raulond Visitron 10FP4/R6025 | "¥e fcuseo [ 1

{ ,
| I | 1
Heater Voltage 6.3 A.C. or D.C. 4 °°“"—L—‘——"‘ 51 $— +—+—ec0
- € » N
Focusing Method Electromagnetic ERD l J -mg
Deflection Electromagnetic " [ / %
Deflection Angle 50 Degrees :}: = " j ot
Phosphor P4 < s g 1/ = 0
B creeh Aluminized Reflector T e : &
2 o w | S
Bulb Diameter (Max.) 10%” at screen end & <0 & A . RSo0l2
- ] y [ [ o
Length 17%" + %" s .. | g Aileie | 8
Bt SmallShell Duodecal 7 Pin g g NN
Anode Terminal Cavity 20 f — :3 o0
Anode-Volts (Max.) 13,000 © T/ - 1
et ¥ s +—I &4 100
Anode Volts (Operating) | 9,000 | /4 ie |
External Coating (Optional): 500 mmf. L Ozgmvs-voufo 567
- WRITE FOR INTERESTING BULLETIN -
— , " - 3
" RADIO « RADAR + SOUND COMMUNICATIONS + TELEVISION|
Electroneering is our business
THE RAULAND CORPORATION ¢ CHICAGO 431, ILLINOIS
10a PROCEEDINGS OF THE LR.E. March, 1947
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Enhousted
Mount

Seoled-in
Mount £
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BIG TUBES MAKE LITTLE ONES

Thnt's right. Big power tubes help build little receiving tubes. Secret of the
electronic tube is its ability to pass a controlled stream of electrons through a
vacuum. During the intricate exhaust process, electronic jnduction heating assists
in creating that vacuum.

The induction heater (small illustration) is a 750-kilocycle, 6-tube, 10-kilowatt
power oscillator whose tank coil is coupled to the exhaust coils. Four of these
coils poised over Hytron 12SA7GT sealed-in mounts are caught by the camera a
split second before the exhaust machine automatically positions them around
the mounts.

High frequency current in the coils quickly heats red hot by induction the inter-
nal metal parts of the mounts. Gas driven off is sucked through the exhaust tube
of each mount by the vacuum pumps. Heater leads riding in the two circular
tracks supply filament power to activate each cathode. Also by induction heating,
vgetters" are flashed to absorb residual gasses. Fingers of gas flame finally melt
and seal off the exhaust tubes.

An intricate machine—assisted by electronics itself—performs the ticklish ex-
haust job easily, speedily. Again know-how supplants the element of human error
with the infallibility of the machine. Machine-paced, a sequence of finely-controlled
precision operations gives you Hytron tubes of typically uniform quality.

SPECIALISTS IN RADIO RECEIVING TUBES SINCE 1921

not, write for it today.

MAIN OFFICE: SALEM, MASSACHUSETTS

March, 1947

Hove you received your
copy of the new, compre-
henasive Hytron Miniature
Tube Reference Guide? 1




o
The full Revere facilities, including the

Revere Technical Advisory Service, are
made available to you through the
Offices listed here.

In addition Revere Distributors in all
parts of the country are eager to serve

you.

REVERE

COPPER AND BRASS INCORPORATED
Founded by Paul Revere in 1801
230 Park Avenue, New York 17, New York

Mills: Baltimore, Md.; Chicago, 11l.; Detrost, Mich.; New
Bedford, Mass.; Rome, N. Y.—Sales Offices in Principal Cities,
Distributors Everywhere,

DIVISION OFFICES AND MILLS

DALLAS DIVISION

2200 Na. Natchez Avenve
Chicago 35, 1.

Phone: Merrimac 2600
Teletype: CG 957

NEW BEDFORD DIVISION
24 North Front Street

New Bedford, Mass.
Phone: New Bedford 8-5601

Teletype: NB 87
CHICAGO MANUFACTURING

BALTIMORE DIVISION
P. O. Box 2075

1301 Wicomico Street
Baltimore 3, Md.
Phone: Gilmor 0222
Teletype: BA 164

MICHIGAN DIVISION
5851 West Jefferson Avenue
Detroit 9, Mich.

Phone: Vinewood 1-7350
Teletype: DE 237

ROME DIVISION DIVISION
Rome, New York 2200 No. Natchez Avenue
Phone: Rome 2000 Chicago 35, Il

Phone: Merrimac 2600
Teletype: CG 957

ROME MANUFACTURING
COMPANY DIVISION
Rome, New York

Phone: Rome 2800
Teletype: ROME NY 449

Teletype: ROME NY 447

MAGNESIUM-ALUMINUM DIVISION
P. O. Box 2075

1301 Wicomico Street

Baltimore 3, Md.

Phone: Gilmor 0222

Teletype: BA 164

—AT YOUR SERVI

N S ————— S PP S P

DISTRICT SALES OFFICES
At above Mill Points and in the following cities

ATLANTA 3, GA. LOS ANGELES 15, CALIF.

Phone: Riley 1322 Phone: Main 8372

I i
I ]
| I
| |
| |
| I
1 i 1
| Rhodes-Haverty Blidg 714 H
; w.
| Phone: Main 2142 ! Phone: RS:,Z,."::,'; ggl‘: :
: Teletype: AT 96 : . !
| BOSTON 10, MASS. | MILWAUKEE 2, WIS. I
| 140 Federal Street 1 626 E. Wisconsin Avenve !
] Phone: Hubbard 7190 |I" (E3Bneabtionguettel 1440 :
: BUFFALO 7, N. Y. ', Te\gypesiiati2on I
1807 E
| PhgneFS‘:ImOd Av;le;z | MINNEAPOLIS 2, MINN. !
1 : Delaware | Metropolitan Bldg. !
| EINCINNATI 2, OHIO I Phone: Atlantic 3285 :
| arew Tower
1 Phone: Main 0130 | NEW YORK 17, N. V. :
: Teletype: C1 171 : New York Central Bldg. |
| CLEVELAND 15, OHIO fl Lo s et !
| Midland Bidg. | ;hone: MUrray Hill 9-6800 |
1 Phone: Cherry 3930 - | eletype T 11232 I
: Teletype: CV 572 | PHILADELPHIA 3, PA. :
' DALLAS 1, TEXAS : Sixteen Sixteen Walnut St. Bldg. |
i Tower Petroleum Bidg. | Phone: Pennypacker 5-6133 |
Ph : :
I Tere,;jpgze,;lm;:bal : Teletype: PH 206 :
l babrol 30D | PITTSBURGH 19, PA. |
| Mutual Home Bldg. [ Suitbidg. :
I Phones: Hemlock 3271 & 8921 PR b 0 '
: Teletype: DY 107 jf. TEIEREL PeiSz2 :
| GRAND RAPIDS 2, MICH. : PROVIDENCE 3, R. I. I
I Keeler Building { Industrial Trust Bldg. ]
I Phone: Grand Rapids 9-3301 | Phone: Gaspee 8110 |
| Teletype: GR 376 | |
ST. LOU
l HARTFORD 3, CONN. ! 3908 o:'s Py :
i 410 Asylum Street | Phone: N-ve e ]
| Phone: Hartford 7-8174 S Ve I
| Teletype: HF 87 i FESELIA I
I HOUSTON 2, TEXAS I SAN FRANCISCO 4, CALIF. !
| Mellie Esperson Bldg. | Russ Bldg. l
: Phone: Fairfax 7932 : Phone: Sutter 0282 :
" INDIANAPOLIS 4, IND. I SEATTLE 1, WASH. |
: Circle Tower ! 1331 Third Avenye :
i |
|

10-1-46
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Whenever and wherever space is at a premium £ ]

in shavers, hearing aids, pocket radios, guid‘edI

missiles and other radio, electrical or electr‘nic

s ST T

R

devices . . . you can use one or more of thkse four

minijature products IRC ina
For complete information, inclu
ratings, materials, construct

for :comprg.hens.ivg ca

- products - which

MPM Resistors

14 watt for UHF. Resistance film permanently
bonded to solid ceramic rod. Length

only %"’ Diameter “”. Available
resistance values 30 ohms to 1.0 megohms.

TYPE H Fingertip Control

Composition volume or tone control.
Its 134" diameter and 2" overall
depth include knob and bushing,

INTERNATIONAL

401 N. BROAD STREET

IN CANADA; INTERNATIONA| S|

kes-by- e-million.

ng dimensions,
1¥n, tolerances, write
thlog bulletins, stating. .
pou are interested.

BTR Resistors

14 watt—insulated composition. Length
only %" Diameter *2". Resistance
range 470 ohms to 22 megohms
(higher on special orders).

—»C-A> wzo—q>~qwcrram--——-

S

1 ‘ !

z TYPE SH Fingertip Switch -

: ;

i Similar to TYPE H Control (left) in appearance.
E! 134 diameter. OFF and 3 operating positions.
RC

[}

i
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ANCE COMPANY

1A 8, PENNSYLVANIA

MP. , \TD,, TORONTO, LICENSEE
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THE HIGH-YOLTAGE COUPLING CAPACITOR
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Thanks to the development of the Sprague
High-Voltage Coupling Capacitor, one line
—the power line—can now provide both
power and telephone services in rural areas
on the Rural Electrification Authority
System.

When the entire rural catrier current tele-
phone program was stymied and about to
be junked for want of a safe, low cost
means of coupling telephones to a 7200
volt distribution line, Sprague came through.

The Sprague coupling capacitor is a safe,
low cost, hermetically-sealed, corona-free
coupling unit only one-tenth the size and
weight of other capacitor types formerly
considered for this purpose. It is glass
enclosed and completely weather proof.

Although operated on 7200 volt distri-
bution circuits in this case, Sprague High-
Voltage Coupling Capacitors will withstand

ten 1%2 x 40 microsecond test impulses
of 95 KV.

This .002 mfd. capacitor is conservatively
rated at 8700 volts, 60 cycle AC.

SPRAGUE ELECTRIC COMPANY

NORTH ADAMS MASSACHUSETTS

o P

—

HAVE YOU A COUPLING
CAPACITOR APPLICATION?

In furtheronce af their extensive
caupling copocitar reseorch, Sprogue
engineers will welcame the appar-
tunity ta discuss ather opplicotians
where high-valtoge units af this
generol type moy prave useful

vl

PIONEERS OF ELECTRIC AND
ELECTRONIC PROGRESS
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Specify These Federal Air Cooled Triodes
3,000 and 10,000 Watts per pair at 88°to 108 Megacycles

LEADING FM STATIONS all over the country report that these
Federal triodes are not only living up to—but far exceeding—
their exacting specifications, in day-after-day ‘performance on
the job.

To us at Federal, such service records are no surprise. Be-
cause long before these tubes were announced, they were sub-
jected to the most rigorous and exhaustive development tests at
the factory —for dependability, permanence of characteristics,
overload capacity and long life. And in production, every tube is
checked and double checked all along the line, from raw mate-
rials to finished product, to assure the utmost perfection of every
detail. For complete information, write today to Dept. K537.

in Canadai—Federal Hectric Manufacturing Company, Ltd. Montred.

Export Distributors:—International Standard Electric Corp. 67 Broad St., N, Y:Q

March, 1947

DATA—TYPE 7C26

Frequency, 88-108 Megacycles
(Max. Output up to 150 Mc)
Maximum

plate dissipation . ... 1000 watts
Filament voltage . . . . .. 9.0 volts
Filament current. . .. .. 28.0 amp
Amplification factor. ......... 22

Mutual conductance

20,000 Umhos
Cooling air requirements at
maximum dissipation .. .75 cfm

DATA—-TYPE 7C27

Frequency, 88-108 Megacycles
(Max. Output up to 110 Mc)
Maximum

plate dissipation. . . 3000 watts
Filament voltage . . .. ..16.0 volts
Filament current. .. .. .. 29.0 amp
Amplification factor. .. ..... .. 27

Mutual conductance
20,000 Umhos

Cooling air requirements at
maximum dissipation . . 175 cfm

‘Nework 1,
Neow Jersey

15a
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REAL ECONOMY
FOR SMALL SIZES
AND ODD SHAPES

.+« BETTER UNIFORMITY CHARACTERISTICS, GREATER MECHANICAL STRENGTH

Here is new help on permanent magnet problems—from one
of the largest, oldest and most widely experienced producers
of molded and sintered components in the industry,
Stackpole *Alnico Il offers notable economy in the pro-
duction of units up to two ounces. Odd shapes are a specialty.
Engineering recommendations based on your requirements
gladly submitted.
* licensed under G-E patents STACKPOLE CARBON coMPANYI STo MARYS, PA.
BRUSHES and CONTACTS (all carbon, graphite, metai and composition types) — IRON CORES — RARE

METAL CONTACTS —RHEOSTAT PLATES AND DISCS — CHEMICAL CARBONS — WELD|
— NG AND BRAZING
CARBONS —MOLDED PUMP and FLUID DRIVE SEALS — CARBON RHEOSTAT PILES — COIL FORMS, efc.. etc
’ 4 4

16A
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CUSTOM MADE TECHNICAL CERAMICS

For bonding metal to ceramics . . . or ceramics to ceramics

Prompt deliveries of Metalized AlSiMag Ceramics are
cutrently available due to completion of exponded fa-
cilities for this work.

Metalized AlSiMag Ceramics create a mechanically
strong join because the metal is fired to the ceramic.
According to your requirements, silver, gold or platinum
is used. Where desirable, copper or silver plating is
added to build up metal to the optimum thickness for
the individual application.

45¢th

AMERICAN LAVA CORPORATION

CHATTANOOGA 35,
YEAR OF

Sectionol view shows method of hermeticolly seol-
ing Shollcross precision cesislors vsing AlSiMog
metolized cores ond AlSiMag metolized shells

Metalized AlSiMag Ceramics can be soft solder sealed
to other metalized AlSiMag Ceramjcs or to any metal
which con be easily wet. Hermetic seals with a hign
degree of permanence are readily accomplished
American Lava Corporation engineers will be glad to
cooperate in developing the ceramic and the metalizing
specifications which are best suited to your requirement

TENNESSEE
CERAMIC LEADERSHIP

SALES QFFICES: ST. LQUIS, Mo, 1123 Washington Ave, Tol, Gorlleld 4959 © NEWARK, N 1, 671 Brood S1., Tel: Mitchell 2.8159

CAMBRIDGE, Mais,, 18-8 Brottle St,

Tel, Kitklond 4498 » CHICAGQ. 9 S Clinton St, Tel. Central 1721 ¢ SAN FRANCISCO,

163 Second St., Tel; Douglos 2464 ¢ LQS ANGELES, 324 N. Son Pedro St., Tel, Mutual 9076 © PHILADELPHIA, 1649 N. Brood Sitee!
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NEWS and NEW PRODUCTS

March, 1947

UHF Crystal Galvanometer

For direct voltage measurements in the
ultra-high-frequency range, the General
Radio Company, 275 Massachusetts Ave.,
Cambridge 39, Mass.,, announces Type
1802-A Crystal Galvanometer. This new
voltmeter is similar in principle of opera-
tion to the peak-reading type of vacuum
tube voltmeter, consisting of a rectifier
and a direct-current amplifier, but uses
a standard type of crystal rectifier in the
probe, in place of the conventional
thermionic diode.

=0

The range of the instrument is 0.1 to 1
volt, and decade multipliers to fit the
prpbe are supplied for factors of 10 and
100. The accuracy of indication is +59%,
subject to frequency correction, for which
curves are furnished. The frequency range
for direct voltage measurements is from 10
to 1000 megacycles, while as a simple volt-
age indicator, the instrument will operate
up to about 3000 megacycles.

&

High Current Capacitors

Small, three-terminal network filter
capacitors, capable of continuous use at
currents up to 100 amperes with line volt-
ages up to 250 volts alternating-current
have been released for general use by
Solar Manufacturing Corp., 285 Madison
Ave., New York 17, N. Y. These ca-
pacitors, originally developed for wartime
applications in attenuating radio inter-
ference from motors, generators and other
electric equipment used by the Armed
Forces, are available in values up to 0.75
microfarads.

18A

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

Plastic Capacitor

Just announced is a new small-sized
capacitor designed for top-chassis mount
ing. It measures 23" high with a diameter
of 1§”. American Condenser Co., 4410 N
Ravenswood Ave., Chicago 40, IlI., the
manufacturer of this unit, which is self
insulated because of its plastic case, states
that it will withstand high temperatures
and has a wide climatic range.

Vacuum Leak Detector

A portable leak detector, which can lo-
cate and measure leaks in vacuum and
pressure systems as minute as 0.00000001
cc/second, is now being manufactured b
the Consolidated Engineering Corpora-
tion, 620 N. Lake Ave., Pasadena, Calif
Based upon the mass-spectrometer prin
ciple, this instrument clectronically sepa
rates and indicates helium molecules. In
troduction of helium into suspected areas
will give an almost immediate indication
on the visual meter or audio alarm system
whenever any leakage is present.

Selection of sensitivity over six different
ranges can be had for measuring almost
any rate of leakage. The size of the leak can
also be determined with the avdio system
when using a helium probe at a distance
from the instrument. The pitch of the leak-

age warning-signal changes roughly in pro-
portion to the leak size.

PROCEEDINGS OF THE IERIE:
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Circuit Test Meter

A new electronic test instrument cap
able of measuring a wide range of voltage
current and resistance values is being
manufactured by Sylvania Electric Prod-
ucts Inc., 500 Fifth Ave., New York 18
N. Y. Designed particularly for accurate
measurement of electrical conditions in
circuit components operating with power
audio and radio frequencies up to 300
megacycles, this Model 134, “Polymeter,
incorporates an unusually compact vac
uum tube probe employing a “proximit;
fuse tube,” Type 1247.

Ohm'’s Law Calculator

\ new pocket-size Ohm's Law Calcula
tor, incorporating number of new
features, has just been announced by,
Ohmite Manufacturing Co., 4937 Flournoy
St., Chicago 44, 111

r OHMITE OnM? Law caitueatos

The new calculator provides a simple
and handy means of solving resistance
calculations. \With one setting of the slide
't gives the answer to any Ohm’s Law
problem. It will also solve parallel-resist
ance and scries-capacitance problems,
and will multiply, divide, and find squares
and square roots. On the reverse side is
printed the Resistor Color Code

(Continued on page 484)
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DE MORNAY - BUDD
STANDARD TEST EQUIPMENT

For Precision Measurements in the Microwave Field

The complete line of De Mornay*Budd standard
test equipment covers the frequency range from
4,000 mcs. to 27,000 mes. It provides oll R. F.
waveguide units necessary for delicate, precision
test work requiring extremely high accuracy in
attenuation measurements, impedonce measure-
ments, impedance matching, calibration of di-
rectional couplers, VSWR frequency measure-
ments, etc.

To eliminate guesswork, each item of this
De Mornay-Budd test equipment is individually

Tube Mount

Flap Attenuator
Frequency Meter
Colibrated Afttenuotor
Tee

Stub Tuner

DE MORNAY * BUDD INC.,, 475 GRAND CONCOURSE, NEW

tested and, where necessary, colibrated, and
each piecc Is tagged with its electrical character-
istics. All test equipment is supplied with inner
and outer surfaces gold plated unless otherwise
specified.

NOTE: Write for complete cotolog of
De Mornoy'Budd Stondord Components
aond Standard Bench Test Equipment. Be
sure to have o copy in your reference
files. Write for it today.

The three test set-ups illustrated above include:

Tunable Dummy Lood

Standing Wave Defectar

Type "N’ Standing Wave Detector
Directionol Coupler

High Power Dummy Load

Cut-Off Attenuator

Stonds, etc.

EQUIPMENT
FOR
97% OF ALL
RADAR SETS

YORK 51, NEW YORK. CABLE ADDRESS ‘“*DEMBUD,” N. Y.

19a
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~ CIRCUIT ENGINEERING EDITION

MAR.  Prepared by SYLVANIA ELECTRIC PRODUCTS INC., Emporium, Pa.

NEW SYLVANIA TECHNICAL MANUAL AVAILABLE NOW-—
FULL OF ESSENTIAL RADIO TUBE DATA

Handy Volume Describes Over 450 Tubes—
Contains Valuable Information for Circuit Designers

1947

The bigger, better-than-ever new
Sylvania Technical Manual is avail-
able now.

The large number of tube types
listed (old and new) —over 450—has
been made available as a result of
extensive and careful study of radio
tubecharacteristics andapplications.

IMPORTANT
INFORMATION

Contents of this descriptive manual
include: Fundamental Properties of
Vacuum Tubes; Characteristic
Curves; General Tube and Circuit
Information; Resistance Coupled
Amplifier Data—and many more

all of great interest to circuit design-
ers and equipment manufacturers.

AVAILABLE
NOW

We urge you to get a copy right
away—Decause we know you'll find
this volume chock-full of invalu-
able information.

Available from your Sylvania Tube Distributor or directly from Radio Tube Division Emporium, Pa

SYLVANIAN ELECTRIC

MAKERS OF RADIO TUBES; CATHODE RAY TUBES; ELECTRONIC DEVICES; FLUORESCENT LAMPS, FIXTURES, WIRING DEVICES: ELECTRIC LIGHT BULBS

20A PROCEEDINGS OF THE I.R.E Mareh, 1947
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ﬁu SELENIUM RECTIFIERS ARE .
RAPIDLY BECOMING STANDARD :
IN INDUSTRY FOR ALL :
RECTIFIER APPLICATIONS :.’

The Modern Solution for all Rectifier o
applications. Selenium Rectifiers are ¢’
ENGINEERED FOR ENGINEERS. Selenium N

Corporation of America meets exacting
specifications of modern electronic devel-
opments. Manufacturers of a broad line of
Selenium Power and Instrument Rectifiers,
Self generating Photo-Electric cells and
allied scientific products. Selenium Corpo-

v /J [rll P ra
ration of America’s engineering experience

——
can be called upon for the development \
and production of special rectifiers for any

application. g
Affiliate of ' 1<Kk ! ! § Incorporated
1719 WEST PICO BOULEVARD © LOS ANGELES 15, CALIFORNIA
46-F
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Output Stay Constant in Any Weather!

Let the thermometer go up or down! One sure thing about

i Mallory magnesium copper sulphide rectifiers is that you can
Check These Features depend on them in any kind of climate.

Output is constant even when temperatures reach as low as 40
3 3o degrees below C i
SeliEhiaaliag Feotifying flin grees below zero. Conversely, thousands of Mallory rectifiers

. are in use that operate effectively at 265 degrees Fahrenheit.
Durable all-metal construction l y &

Small size, light weight Mallory rectifiers need no warm-up period. They perform instan-

X taneously in all kin f d i
No moving parts to weir out y ds of weather. Dust and corrosion are sealed

i ; out, too—as are all other harmful atmospheric conditions.
Resists harmful atmospheric

TR X XXXXERX

conditions Just a few of many reasons why Mallory magnesium copper-
Output unaffected by sulphide rectifiers are toughest of heir kind—why they outsell

temperatures all o}her tvpes of dry disc rectifiers for low-voliage, high current
Maximum overload range applications. See your Mallory distributor or write direct for
Constant onutput during Catalogs.

rectifier life -3

. £
Low cost of operation 22;'MCSR’s ARE THE WORLD'S TOUGHEST RECTIFIERS

MLY Y RECTIFIERS

MAGNESIUM COPPER SULPHIDE RECTIFIERS —
STATIONARY AND PORTABLE D.C. POWER SUPPLIES —
BATTERY CHARGERS AND AVIATION RECTOSTARTERS*

*Reg. U. S. Pat. OR.

*Rectostarter is the registered
trademark of 1. R. Mallory
& Co., Inc.. for rectifiers for
use in starting internal com-
bustion engines.

P. R. MALLORY & cO., Inc., INDIANAPOLIS 6, INDIANA'

PROCEEDINGS OF THE LRE. March, 1947




The famous Model 80 Even Speed Alli-
ance Phonomotor operating on 110 or
200 volts is made for 40, 50 or 60
cycles, 16 watts input, 78 RPM. It has no
gears—runs at an even speed—has @
smooth, quiet, positive friction-rim drive.
Amply proportioned bearings with large
oil reservoirs assure long life. A slip-type
fan gives cool operation—avoids any
possible injury.

The Alliance Model K Phonomotor, a 25
cycle companion to the Model 80, oper-
ates on 110 volts, 25 cycles at 12 watt
input. Motor and idler plate on Alliance
phonomotors are all shock mounted to
the cabinet mounting plate, to minimize
vibration.

WHEN YOU DESIGN— KEEP

ALLIANCE

PROCEEDINGS OF THE I.R.E. March, 1947

MANUFACTURING

Drive your products to market
__use Alliance Motors to drive vital component
ports. Big advontages for the Allionce Powr-Pakt

line ore compactess, light weight, versatile perform-

once characteristics, ond mass production at low cost.

Allfance Powr-Pakt Motors ore roted from less than
1/400th h. p. on up to 1/20th h. p. They'll supply just
the right amount of power at strategic points to import
outomatic oction, instant control ond greater usefulness

for your products and processes.

MOTORS IN MIND

COMPANY o

ALLIANCE,

OHIO
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NEW aAND IMPROVED i
DU MONT TYPE 248 7 -
CATHODE-RAY
OSCILLOGRAPH

IMPROVEMENTS

e Beam blanking over a range of 30 cps
to 5 mc by automatically applying
approximately 100 volts potential to
the grid of the cathode-ray tube.

e Sweep linearity within approximately
10% over the entire range from 15
cps to 150 kc, and on driven sweep.

® These special improvements, plus-the
already established features of the
Dn Mont Type 248, assure you of
the continuing perfection which
makes possible the slogan . . . Accu-
racy to the Microsecond—Improved!

wITH NEW TIME BASE

GENERATOR AND

BEAM BLANKING
CIRCUITS

SPECIAL NOTE: This instrument is also avail-
able as Type 248-A which utilizes the Type SRP
multiband high-voltage cathode-ray tube in
lieu of the Type SJP normally supplied. The re-
quired high voltage is supplied by the Type
263-A 10 KV power supply.

Present owners of Du Mont Type 248 may
have their instruments modified into Type 248-A
design if they so desire. This modification
makes possible the photography and visual
observation of single transients which ha-e

extremely high writing rates and which were
hitherto invisible.

Write for literature.

PROCEEDINGS OF THE I.R.E. March, 1947




>, rox SPECIAL TRANSFORMERS §

/ It is significant that, on the whole, difficult transformer jobs

find their way to UTC. A few recent illustrations of accom-
plishment through engineering ingenuity are shown below.

This transformer was designed for laboratory apparatus requir-
ing a frequency range previously unheard of .. . flat within 2
DB 2 cycles to 20,000 cycles, this unit handles 25 watts output.

A manufacturer had the problem of changing his equipment from 400
cycle to 60 cycle power supply, but discovered that 60 cycle transform-
ers are twice as large. UTC developed a unit, hermetically sealed, that
fit his existing chassis, eliminating the need for a complete rebuilding

of the equipment.

Narrow band filters are a common requirement for multiple channel tele-
control purposes. To effect a maximum number of channels in the audio
range, filters made by UTC employ toroid high Q coils of unique struc-
ture. A typical special filter with 1500 cycle pass band is down 40DB at
1400 and 1600 cycles.

Low power 115 volt appliances such as electric razors, fluorescent desk
lamps, etc. are sometimes required to operate on 220 volts. For simplicity
of installation in the application of one manufacturer, a 15 watt plug-in
unit was developed incorporating both plug and receptacle.

The UTC engineering department is available for consultation on your design problem

150 VARICK STREET o ( NEW YORK 13, N. Y
cvonDY NIVICION: 11 EAST 40th STREET, NEW YORK 16, N. Y., CABLES: "ARLAB"’



The new 68J6
AMPLIFIER
PEXTODE
Actual Sire

“Joe, I see that TUNG-SOL
have brought out their new Am-
plifier Pentode, the 6BJ6, in min-
iature. It’s an all purpose radio or
intermediate amplifier with re-
mote cut-off control characteris-
tic. It's rugged and reliable . . . far
beyond that you would expect in
a 6.3 volt, 150 milliampere heater.

“The Economy of heater power
can be very useful in a lot of ways.
For instance, you can replace the
12BAG6 i. f. amplifier in a five tube
AC/DC receiver with one 6BJ6
and then you can use another to
get the advantages of an inputr. f.
amplifier. And performance . ..
the 3850 umhos transconductance
of the 6BJ6 gives more gain than
you ordinarily need in either a
tuned or un-tuned amplifier. Now
let’s look ahead. The 6BJ6

can very well be the solu-

TUNG-SOL LAMP

Sales Offices: Atlanta -

26A

WORKS.,
Chicago
Also Manufacturers of Miniature Incandescent Lamps

tion to AC/DC operation in FM
receivers. It not only permits
more tubes in a series operated
heater string, its merit factor at
the higher frequencies stands
comparison with that of other
popular-priced tubes. Thorough
internal shielding, total imput
and output capacitances of less
than 10 uuf, extremely low grid-
plate coupling capacitance, and
the inherent low lead inductance
of the miniature structure all re-
sult in extremely stable gain to
well above 100 MC. With AVC,
an un-bypassed cathode resist-
ance of 82 ohms provides ade-

TUNG-SOL
100 0leise fesled

ELECTRON TUBES

quate stability of input imped
ance.

“The 6BJ6 is a ‘natural’, too, for
mobile and aircraft communica
tions. The heater consumption is
less than one watt per tube. This
is important wherever the power
source is a storage battery. In a
multi-tube receiver or in the low
power stages of a transmitter,
power saving of about one watt
per tube can be a deciding factor
especially when you don’t have
to offer apologies as to perform-
ance.

“Joe, you should get in touch
with a TUNG-SOL engineer
when you are planning your new
line. They will keep your secrets
and give you the best possible
advice about circuits and tell you
what miniatures to use.”

INC.,
Dallas -

Denver

PROCEEDINGS OF THE I.R.E.
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NEWARK 1, NE W
* Detroit « 1 o5
All-Gluss Sealed Beam Headligh: Lamps and Current Intermittors

JERSEY
Angeles « New York
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YOU'VE GOT THE RIGHT NUMBER

When you contact KARP for sheet
metal fabrication, you have the right
connection. You're in touch with high-
est quality custom craftsmanship — at
prices comparable with stock items.

You're doing business with an
organization with 22 years experience
in specially fabricated sheet metal
cabinets, chassis, housings, racks and
enclosures for manufacturers of elec-
tronic, radio and electrical apparatus.

You're gefting the benefit of a valu-

able amount of “know-how” in engi-
neering and design . . . suggestions to
help you keep your assemblies a step
ahead in streamlined styling and long
service life. You have at your disposal
a large accumulation of dies and tools
which may cut your costs considerably.

Give us a call op your next job. And ¢

if you can't call, write.

Any Metal ® Any Gauge *® Any Size
Any Finish ® Any Quantity

K(ll‘ METAL PRODUCTS CO., INC. s

LS i Fhool Molal "

117 - 30th STREET, BROOKLYN 32, NEW YORK

PROCEEDINGS OF THE LR.E March, 1947 27
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O The NC-173 is ‘who! y new prod C"' [ ©
et S % 2

r mpre_d by war-time advances in radio technique. -
The new '‘Double Diode’’ noise limiter and the new AVC system are
effective on both phone and CW. The voltage-regulated oscillator cir-
cuits are extremely stable. The frequency range includes the 6-meter ¥

—
]
Q
=
amateur band. (0.54 to 31 and 48 to 56 MC.) p —_
F
-
)

The NC-173 offers all the features you expect in a fine receiver. ‘A

glance at the illustration below will suggest the versatility of its adjust-

ments and the handiness of its controls, but only a trial will prove its
th4oroughbred qualities. Study the advanced design of its 13-tube cir-

cuit, appraise its modern styling and challenge its performance with |
the toughest conditions that crowded amateur bands can offer.

within the next 30 daoys.

Here is a receiver a man can be proud to own. See it ot your dealer's w

COMPANY, INCORPORATED

Malden, Mass.

DISTINCTIVE NAME IN RADIO COMMUNICATIONS

i PROCEEDINGS OF THE I.R.E. March, 1947
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M“““[ "EVEREADY' 866[]? ﬁ

g 3 St wsaln
i s o TR

No. 493

300 vours /

A 399 -VOLT E VER EAD Y | iy

LLB.BATTERY!  Svseelil

: BATTERY
X rons
NY Hicw v
oLTa
LOW DRaiy Ponnsfc
EQUuiPmeny 3

P

Designed for: photoﬂas.h-devices (ga:del:t
charge type); radioactivity measut:e 3
devices; multiplier-typ¢ photocell;, sman g
lightweight insulation testers; ar;. t:']on:
other low-drain, high-voltage app ications.

SPECIFICATIONS

Size: L—2 11116, W—2 11132, H
(overall)—3 15116". Weight: 1 Ib.
Voltage: 300. Flush mounted pin
iackterminals.Batteries can be used
in series for even higher voltages.

FOR COMPLETE DETAILS

Again “Eveready” demonstrates its leadership in dry bat-
teries by creating a powerhouse of 300 volts no larger than
two king-size cigarette packs! This miniature high-voltage
dry battery is unique. It makes “portable” photoflash and
similar devices really portable. It opens up untapped possi-

bilities for designing more compact, more salable equipment
for all low-drain high-voltage applications.

Secret of this new battery is the famous flat-cell construction
found exclusively in “Eveready” “Mini-Max” batteries...a
revolutionary “Eveready” battery development that packs

of this new “Eveready” triumph,
write for Battery Engineering
Bulletin No. 4. Engineers at
National Carbon Company, Inc.,
will be glad to assist you in the
design of devices to take advan-
tage of the light weight and com-

unheard-of power into small space. And this special construc- pactness of this powerful battery.

tion means far longer life for the battery.

NATIONAL CARBON COMPANY, INC.
30 EAST 42nd STREET, NEW YORK 17, N. Y.

Unit of Unlon Carbide and Carbon Corporation

UCC]

eVEREADY

TRADE-MARKS

MINI-MAX

The registored trade- marks ‘' Eveready'” *'Mini- Max'’
distinguish products of Natlonal Carbon Company, Inc.

(4
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Centralab’s Revolutionary Ne
First Commercial Application o

CouplingCap.
"9 F Grip

Resistor
L

+
Plate Supply =

SO EFFICIENT ... SO COMPLETE!
Here is the schematic diagram of Cen-
tralab’s “Couplate”. Note: four soldered
connections instead of the usual eight
or nine!

NOW SEE HOW K5

4THIS REPLACES THISH)|

€1 — Coupling Capacitor, .01 e
mfd. is standard R

Cz - Plate RF. By-Pass Ca.
pacitor, 250 mmf. * 209, |s
standard

Ri1—Plate Load Resistor, 250,
000 Ohms * 209 1/5 wau
is standard.

R2-— Grid Resistor 500,000
Obms * 20% 1/5 watt is
standard.

Other Values Available




HE COUPLATE

nterstage Coupling Plate . . .
Printed Electronic Circuit!

the

New Multi-Unit “Couplate” Saves up to Five Soldered

Connections . . . Increases Labor Efficiency 50% . . .

Assures Fast, Precision Wiring on Interstage Couplings!

S REVOLUTIONARY as the Multi-Pur-
A pose Tube—that’s what electronic en-
gineers are saying about Centralab’s new
Couplate. First commercial application of the
printed electronic circuit, the Conplate marks
the beginning of a new and greater era in

electronic design and engineering!

Now available to manufacturers for the
first time—Centralab’s new Couplate is a com-
plete interstage coupling circuit which com-
bines into one compact unit-the plate load
resistor, the grid resistor, the plate by-pass
capacitor and the coupling capacitor.

Think of what that means to you in terms
of time and labor savings in the production
of electronic equipment! Only foxr soldered
connections are now required by the Cowplate

instead of the usual eight or nine. That alone

gives you: 1) increased employee productiv-
ity, 2) automatic decrcase in the percentage
of wiring errors, 3) important space-saving,
4) lower cost, more compact, more depend-
able finished equipment than you've ever been
able to design and build before!

Integral Ceramic Construction: Each Cox-
plate is an integral assembly of “Hi-Kap”
capacitors and resistors closely bonded to a
steatite ceramic plate and mutually connected
by means of metallic silver paths “printed” on
the base plate. All leads are always the same
length, each plate is an exact duplicate of the
original or “master”.

Future applications of this “printed” circuit
principle are almost unlimited. For all the
facts on how the Couplate can simplify your
production — and cut your costs, write today
for Bulletin 943!

LOOK TO CENTRALAB IN 1947!

First in component vesearch that means lower cosis for the electronic
industry. Before you place your order, get in touch with Centralab!

DIVISION OF GLOBE-UNION INC., MILWAUKEE, WIS.
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FEATURE NEW DESIGNS —
IMPROVED PERFORMANCE

These new RCA cathode-ray tubes comprise a line of popular
screen sizes, and incorporate advanced design features that
set new performance standards for tubes of their size. They
offer designers of oscillograph equipment the following im-
portant advantages:

1. Higher deflection seasitivity.

2. Sharper focus both at center and at edges, when beam current
is varied over wide range.

3. Higher contrast screens.

. Zero first-anode-current gun permits use of low-current voltage-

divider and smaller filter capacitor.

5. Separate base-pin connection to every deflecting electrode,
heater, and cathode permits operation with balanced deflection
and with separate connections to heater and cathode.

6. Balanced deflecting-electrode input capacitances minimize
cross-talk and dispense with necessity of neutralizing.

7. 3JP7 has an extra anode providing maximum screen brightness / 3
with minimum sacrifice of deflection seasitivity.

8. 5U-series and 3KP1 may be used interchangeably with the
same power pack and deflection voltages.

The P1, P7, and P11 screens of the new cathode-ray tubes
differ in their spectral-energy emission and persistence char-
acteristics. The P1 phosphor is especially useful for general
oscillographic work requiring high brightness and medium
persistence. The P7 phosphor is a cascade-type of particular
interest for radar and similar applications requiring long
persistence of the order of several seconds. The P11 phos-
phor is excellent for photographic work and has sufficiently
short persistence to permit its use in moving-film recording
at all but the very brightest speeds.

RCA Tube Application Engineers will be pleased to consult
with you on the application of these or other RCA tube types.
If you desire this service, or complete technical data on the
cathode-ray wubes described, write RCA, Commercial Engi-

neering, Section R-52C, Harnson, N.J.

* Not Nostrated
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George T. Royden

Board of Directors, 1946

George Taylor Royvden was born at an army post,
Fort Clark, in Texas on June 20, 1895. As a bov he
experimented with electrical devices and constructed
several amateur wireless telegraph sets during the
from 1909 to 1917. He attended Stanford University,
receiving the B.A. degreein 1917 and the degree of Engi-
neer in 1924,

While employed by the Federal Telegraph Company
at Palo Alto, California, in 1916, he assisted with the
design of arc transmitters having ratings from 2 to 1000
kilowatts for the Shipping Board and the Navy.

From 1919 until 1925, he worked for the Navy
in the radio laboratory at Mare Island Navv Yard
with occasional trips to Navy radio stations in San
Diego, lHawaii, and Alaska. His assignments included
the development of the frequency-measurement tech-
nique described in the PROCEEDINGS OF THE I.R.E. for
April, 1927.

In 1925, he returned to the Federal Telegraph Com-
pany to develop, in the research laboratory of Dr. F. A.
Kolster, a radio receiver for operation on alternating
current and suitable for reception of broadcast stations.

When the Mackay Radio and Telegraph Company
was organized in 1927 to operate IFederal’s network of
radiotelegraph stations serving the principal cities on
the Pacific Coast, Mr. Royden became division engineer

with offices at San Francisco. He constructed new
stations to serve Honolulu and Seattle and installed
additional equipment in the stations serving lLos
Angeles, Portland, and San Francisco.

In 1936 he returned to the Federal Telegraph Com-
pany in Newark, N. J. There he was concerned with
the engineering development of some radio transmitters
for export, several radio-range equipments and a low- |
frequency telegraph equipment. '

In 1946 he transferred to the engineering department |
of the Mackay Radio and Telegraph Company. A con-
siderable number of patents have been applied for in
his name. Those issued are in the ficlds of radio re-
ceivers, direction finders, antennas, modulators, and
quartz-crystal-controlled oscillators.

Mr. Royden joined the Institute of Radio Engineers
as an Associate in 1919, was transferred to Member in
1927, and elected a Fellow in 1933, He was chairman
of the San Francisco Section for the 1933-1934 term. He |
saw service on the following I.R.E. committees: Ad-|
missions 1941 to date, being chairman from 1943 to|
date; Awards, 1946; Constitution and Laws, 1944; New |
York Program, 1938-1942- Sections, 1941-1945; and |
the 1946 Winter Technical Mecting. He is a Member of |

the American Institute of Electrical Engineers and,
Sigma Xi.

|
l
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It is well known that the benefit gained by a group of engineers from a paper
presented before them depencs not only on the correctness, clarity, and utility
of its contents, but also to a considerable extent on its mode of presentation,
There is accordingly presented, as a helpful guide to the authors of papers and
to those planning technical meetings, the following guest editorial by Mr. A, C.
Downes, editorial vice-president of the Society of Motion Picture Engineers,
1941-1946.—T'he Editor

Proper Presentation of Papers Before

Technical Meetings
ARTHUR C. DOWNES

It is the purpose of this little editorial to point out the great increase in interest which can
be created in any paper by a good presentation to a technical meeting.

Looking back over the many conventions the writer has attended, the papers which are most
vividly remembered as those which were presented as though the author were talking to a few
friends.

It is true that not every one can present a subject apparently without any notes but proper
preparation of an abbreviated version of a paper and notes will enable anyone to give a “good
show.”

It is of course necessary first to write a good paper, and authors will be wise to consult the
very fine article by \V. L. Everitt which appeared in the PROCEEDINGS for July, 1946. Too many
technical papers are poorly written; this detracts from their value much more than many
authors realize.

Most people seem to think that after a paper is written all that is necessary in presenting the
subject in a technical meeting is to read the paper word for word, in a soporific monotone, with
an occasional interruption to point to some figures or curves on a screen.

It seems probable that the programs of all the technical society conventions for the next few
vears will be crowded with good material and a presentation such as described above in most
cases is boring to a majority of the audience.

Such a presentation ignores the fact that in most audiences only a minority of the attendants
will be sufficiently interested in any given subject to listen to a dull reading of the whole paper,
but everyone would be interested in an abbreviated version giving the more important facts.
The presentation of a well-prepared abbreviated version will not in any degree detract
from the value to those in the audience more familiar with the general subject of the paper,
since they can study it in detail on publication, and will hold the interest of the entire audience.

If authors will follow this suggestion they will be very much surprised at the greater interest
which will be shown when they will talk about their subject rather than read it.
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A High-Intensity Source of Long-
Wavelength X Rays’

T. H. ROGERSt

It is the policy of The Institute of Radio Engineers to publish in its Pro- \

CEEDINGS papers dealing with subject matter in the communications and
electronic field, and also in allied fields. Wherever theories, techniques, equip-

ment, and applications in such allied fields appear likely to prove useful to

communications and electronic engineers, the Institute will accordingly en-

‘ deavor to make the corresponding material available to its members. The
following paper, aside from its intrinsic interest and importance, may well
‘ prove helpful to tube engineers and others among the I.RE. membership.

Summary—Earlier reports on investigations of bactericidal effects
and photochemical effects of X rays indicate a need for much higher
intensity of radiation for such investigations. This paper discusses
the design of an X-ray tube which combines high input energy, the
X-ray transparency of beryllium, and close proximity to the target
to make available radiation intensities of several million roentgens
per minute. An experimental tube which makes such intensities
available over a 180-degree solid angle is described. Methods of
application to bactericidal and X-ray photochemical research are
suggested.

INTRODUCTION

SURVEY of the 50-year history of the develop-
A ment of the X-ray art reveals that during most
of that period the principal advances were made
in the field of medicine, with applications in two broad
categories, namely, diagnosis and therapy. However,
at the present time an important proportion of the
X-ray apparatus in existence is devoted to industrial
applications.

In comparing industrial and medical applications of
X rays, it becomes apparent that by far the greater
proportion of industrial applications are “diagnostic”
in nature; that is, the discovery of certain information
about the internal structure of the material being ir-
radiated is the object of the operation. In many cases,
differential absorption, detected by film, fluorescent
screen, or ionization device, is utilized to reveal the
desired information just as in the case of medical diag-
nosis. In other cases, the diffraction of the rays into
definite patterns, recorded by similar means, provides
the information. In both types of cases, the application
is one in which the X-ray beam is acted upon by the
material involved, and the modifications in the beam
are utilized to accomplish the objective. Applications in
which the converse effect is utilized, that is, the pro-
duction of changes in the material by the action of the
radiation, as is done in the case of X-ray therapy in the
medical field, are strikingly few in the industrial field.
In view of the penetrating power and energy of X rays,

* Decimal classification: 621.327.7. Original manuscript received
by the Institute, April 16, 1946; revised manuscript received, Sep-

tember 17, 1946,
t Machlett Laboratories, Incorporated, Springdale, Connecticut.

-The Editor
- e~ —— - p— §

one is prompted to inquire into the reasons for this lack
of development of industrial processes utilizing the
power of X rays to modify materials.

Possible applications in this catetory which immedi-
ately suggest themselves are bactericidal (for steriliza-
tion of food products, etc.), and photochemical. A
great number of experiments'-? on bactericidal properties
of X rays have been made which show logarithmic death
rates for very large doses. The dosages required for
complete sterilization are so large as to seem to pre-
clude utilization of the method on an industrial basis.

The photochemical reactions produced by X rays
have reccived little study up to this time. Clark*
enunerates those few cases of such chemical action
which have been discovered by various workers. With
the well-known exception of the action on silver halides
in the photographic emulsion, all such reactions have
occurred in extremely minute quantities, and have
pointed to the need for much greater intensities of
radiation for worth-while experimentation.?

Hence, it seems evident that the sparseness of in-
vestigations into the field of industrial “therapy” has
not been due to a lack of interest but to physical limita-
tions on the intensity of radiation obtainable from
available sources of X radiation. The obvious possi-
bilities for further investigation into this field, provided
a greatly intensified X ray source could be made avail-
able, have led to an investigation of the possibility of
the development of such a source as described beiow.

FacTtors AFFECTING X-RAY OUTPUT

The principal factors which affect the intensity of
the X-ray beam issuing from an X-ray tube are- (1)
target material; (2) anode voltage; (3) anode current;

1L G. T. Lyon, letters to the London L ! .
February 17,Cl189ko e ancel, January 29, 1896, and
*G. L. Clark, “Applied X-ravs,” third edit
MeGraw Hill Book Co, New Nork, N. Y G50 tion. pp. 199-200,
3 R. W. G. Wycofl, “The killing of certain bacter; N A
Jour. Exp. Med., vq‘l. 52, pp. 435-416; S('ptellnl;;-? le“)'iﬁ)_by X-rays,
*G. L. Clark, “Applied X-rays,” third edition, pp. 185-197
McGraw-Hill Book C(()j.,lNGw York, N. Y.; 1940, » PD. :
8 \V, Stenstrom and 1. Vigness, “Some effects of radiat; "
Amer. Jour. Roent., vol. 40, pp. 427-433; Semem‘:m;'a(:gx;g)n on oil,
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4) absorption by intervening material; and (5) distance
rom focal spot to point of utilization.

The manner in which intensity of the emitted radia-
on varies with the first three factors is given by the
‘ormula:®

X-ray energy

=kZV,
cathode-ray energy
where
k= an experimentally determined constant
Z =atomic number of target material
V =anode voltage.

Tungsten is the target material usually chosen when
intensity is the determining factor because of its rela-
tively high atomic number and its thermal and mechan-
ical properties which permit the highest value of
cathode-ray energy of any material. For a constant
.amount of cathode-ray energy, the X-ray intensity is
proportional to the anode voltage. The practical limit
on voltage in a tube designed for such.applications will
be determined by many considerations, including com-
plexity of apparatus, desired wavelength characteristics,
etc., which are to be discussed in more detail in this
paper. The maximum voltage range considered in this
paper is below the value of 70 kilovolts, in which range
absorption of the radiation is largely by photoelectron
production, on which the photochemical effect depends.
The intensity is, of course, proportional to the anode
current, all other factors remaining unchanged, and
the design of a tube for high intensity radiation should
provide for the use of as high a value of anode current
as possible.

The effect of the factor of “inherent fltration” of
the tube, that is, the absorption of a portion of the
X-ray energy by the material composing the tube wall at
the point of egress, on the issuing beam is next to be
considered. In order to evaluate this effect thoroughly,
it is necessary first to consider the wave length distribu-
tion of the energy in the beam. The X radiation con-
sists of a continuous spectrum of wavelengths extending
from the minimum wavelength defined by the relation
No=1(12.354/V,) where V, is the anode voltage, rising
rapidly to a maximum intensity value at a point near
N =3/2 N, then gradually decreasing in intensity with
increasing wavelength. Superposed on this continuous
spectrum are the characteristic lines of the target ma-
terial if the anode voltage is sufficient to excite the char-
acteristic radiation. These lines, being very narrow, con-
tribute little to the total energy and for the purpose of
this discussion may be disregarded. The general form
of the energy-wavelength distribution is illustrated by
the familiar curves published by Ulrey?” (Fig. 1), based

¢A. H. Compton and S. K. Allison, “X-Rays in Theory and Ex-
'cn\r(ncr;tq,;ssccond edition, pp. 89-90, D. Van Nostrand, New York,
'C.T. ljlrey, “An experimental investigation of the energy in
the continuous X-ray spectra of certain elements,” Phys. Rev., vol.
11, pp. 401-410; May, 1918,

Rogers: High-Intensity Source of Long-Wavelength X Rays

237

on intensity measurements of radiation given off by a
tungsten target tube,”after separation into various
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Fig. 1—Intensity versus wavelength relationship of X radiation from

tungsten target, after filtration through glass tube wall, measured
by ionization effect; wavelength separation by calcite crystal
spectrometer.

wavelength components by means of a calcite crystal
spectrometer. However, these curves do not accurately
represent the true energy-wavelength relationships of
the radiation emitted by the target, for reasons which
will be apparent from the following discussions.
Inasmuch as the different wavelength components are
absorbed to different extents, the inherent filtration of
the tube will not only reduce the total energy in the
X-ray beam as emitted by the target, but also change
the energy-wavelength distribution. In the design of a
tube for maximum photochemical effect, it is necessary
to consider the wavelength of the radiation as well as
its total intensity, since the photochemical effect de-
pends on the amount of ionization produced, which in
turn depends on the amount of energy absorbed in the
material treated. The proportion of the total energy
absorbed is very definitely dependent on the wave-
length. In this connection it should be pointed out
that the usual measure of X-ray intensity, the roentgen,®
is based not on the actual energy in the beam but on its
power to ionize air. Hence, in consideration of in-
tensities, it will in many cases be pertinent to the
* The roentgen is defined as the quantity of X radiation such that
the associated corpuscular emission per 0.001293 gram of air prod-

ucts, in air, ions carrying 1 electrostatic unit of quantity of electricity
of either sign.
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problem at hand to convert energy relationships into
terms of roentgens.

In order to ascertain the effect of any given inherent
filter on the radiation output of a tube, it is necessary to
know the energy-wavelength distribution of the radia-
tion, as it originates at the target, before any filtration
whatever has taken place. This distribution can be
computed by means of the formula, derived from
Kramer's law?"!
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g. 2—Calculated energy versus wavelength distribution of X radia-
tion at 50 kilovolts unfiltered.

I o VXV, — V)dx
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where V, is the anode voltage, and V is the voltage cor-
responding to the wavelength X\ in the relation
V=12.354/\, V being in kilovolts and N in Angstrom
units. Such a computation has been made for anode
voltage of 50 kilovolts (see Table I, column 3), and the
resulting distribution is plotted in Fig. 2.
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portional to the mass absorption coefficient of air at
that wavelength. This coefficient for any given wave-
length can be computed from the published'? values for
oxygen and nitrogen. The energy distribution of Fig. 2
can be converted into an intensity-wavelength rela-
tionship in which the intensity is in terms of ionizing
power, by applying this coefficient to the energy value
corresponding to each wavelength (see Table I, column
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Fig. 3—Calculated intensity versus wavelength distribution of X
radiation at 50 kilovolts, intensity expressed in terms of ionizing
power: A. filtered by 1-millimeter beryllium; B. filtered by 1-milli
meter aluminum; C. filtered by 1 millimeter Pyrex glass.

5). It is, of course, understood thart this ionizing power
refers to air, and is proportional to the intensity in
terms of roentgens per unit of time. The 1onizing power
for other substances would be proportional to their re-
spective mass absorption coefficients.

The values calculated thus far have taken into ac-

TaBLE |

1 2 3 4 N 6 i, 8 9 10 1
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1.235 100 1000 512 20452 1.748 17139 71.0 16 37.8 166.3
1.539 80 2688 9.68 26000 2.944 19400 132.0 00 72.0 193
1.93 6.39 1781 18.65 33200 5.612 18940 1352 RS
2.50 19 1083 39.53 42800 12.21 12626 278.0 50
3.03 4.0 736 73.9 54300 215 6353 .1
3.59 34 539 1231 66300 338 2254 .2
415 2.9 396 1625 64300 51.8 360
4.36 2.8 370 1878 69400 60.8 163
5.17 2.38 260 306.14 82300  101.0 3.7
5.39 228 248 3506 86000  114.0 1.0

177 15t 7231 100200 2760 00000
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The distribution calculated in this manner is the
actual energy distribution and not the distribution with
reference to ionizing power, as discussed above. The
ionizing power at any given wavelength is proportional
to the amount of energy absorbed in air, which is pro-

* H. A. Kramers, “On the theory of X-ray absorption and of the
continuous X-ray spectrum,” Phil. Mag., vol. xlvi, pp. 836-871;
November, 1923.

10 .. Silberstein, “Synthesis of X-ray filtration curves from
k;?smcrs' emission law,” Phil. Mag., vol. xix, pp. 1042-1054; May,
1 N

W G. W.S. Kaye and W. Binks, “The emission and transmission
of X andgammaradiation,” Brit. Jour. Rad., vol. xiii, pp. 193-212
June, 1940.

count no inherent filtration whatever. Tubes are com-
monly built with an envelope of Pyrex glass, and a 50-
kilovolt tube of this kind, designed for good mechanical
and electrical ruggedness, would present a thickness in
the order of 1 millimeter to the passage of the X-ray
beam. Another possibility for the window would be
aluminum. Undoubtedly, however, the least-absorbing
window material that could be employed would be
beryllium, provided a sufficiently large window could

12 “Handbook of Chemistry and Physics,” 28 iti
Chemical Rubber Publishing Co., Cle\)-’eian'd. O:::fhjt;g:ag)? llgif
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be constructed of this rather hard-to-fabricate material.
The process of rolling thin, vacuum-tight sheets of
substantially pure beryllium described by Claussen and
Skehan'® does make possible such windows in a thick-
ness of 1 millimeter or less."

In order to make a comparison among Pyrex glass,
aluminum, and beryllium as window materials, from
the standpoint of reduction in intensity of the radiation
output, the reduced intensity after filtration by a
thickness of 1 millimeter of each of these materials is
calculated for each incremental value of \ (see Table I,
columns 7, 9, and 11). This calculation is made by
applying the formula I =1Iee™** to the values previously
obtained for the unfiltered condition, u being the linear
absorption coefficient for each material, respectively, at
each value of A.

These intensity-wavelength distributions are plotted
in Fig. 3. By integrating the area under each of the three

. curves, the total intensity for each kind of window is
obtained. The comparative figures, in percentages, are:

Beryllium 100.0 per cent
Pyrex glass 7.9 per cent
Aluminum 4.9 per cent

These figures indicate that the use of beryllium for
the window becomes a major factor in the design of our
high-intensity X-ray source.

Referring back to our listing of the factors affecting
the intensity of the X-ray beam, we find that the dis-
tance from the focal spot, or point of generation, to the
point of utilization is, of course, a very important factor,
since the intensity varies inversely as the square of this
distance. A tube design which permits the material to be
treated to be placed as near as possible to the focal spot
thus provides maximum intensity, other factors being
equal. This end can be most readily achieved likewise by
employing beryllium as the window material, for it is a
relatively good electrical and heat conductor, permit-
ting the window to be positioned very close to the focal
spot without becoming overheated or electrically
charged, and is mechanically strong and resistant to
chemical action, so that a wide variety of materials
may be brought directly adjacent to it without danger
of mechanical injury or corrosion.

DEsIGN ofF Tusg For Hicu Output

Beryllium-window tubes have been described hereto-
fore'** in which the low absorption factor and the
proximity to the focal spot have been utilized to pro-
vide a maximum intensity of characteristic radiation
from a special target material for X-ray diffraction

8 G. E. Claussen and J. W. Skehan, “Malleable beryllium,”
Metals and Alloys, vol. 15, pp. 599-603; April, 1942

4 Tybes with low-absorption windows of Lindeman glass,
aluminum foil, glass “bubbles,” even cellophane, have been built, but
such windows are very small and of such fragility as to be imprac-
tical for industrial applications as contemplated.

1w R, R. Machlett, “An improved X-ray tube for diffraction
analysis,” Jour. Appl. Phys., vol. 13, pp. 398-401; June, 1942.

0 7 1. Atlee, “Beryllium windows,” Gen. Elec. Kev., vol. 46, pp.
233-236; April, 1943,
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work, for example. These tubes have been provided with
very small-diameter windows, admitting only a narrow
pencil of radiation, which is entirely suitable for dif-
fraction analysis. For photochemical experiments or
processes, however, it is desirable to irradiate as large
an area as possible, so as to increase the volume of reac-
tion accomplished. The Machlett AEG-50 tube, orig-
inally designed for low-voltage radiography, provides, in
addition to the beryllium window and a distance of
only 2 centimeters from focal spot to window, a cone of
radiation including a 40-degree solid angle, which repre-
sents a covered area more than ten times that covered
by the 12-degree cone issuing from the diffraction tubes
mentioned above. A tube of this type, shown schemat-
ically in Fig. 4, was employed for the purpose of making
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Fig. 4—Schematic view (in section) of beryllium: window tube with
40-degree solid-angle X-ray beam.

quantitative determinations of the intensity of the
radiation issuing therefrom. Results of these de-
terminations are given in Table II.

The values given in Table 11 are based on measure-
ments made by Braestrup,'” employing the type of ioni-
zation chamber described by Taylor and Stoneburner'®
for the measurement of low-voltage X-ray intensities.
The tube was operated with a constant-potential anode

TapLe 1!
MEASUREMENTS OF X-kRAY OUTPUT INTENSITY ¥ROM EG-50 TUBE

Roentgens
Kilo- Dlstance Per cent UVL
volts from Added Filter pterrmnlx?ltl’{‘-e trans- millimeters
(C.P.) Target vﬂmpcrc mission Al
50 10 centimetera O 1855 100 0.07
50 10 centimefers  0.0S millimeter Al 903 58 0.09
50 10 centimeters 0.1 millimeter Al 605 39 0.11
50 10 centimeters 0.5 millimeter Al 104 6.7 0.55
50 10 centimeters 1.0 millimeter Al 53 3.4 0.94
50 10 centimeters 2.0 millimeter Al 25.7 1.65 1.50
50 10 centimeters 3.0 millimeter Al 16.1 1.03 1.1
50 10 centimeters 5.0 millimeter Al 2 0.46
50 10 centimeters 0.5 millimeter Be 71.0
50 10 centimetera 1.0 millimeter Be 52.0
50 10 centimeters 2.0 millimeter Be 32.5
50 2 centimeters O 46,600

voltage of 50 kilovolts and both anode and filament
voltages were carefully stabilized throughout the meas-
urements. The measurements were made at a distance
of 10 centimeters from the target; the intensity at the
outer surface of the window, 2 centimeters from the
focal spot, was obtained by applying the inverse-square

17.C. B. Braestrup, New York City, unpublished private com-
munication to the author,

WL S. Taylor and C. F. Stoneburner, “The measurement of low
voltage X-ray intensitics,” Bur. Stand. Jour. Res. (RP 505), vol. 9,
pp. 769-780; {’k‘ccmbcr, 1932.
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laws and a correction factor to compensate for absorp-
tion in the intervening air space. A tube current of 2
milliamperes was used ; values in the table are expressed
in terms of roentgens per minute per milliampere.
These measurements indicate an intensity of 2,330,000
roentgens per minute at a distance of 2 centimeters
from the center of the focal spot, when the tube is
operated at 50 kilovolts, and 50 milliamperes, which
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Fig. 5—Schematic view (in section) of beryllium-window tube with
180-degree-angle X-ray beam.

values constitute normal continuous ratings for this tube
when provided with a 5.0-millimeter focal spot. This
number of roentgens per minute is several hundred times
as great as the intensities employed in photochemical
or sterilization experiments previously reported.

As suggested above, it is not only the intensity that
determines the amount of material which can be altered
photochemically, but also the total area over which
such intensity is effective. The area covered at any given

(c) (d)

Fig. 6—Diagrams of focusing obtained with domed window tube at
various positions of the windows with reference to the anode. (Ac-
tual pin-hole focalgrams compared with schematic diagrams of
electron trajectories.) (a) Maximum spacing produces “ring” focus.
(b) Somewhat closer spacing produces circular focus of large size.
(c) Spacing adjusted to produce minimum-size focus. (d) Still
closer spacing again resultsin a “ring” focus.

distance is approximately proportional to the square of
the solid angle included by the cone of radiation. At
anode voltages in the order of 50 kilovolts or less, the
radiation issues from the target with substantially uni-
form intensity throughout the 180-degree solid angle
subtended by the target face. In the case of beryllium-
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window tubes described heretofore, the cone of radiation
has been limited to a very much smaller extent by the
size of the window. More than one such window has
been provided in some tubes, but even then only a small
fraction of the total radiation has been utilized.

The desire to make the entire 180-degree solid angle
of radiation available for such applications has led to the
invention of a new type of X-ray tube, employing an
entirely new principle of focusing the electron stream on
the target, so that the cathode structure is entirely out-

Fig. 7—Photograph of experimental tube with domed window per-
mitting 180-degree solid-angle X-ray beam.

side the hemisphere subtended by the target face and
thus does not eclipse any part of the radiation generated.
The structure of this tube is shown diagramatically in
Fig. 5. The window is in the form of a generally hemi-
spherical dome into which the anode protrudes with the
target face parallel to the base of the hemisphere. The
cathode consists of an incandescent filament of annular
form surrounding the anode, and located within the
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SECTION"A-N
Fig. 8—Arrangement for uniform X-ray treatmen
to cone-window tube.

t of fluids, applied

dome in a plane below the plane of the target face so

that it does not cast a shadow in the hemisphere of
radiation. The dome is at cathode potential, and the
resultant electric field in the space between éome and
anode is such that the electrons from the filament
describe trajectories which terminate on the face of the
target, approximately as indicated in Fig. 6. Such a

—;




1947

dome can be formed of the malleable beryllium re-
ferred to above.?

Such a tube has been constructed experimentally at
Machlett Laboratories, in which a dome 2 inches in
diameter was employed. The cathode and dome were
operated at ground potential; the anode, being at high
positive potential, was cooled by water circulating
through a long column of insulating plastic tubing.
The tube was operated at a maximum load of 100
milliamperes at 60 kilovolts. On the basis of the in-
tensity measurements made on the AEG-50 tube de-
scribed above, it is estimated that the intensity would
- be approximately 5 million roentgens per minute, over
an area of approximately 25 square centimeters.

This experimental tube (pictured in Fig. 7) was made
with the position of the dome adjustable with respect
to the target, by means of being mounted on a metal
bellows. The effects of various positions on the focusing
of electrons on the target are shown by the pinhole
photographs of the focal spots reproduced in Fig. 6.
The diagrams adjacent to each focalgram show the
probable electron trajectories in each case.

In a tube of this sort, the window is not subject to
electron bombardment, by either primary or secondary
electrons, since it is at cathode potential. Hence, the
problem of cooling the window does not arise as in the
case of a window at anode potential, which receives
considerable bombardment by secondary electrons if
located near the focal spot.

In the processing of materials by X-ray treatment

PROCEEDINGS OF THE I.R.E.

241

with such tubes, an arrangement to permit continuous
processing at any required rate would, of course, be
desirable. For materials which are in gaseous or fluid
form, or can be reduced to such a form, the dome-
shaped window lends itself readily to an arrangement
in which the fluid is fed in through a pipe to the center
of the window and then caused to spread uniformly over
the dome in a film of controllable thickness by a hemi-
spherical baffle conforming to the contour of the window
with the required spacing therefrom. The treated ma-
terial returns through an outer pipe concentric with the
incoming one. The optimum thickness of film would
depend on the coefficient of absorption of the material
and the necessary degree of uniformity of treatment of
the entire body of the material. The layer of the fitm
adjacent to the window would receive more intense
treatment than layers farther away, due to absorption
by the first layer. A greater degree of uniformity
throughout with thicker films can be obtained if the
flow of the material is accompanied by a turbulence
which causes the material to become thoroughly inter-
mixed during its passage through the treatment field.
An arrangement such as that illustrated by Fig. 8 can
be utilized to produce such turbulence.

In conclusion, it is hoped that the availability of these
sources of X radiation of utilizable ionizing power several
hundred times more intense than those heretofore avail-
able will lead to more thorough investigations into this
promising field of physical, chemical, and biological
research.

The Maximum Efficiency of Reflex-
Klystron Oscillators®

ERNEST G. LINDERY, ASSOCIATE, LR.E. ANp ROBERT L. SPROULL*

Summary—The theory of reflex-klystron oscillators is given in
detail. It includes a discussion of relations in a loaded oscillator.
It is shown that maximum efficiency for small amplitudes is given by

70=0.169 M,/ GV,

where M is the coefficient of modulation of the gap, i, is the effec-
tive current, G, is the shunt conductance of the unloaded resonator,
and V, is the beam voltage. Possibilities of increasing efficiency are
considered, including effects of grid transmission on effective cur-
rent and on space charge, and effects of multiple electron transits.

HE THEORY presented in this paper is based
Tmainly on the previous investigation of D. L.
Webster,! but it embodies considerable modifica-
tion and extension of his original treatment. The work
was done several years ago but could not previously be

* Decimal classification: R355.912.3. Original manuscript received

by the Institute, April 5, 1946; revised manuscript reccived, August
21, 1946.

t RCA Laboratories
Princeton, N. J.

1 D. L. Webster, “Cathode-ray bunching,” Jour. Appl. Phys.,
vol. 10, pp. 501-508; July, 1939.

Division, Radio Corporation of America,

made public because of wartime secrecy restrictions.
The theory is a small-amplitude one, that is, the oscil-
latory voltage is assumed small in comparison with the
steady voltages. This assumption is most applicable in
the case of short wavelengths, such as below 10 centi-
meters, since there the efficiencies are seldom greater
than a few per cent.

]. ENERGY RELATIONS

The essential phenomenon in bunching in klystrons is
that an electron beam, initially uniform with respect to
velocity and charge distribution, is velocity modulated;
so that, after an interval during which the beam travels
in a drift space, the charge distribution in the beam is
no longer uniform, and hence the beam contains com-
ponents of alternating current.

The expression for this current is

i = i|[1 + 22!,.(117) cos n (wlz 0 :)] (1)
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laws and a correction factor to compensate for absorp-
tion in the intervening air space. A tube current of 2
milliamperes was used ; values in the table are expressed
in terms of roentgens per minute per milliampere.
These measurements indicate an intensity of 2,330,000
roentgens per minute at a distance of 2 centimeters
from the center of the focal spot, when the tube is
operated at 50 kilovolts, and 50 milliamperes, which

HCTam %Y

Fig. 5—Schematic view (in section) of beryllium-window tube with
180-degree-angle X-ray beam.

values constitute normal continuous ratings for this tube
when provided with a 5.0-millimeter focal spot. This
number of roentgens per minute is several hundred times
as great as the intensities employed in photochemical
or sterilization experiments previously reported.

As suggested above, it is not only the intensity that
determines the amount of material which can be altered
photochemically, but also the total area over which
such intensity is effective. The area covered at any given

(c) (d)

Fig. 6—Diagrams of focusing obtained with domed window tube at
various positions of the windows with reference to the anode. (Ac-
tual pin-hole focalgrams compared with schematic diagrams of
clectron trajectories.) (a) Maximum spacing produces “ring” focus.

b) Somewhat closer spacing produces circular focus of large size.
c) Spacing adjusted to produce minimum-size focus. (d) Still
closer spacing again resultsin a “ring” focus.

distance is approximately proportional to the square of
the solid angle included by the cone of radiation. At
anode voltages in the order of 50 kilovolts or less, the
radiation issues from the target with substantiallv uni-
form intensity throughout the 180-degree solid .angle
subtended by the target face. In the case of beryllium-
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window tubes described heretofore, the cone of radiation
has been limited to a very much smaller extent by the
size of the window. More than one such window has
been provided in some tubes, but even then only a small
fraction of the total radiation has been utilized.

The desire to make the entire 180-degree solid angle
of radiation available for such applications has led to the
invention of a new type of X-ray tube, employing an
entirely new principle of focusing the electron stream on
the target, so that the cathode structure is entirely out-

——

Fig. 7—Photograph of experimental tube with domed window per-
mitting 180-degree solid-angle X-ray beam.

side the hemisphere subtended by the target face and
thus does not eclipse any part of the radiation generated.
The structure of this tube is shown diagramatically in
Fig. 5. The window is in the form of a generally hemi-
spherical dome into which the anode protrudes with the
target face paralle! to the base of the hemisphere. The
cathode consists of an incandescent filament of annular
form surrounding the anode, and located within the
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Fig. 8—Arrangement for uniform X-ray
to cone-window tube.

treatment of fluids, applied

dome in a plane below the plane of the target face so

tha.t iF does not cast a shadow in the hemisphere of
radiation. The dome is at cathode potential, and the
resultant electric field in the space between ('lOme and
anode is such that the electrons from the filament
describe trajectories which terminate on the face of the
target, approximately as indicated in Fig. 6. Such a
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dome can be formed of the maileable beryllium re-
ferred to above.'

Such a tube has been constructed experimentally at
Machlett Laboratories, in which a dome 2 inches in
diameter was employed. The cathode and dome were
operated at ground potential; the anode, being at high
positive potential, was cooled by water circulating
through a long column of insulating plastic tubing.
The tube was operated at a maximum load of 100
milliamperes at 60 kilovolts. On the basis of the in-
tensity measurements made on the AEG-50 tube de-
scribed above, it is estimated that the intensity would

. be approximately S million roentgens per minute, over
an area of approximately 25 square centimeters.

This experimental tube (pictured in Fig. 7) was made
with the position of the dome adjustable with respect
to the target, by means of being mounted on a metal
bellows. The effects of various positions on the focusing
of electrons on the target are shown by the pinhole
photographs of the focal spots reproduced in Fig. 6.
The diagrams adjacent to each focalgram show the
probable electron trajectories in each case.

In a tube of this sort, the window is not subject to
electron bombardment, by either primary or secondary
electrons, since it is at cathode potential. Hence, the
problem of cooling the window does not arise as in the
case of a window at anode potential, which receives
considerable bombardment by secondary electrons if
located near the focal spot.

In the processing of materials by X-ray treatment
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with such tubes, an arrangement to permit continuous
processing at any required rate would, of course, be
desirable. For materials which are in gaseous or fluid
form, or can be reduced to such a form, the dome-
shaped window lends itself readily to an arrangement
in which the fluid is fed in through a pipe to the center
of the window and then caused to spread uniformly over
the dome in a film of controllable thickness by a hemi-
spherical baffle conforming to the contour of the window
with the required spacing therefrom. The treated ma-
terial returns through an outer pipe concentric with the
incoming one. The optimum thickness of film would
depend on the coefficient of absorption of the material
and the necessary degree of uniformity of treatment of
the entire body of the material. The layer of the film
adjacent to the window would receive more intense
treatment than layers farther away, due to absorption
by the first layer. A greater degree of uniformity
throughout with thicker films can be obtained if the
flow of the material is accompanied by a turbulence
which causes the material to become thoroughly inter-
mixed during its passage through the treatment field.
An arrangement such as that illustrated by Fig. 8 can
be utilized to produce such turbulence.

In conclusion, it is hoped that the availability of these
sources of X radiation of utilizable ionizing power several
hundred times more intense than those heretofore avail-
able will lead to more thorough investigations into this
promising field of physical, chemical, and biological
research.

The Maximum Efficiency of Reflex-
Klystron Oscillators®

ERNEST G. LINDERY, ASSOCIATE, I.R.E. axp ROBERT L. SPROULL*®

Summary—The theory of reflex-klystron oscillators is given in
detail. It includes a discussion of relations in a loaded oscillator.
It is shown that maximum efficiency for small amplitudes is given by

n0="0.169M*i,/ GV,

where M is the coefficient of modulation of the gap, i, is the effec-
tive current, G. is the shunt conductance of the unloaded resonator,
and V, is the beam voltage. Possibilities of increasing efficiency are
considered, including effects of grid transmission on effective cur-
rent and on space charge, and effects of multiple electron transits.

HE THEORY presented in this paper is based
Tmainly on the previous investigation of D. L.
Webster,! but it embodies considerable modifica-
tion and extension of his original treatment. The work
was done several years ago but could not previously be

* Decimal classification: R355.912.3. Original manuscript received
lz)i/ t;‘9e4:5n5titUte' April 5, 1946; revised manuscript received, August

1 RCA Laboratories Division, Radio Corporation of America,
Princeton, N. J.

1D. L. Webster, “Cathode-ray bunching,” Jour. Appl. Phys.,
vol. 10, pp. 501-508; July, 1939.

made public because of wartime secrecy restrictions.
The theory is a small-amplitude one, that is, the oscil-
latory voltage is assumed small in comparison with the
steady voltages. This assumption is most applicable in
the case of short wavelengths, such as below 10 centi-
meters, since there the efficiencies are seldom greater
than a few per cent.

I. ENERGY RELATIONS

The essential phenomenon in bunching in klystrons 1s
that an electron beam, initially uniform with respect to
velocity and charge distribution, is velocity modulated;
so that, after an interval during which the beam travels
in a drift space, the charge distribution in the beam is
no longer uniform, and hence the beam contains com-
ponents of alternating current.

The expression for this current is

iy = — i,[l + 22 J.(nr) cos n (wtz -6 - %)] (1)
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The term containing the fundamental frequency w is

1= - 2i1]1(’) COs <w!2 -0 — ;r) (2)
Here 1, 1s the value of the current during the first pas-
sage of the beam through the gap at time f, and 7, is
its value during the second passage at time &. J.(nr)
is the Bessell function of order n. The quantity r is called
the bunching parameter and is given by r=0MV,./2V,,
where 8 is the transit angle of the bunch centers between
the first and second transits, M is the coefficient of
modulation of the gap, V,, is the amplitude of the oscil-
latory voltage, and V, is the beam voltage.

These expressions were originally derived by D. L.
Webster! for the case of the two-cavity, single-transit
klystron. It can be shown? that they are unaltered for
the reflex case, except for a change of sign due to the
reversal of the current.

In the present treatment the phase angle v/2 also is
introduced to represent a phase shift inherent in the
bunching process. This occurs since bunches form about
those electrons traversing the gap when the voltage is
zero and changing from accelerating to decelerating.?
Thus the current maxima (bunch centers) are formed
out of phase by angle of 7/2 with respect to the volt-
age maxima. The gap voltage corresponding to the cur-
rent given by (2) is

V = Vo cos wts,

and the total phase angle between current and voltage
is therefore 8+ (m/2).

From (1) it is seen that the current resulting from the
bunching process contains components of direct current,
and alternating currents of the fundamental frequency
and all harmonics. To obtain an expression for the power
derivable from such a beam, consider its passage across
a gap or between grids across which there is the voltage
1" cos wtz. The energy absorbed from the beam during
one cycle will then be given by the integral of the prod-
uct of the instantaneous current and the effective volt-
age which acts upon the beam during its passage. Thus
the energy is

2w /w
W' = —f oMV cOs wiqdl, 3
0

In this integration, all terms will vanish except the one
containing the frequency w.
Hence,

2rw x
|14 2i1MV,,.Jl(r)f cos (wlz — 6 — ?) COSs wiad!
0

I

2r s
— 1MV ,.J\(r) cos (0 + f)
w 2

2 E. L. Gintzon, and A. E. Harrison, “Reflex-klystron oscillators,”
Proc. I.R.E., vol. 34, pp. 97-113; March, 1946.

3 For discussions of the bunching process see also D. M. Tombs,
“Velocity-modulated beams,” Wireless Eng., vol. 17, pp. 55-60;
February, 1940; and L. J. Black and P. L. Morton, “Current and
power in velocity-modulated tubes,” Proc. L.R.E., vol. 32, pp. 477-
482; August, 1944,
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Thus the energy absorbed per second, or the power, will
be

T
W = —w W' = i]A[Vm]l(’) cos (0 + _) (4)
2r 2

This is a maximum for
™
0 + = 2mn
2

or
6 = 2x(m — %)

where m is any positive integer. Each integer corre-

sponds to a mode of oscillation.

These values of 6 giving maximum power correspond
to the passage of the bunch center through the grids
when the field has its maximum retarding effect. It is
convenient to use the angle. ‘

y=0-2x(m—~1}), (5)

which indicates the departure from the power maximum
or from a mode center. In terms of this

— 2i1J,(r) cos (wtz — v), (6)

=
and
W = i, MV, J.(r) cos v. (7)

The voltage between the grids may now be de-
termined by considering that, if the shunt resistance
between them is R, then

W =F 2R
or from (7), putting cos y=1 to get the amplitude,
V= 2RO MV, J(r), or
V= 2Ri:MI(r). (8)

The factor M which occurs above, and which will be
frequently used also in what follows, may be defined by
the expression
I'm (effective

I-m

M=
An equivalent definition is

1)
M=

el ..
where P is the actual maximum energy lost by an elec-
tron in traversing the gap. It would be equaf to unity
only in the case of an ideal gridded gap and zero transit
time. It is a function of the variation of the field across
the gap, but here it will be computed only for the case of
parallel plane grids of sufficiently fine mesh so that the
field may be considered uniform in intensity and normal
to the grids at all points. The voltage across the gap is

then given by V. cos (wty+7).

The energy transferred to an electron traversing the

gap is
V% =f Fds,
0

where 7 is the transit time, F the force, and s the posi-
tion co-ordinate.
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Therefore,

1)

T ds
ef E d’-_'
0 dts

oW ds
= ef cos (wly + v) — dia,
0 d litz

where E is the field and d the gap spacing.

Because of the assumption of small ficld, ie., VeV,
the velocity ds/dt: may be taken as constant and equal
to v,, the entrance velocity. Thus,

evoV g
P = = f cos (wly + v)d!2
d 0
P 1 2
= f cos (w2 + ¥)dta
eVom z
1 :
= [sin (wr + ¥) — sin vl
wT
2 (wr+ 27) L wT
= — COs sin — -
wr 2 2
Therefore,
P 2 (wr+ 2'y> . wr
= cos| ——— ) sin B
eVn wr 2 2

The maximum value of this gives M, and evidently oc-
curs when
wr + 2y wr
2— = 2nw, oOr vy = 2nw — .
Hence

M = — sin —- )

wr 2

11. EFFICIENCY OF A LOADED OSCILLATOR

The power given by (7) represents the total amount
available from the beam. However, this cannot all be
exploited in a useful load, except for the hypothetical
case in which the oscillator circuit, e.g., cavity resonator,
is totally loss-frce, so that it has infinite shunt resistance.
In general, the power in the load may be determined
as follows. The loaded resonator circuit is represented
by a lumped-constant circuit in which the capacitance
and inductance of the cavity, denoted by C and L, are
in parallel. These are shunted by the unloaded shunt
resistance* R¢, and also by the resistance of the load as
reflected across the resonator gap, denoted by Ry.

Hence the total shunt resistance R of the circuit or
the gap due to both the load and the cavity losses is
given by

1 1 1

R R ! R,
or in terms of the respective conductances
G =Ge+ 6L (10)
¢ For methods of measuring Rc see R. L. Sproull and E. G.

Linder, “Resonant-cavity measurements,” I’ROC. I.R.E., vol. 34,
pp. 305-312; May, 1946.
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In the following, resistances and conductances will be
used interchangeably to facilitate simplification of equa-
tion writing.

The power dissipated in the load is

Wi =3GLVah (11)

and that dissipated in the cavity is
We = 3GcVn? (12)

By use of (10), (11) may be written
w, =2 V;"z (G - Go), (13)

and by use of (8)
WL i - [MV,,.J,(BMV,,./ZVO) —(1‘0‘./—”::‘. (149)
Voir, Vo 21,

In this expression the first term represents the contribu-
tion due to the total energy delivered by the beam to
the oscillating circuit. The second term represents the
effect of the losses in the cavity.

From (14) the condition for the start of oscillation
may be simply derived, since it corresponds to n=0.
Thus
GcVnl
MV J(6MV,./2V0) = - P

1

But since the amplitude of oscillation is infinitesimal
at the inception of oscillation, the Bessell function may
be replaced by an approximation valid for small argu-
ments. Thus

JA(OMV ./2V0) e
1 m o) — 4V0
and
OMV.2  GeVanl
Ve  2ix
or
=ty (19)
= 00V

This defines B and gives the lowest value for which
oscillations may occur. The value =1 corresponds to
no loading of the cavity, ie., G,=0. This is evident
from (14), since the two right-hand terms represent the
total power generated and the power dissipated in the
cavity, respectively. If these are equal, then no power
can be supplied to a useful load. The starting condition
for a loaded cavity will require 8>1, its actual value
depending upon the value of G1t.

To derive the conditions for maximum efficiency,
consider that with a given oscillator for which Vo, w,
M, Ge, and 1, are fixed, the efficiency may be varied
by changing 0 and Va. The drift angle 6 may be varied
by altering the reflector voltage Vr. The quantity Va
is affected by varying the load resistance. Hence, to
find the maximum efficiency obtainable from a given
tube, it is necessary to maximize with respect to both of
these two independent variables 0 and V. Take first,
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an 1 .M,V”' iy 0MV,,._ MV,_,. —n two conditions for maxima, (16) and (20), be solved
o  V : 2V el simultaneously, giving
ie.
' 1
oMV, Jo(1.88) = —, 2
1(222) = s =0 (16) : B (22)
or or i
ro=1.84, and J(ro) = 0.582. (17) Bo = 3.17.

This condition ntakes Jy(r) a maximum, and hence
means that the bunching is such that the alternating
component of frequency w of the beam has ifs greatest
value.

Now maximize with respect to 1, i.e.,

an 1 MV, \OM
=—;~[MV,,.JI'< )

av.. Vo Vo / 2V,
Ay (GMI',..> Gch:l 0
W17 i 1
or
i) b )
r. r r) = - ]
1 1 Mi,
or, since
Ji(re) = 0,
GeVon
Ji(ro) = = (18)
Il]
Since, from the theory of Bessell functions,
rJ(r) 4+ Ji(r) = rJo(r (19)
this condition may be written,
2GcVo 1
Jo(r) = — = . 20
o) = oot = 5 (20)

Since, with a given tube, V.. is a function of the loading,
(20) is the condition for optimum loading. That this
condition represents a maximum, and not a minimum
or a point of inflection, may be shown by investigating
the usual conditions involving second-order derivatives.
It should be noted that (18) holds only when 7% is
maximized with respect to both § and V.., whereas (20)
requires only maximization with respect to V, and
hence is valid for all values of 7.

The meaning in terms of load conductance of the
maximization with respect to V,, may be seen from the
following. The general expression for the voltage across
the cavity is given by (8). Apply to this the condition
for maximum efficiency (18). This gives

21, MGV
GMi,
from which
G = 2Ge.
or
G = Ge. (21)

This indicates that equal amounts of power are dis-
sipated in the oscillator resonator and in the load.

It is now possible to derive an expression for the maxi-
mum efficiency with respect to both 6 and 17,. Let the

Then the maximum efficiency for a given tube is ob-
tained by rewriting (14),

M2 fr r
n = 5 _11(7' e ],
GeVol B 2p°
and introducing the above optimum values of r and 8.
This yields

(23)

- ‘1/21’1[7 Tilre) = ro? :l,
GeVolBo ! 28?

M2,

Gal

or

no = 0.169 (24)
This is valid only if M V,, <1V, since this was assumed
in the derivation of (1); also, if MV,>4%V,, some elec-
trons will be reversed between the grids. Such reversal
introduces conditions not covered by the present theory
and which moreover clearly would result in a decrease in
cfficiency.

It is instructive to apply the above small-signal
theory to the region where MV,, approaches the limit-
ing value, §V,, since, although it is inaccurate there, it
nevertheless gives some idea of the ultimate values to
be expected for the efficiency:. .

If it is assumed that the conditions are always such
as to give maximum bunching, i.e., (16) is always satis-
fied, then (14) may be written ’

Gel'p?
2iy J

which expresses efficicncy in terms of the amplitude V.
A set of curves of efficiency versus M1V, for the fol-
lowing conditions

1
n [_4[0.58‘111 — (25)

F'o = 300 volts

M=1/V32
i1 = 0.01 ampere
MV max = 150 volts

is given in Fig. 1 for values of Rc from 5000 to « ohms.
These curves are all terminated at the line M1',,=150
since beyond that point electrons wi e :
the alternating field.

Tl.]e efficiencics given by (24) correspond to the
maxima of curves such as q, b, ¢. and d, and also to ¢
the maximum of which occurs just at MV, =150 How:
ever, for curves suFl1 as f, (24) does not apply since its
maximum occurs in the forbidden region Af17,,>150
The correct maximum efficiency in this case is given b\;
the intersection of the curve with the line MV, =150

| be reversed by
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and may be computed from (25). Hence, on this basis,
the maximum attainable efficiency for reflex tubes is 29
per cent, corresponding to curve g for MV,=150. Itis
of interest to compare this with the case of single-
transit tubes. Here the restriction on MV is MVaZ Vo
In this case it is seen from (25) that an ultimate effi-
ciency of 58 per cent might be attained.

e CURVE Re |
5000
10000
15000
25,000
51,724 9q
100,000
o

JREEY
.O\M(

: =

2%

O anoP

AN

\
\

35

st

(4
b
: N
° i ]
25 50 7% 100 125 150
MV,

Fig. {—Efficiency in per cent n versus effective oscillatory voltage
M V., for various values of unloaded cavity shunt resistance Re.

However, in most actual cases where the efficiency is
of the order of a few per cent, MV, is always much
less than its limiting value of Vo/2, and the typical
curve resembles that of case a, Fig. 1. In all such cases
(24) gives the correct maximum efficiency.

To get an expression for V., under conditions for
maximum 7, rewrite (14) and substitute from (18).

This yields
jl ‘rm [j ( ) GCVM]
=3 r —
TETE LYY 2y,
MV, Ji(ro) MV,
- =0.29 - (26)
‘-u 2 Vo

Since this expression and (23) must be equivalent they
may be equated and solved for V. Thus,

V,,.o = 058MR011 (2_)

This formula, like those from which it is derived, is
valid only for MV.&% Vo

111. POSSIBILITY OF INCREASING THE EFFICIENCY
In the expression for maximum efficiency,

2il

M
Ne = 0.169 ’
GcVo
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there does not seem to be much of a possibility of greatly
increasing 7o by attaining more favorable values of M,
Ge, or V,. In general, these factors are not independent,
and changes which improve one frequently result in a
compensating change in the others. Consider the case
where the resonator is a simple cylindrical cavity, of
height d and radius @, in which d<a. Then

ad

Ge =
1894*

where & is the skin thickness. M may be expressed in
terms of Vo and d by making use of (9) in conjunction
with the formula for transit angle.
d
wr = 10710—1 f.; ?
V'V

and that for wavelength,
A = 2.6la.
These relations give

M2 5.77-105  wr
C = sin?—-

GeVo 15

Therefore, for a fixed frequency, it is evident that the
above quantity depends upon the sine term only, and
is greatest when its argument is /2, i.e., when the
transit angle is 7 radians. Hence, so long as wr=m,
variations of M, Ge, and V, do not affect the efficiency,
and no further increase of efficiency in this particular
case is obtained by varying these quantities.

b Since the efficiency is directly proportional to 1,
and the power to %?, possibilitics of increasing the cur-
rent are of importance. It is of significance that 1, is
the effective current and not the cathode emission
current which will be denoted by 7,. The former is ob-
tained from the latter by subtracting losses principally
to the grids and aperture edges.

The losses to the grids may be expressed in terms of
the grid transmission coefficient «, which is taken as
the ratio of open area to total area over the grid surface.
This is a somewhat idealized definition since it assumes
no component of lateral velocity to be introduced by
the grid wires, and assumes that the shadows cast by
previous grids do not affect the transmission coefficient.
The area ratio may be shown to be

()

where [ is the distance between wire centers, and b is
the wire diameter.
If the beam passes through one grid, the transmitted
current will be
il = ai..

For two grids it is
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il o a~ai,.
and for u grids
il = (1"1' 2o (28)

For passage through u grids of transmission a4, and u’
grids of transmission a,, the resulting current is

1:1 = (11“(12"’1‘ o

It is obvious that 7, can be increased by increasing o
and decreasing u. The transmission a can be increased
by using finer wire and larger spacings. But the fine-
ness of the wire is limited by its temperature rise, and
the largeness of the spacing is limited by its effect on M.
Large spacings permit fringing electric ficlds and de-
crease .M. The number u of grids depends upon the
design of the beam electron-optical system. It is usually
either two or three in reflex tubes, but the beam passes
through some of the grids more than once.

Another important consideration that determines 7, is
is that of multiple transits of electrons through the
resonator. In the above theory only two transits are
considered, first the modulating transit, and second the
driving transit which occurs after the electrons have
been bunched in the retlection space. Obviously there
must be additional transits, since the cathode will act
as a reflector. However, because of debunching and
improper phasing these additional transits contribute
little one way or the other to the oscillations of the
resonator except in special cases. Nevertheless, they
may contribute substantially to the space charge and
thus decrease the cathode current 7, so that in some
cases the beam current may be limited by space charge
rather than by grid temperature.

The magnitude of this effect may be evaluated by
considering a simple structure consisting of a plane
cathode, grid, and retlector, with the cathode and re-
Hlector at zero potential and the grid positive. Let the
grid have a coefficient of transmission a. Then for every
N electrons emitted from the cathode, a fraction Na?
will return after one round trip. At the start of the
sccond trip, the fraction Nao? will be joined by a new
group of N electrons, making a total of (14-a2)N. After
g round trips the number will be

(I+a®+at+ - +a%) V.

After equilibrium has been reached, ie., g= «, this
becomes N/(1 —a?), which is the sum of this infinite
series. Hence, if electrons are emitted from the cathode
at a rate of N per second, the number moving through
the space will be N/(1—a?). Or, if the emission current
is 7., the space current 7, will be

=t (29)

1 — a?

Thus space-charge limitation would occur with a
cathode emission current 1—o? times that given by

March

the Child-Langmuir law. If there are u grids, the factor
becomes 1 —a?“.

Thus it is evident that there are two distinct grid
transmission effects: (1) losses to the grids which de-
creasc the effective current, and (2) transmission by the
grids which allows multiple transits, resulting in greater
space charge and consequent decrease in cathode emis-
sion. These etfects are opposed to cach other; large «
increases (2) while small o increases (1). Hence there
is an optimum a.

This is claritied Dy reference to Fig. 2. A structur
having three grids is shown: a is an accelerating grid,
whereas b and ¢ are radio-frequency grids. The effec-
tive current driving the oscillator is 7,, which is the cur-
rent remaining after four grid transits. The remaining
transits are assumed to contribute only to space charge.
The sum of currents due to all transits, regardless of
direction of tlow, gives the space current i,.

For the usual retlex-tube case with u grids, 7, is given
by

1 = atlq,.
Then, from (29),
i1 = a"t(1 — a?v)j,.
Here 7, is a constant determined by the Child-Langmuir

law. By differentiating with respect to «, and equating
to zero, the maximum for « is found to he

w41\ 1
ap = ( > . (30)
3u+4+1/2u

Hence, if

=2 o =0.810, i =0.30i,
and if
u=3, a=0.838 ; = 0.29;,.
i G
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Fig. 2—Schematic clectron paths jn a triple-g
showing the effective current 7, ang the buil
due 1o multiple transit

rid reflex oscillator,
t-up space current 1,
between cathode & and reflector R.

Ihese results represent a case in which the beam elec-
trons continue to oscillate until g are captured by the
grids. If there is any divergence of the beam so that elec-

trons are captured elsewhere, corrections to the above

R ...
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are required. In some tubes all electrons are collected
after two transits by an electrode which does not permit
them again to approach the cathode after having once
left it. Then space-charge effects are reduced to a mini-
mum, and the grids may be designed for higher trans-
mission limited only by considerations of heat dissipa-
tion and effect on M. Also it should be noted that 4
can be increased by increasing ., as for example by
diminishing the spacing from the cathode to the firts
grid. Here again heat dissipation is a limiting factor.
The above maximization of a would usually be most
useful in making best use of an 1, already at its highest
value.

s
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Fig. 3—Schematic diagrams of reflex klystron utilizing
three electron transits.

Another method of increasing efficiency lies in the
possibility of utilizing electron transits after the second
one. As has just been pointed out, multiple transits
usually occur, but they are usually ineffective becausc
of debunching and improper phasing. However, it is
possible to design a tube so that the third transit will
cause a considerable increase in efficiency. This is
especially true in the casce of low-amplitude (i.c.,
V. &V oscillators, since the velocity spread in the
beam is small, and when once bunched the clectrons
stay sufficiently bunched long enough to permit a third
transit with considerable ¢ffectiveness.

Referring to Fig. 3, we see that the power developed
by the beam during the second transit, i.c., transit b,
will be, according to (7),

W, = §,MV.,Ji(r) cos v
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During the third transit, i.e., transit ¢, it will be

W, = 1. M Vm.ll(fz) COS Ya.

This assumes that the bunch shape is affected by the
second transit only to the extent that r changes between
the second and third transits. The fact that various clec-
trons in the bunch are subjected to different action of
the radio-frequency field and the bunch thus distorted
is ignored. The deceleration of the bunch as a whole
during transit b also is neglected, and the bunch there-
fore is assumed to be reflected at the cathode surface
between transits two and three. Both of the above
assumptions are justified on the basis of a small-signal
theory.

Thus the total will be

W =W + W, = MVm(iljl(fl) COS 71 + ig]l(fz) COS‘)’z)
=16Vt

Introducing this in (13) yields

Via®
W, = (G —Go)
GVl
= MVm[ilfl(fl) cos v1 + iaJ1(r2) cos 72] = 02 .
T'herefore,

1 MV .0, GeVmt
- o ()%
Vo 2V, 24

MV .0,
+a2MI',,.]1( >] (31)
2V

0

where the cosine factors have been given their maximum
value of unity. This maximum value may be attained
by varying the two voltages Vo and Ve by small
amounts. It is of interest that this exhausts the available
parameters which can be adjusted for maximizing the
phase angles vi and 72 In attempting to utilize still
more transits this maximization would not be possible.

These expressions are now similar to those for the
double-transit case except for the addition of an extra
term which represents the contribution of the third
transit. The factor 6z which oceurs in this added term is
similar to 8, which has been discussed above and repre-
sents the transit angle of the bunch center from the
first to the third transit, that is, it is equal to 0; plus the
added angle caused by /.

As before, to maximize (31) with respect to the
loading, the derivative of 7 with respect to V. is
equated to zero. This yields

MYV .0, L0 MV .0 1
f(.( ) '+ (1'2 .]n ) = o
2V, 0, 2V, B
Irom the tube geometry and operating voltages, the

quantities 0y, f2, on and B are known. Thus V., may he
determined from (32) and then n from (31).

(32)
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As a specific example a case has been computed® for
the following numerical values:

w = 5.89-10' cycles per second (A = 3.2 centimeters)
M = 0.64

a = 0.81

Vo = 300 volts

7, = 0.010 ampere

R¢ = 5000 ohms.

The results are plotted in Fig. 4, where contour lines
for n are plotted against /, and /;. For a complete picture
the factors cos v, and cos 7., which were dropped to
obtain (31), must now be considered. These are seen
to be rapidly varying functions, compared to 7, when
l, and I, are varied, since it may be shown that vy changes
by 2w radians for a change in I of only 0.274 millimeter.

.

(.

J 2 3 4

l,(mm)

+

Fig. 4—Constant-efficiency contours (in per cent) versus drift
distance in the reflector space /;, and in the cathode space I, for
a triple-transit reflex-klystron oscillator.

Thus the surface of Fig. 4, may be considered as an
envelope of an array of individual maxima spaced 0.274
millimeter along each axial direction. Any value there

® The writers are indebted to Mrs. L. A. Ilartig for valuable
assistance in making these computations.

plotted hence can be approached closely, if not actually
realized.

For the above numerical case, but with only the usual
two transits through the resonator, the maximum effi-
ciency as computed from (24) is 1.16 per cent, whereas
for three transits it is 3.16 per cent, an increase of 2.7
times. Somewhat greater values than this might theo-
retically be realized, since the figures for R¢ and 4,
used above are conservatively low.

However, in practice, it is doubtful that increases as
great as this could be obtained for several reasons. In
the first place, the problem of the electron optics has
been disregarded. It has been assumed that the beam
was ideally collimated. Actually, this condition would be
difficult to realize. With the increased path length, con-
trol of the beam becomes more difficult. There would
likely be more divergence and consequent loss of current
to the aperture edges.

Closely associated with the beam control is the shape
of the grids, since this is a primary factor in determin-
ing the shape of the electron wave fronts which form in
the beam due to bunching. For a homogeneous, per-
fectly collimated beam, and with flat grids, flat wave
fronts will form. The reflecting field should then be such
as to return flat wave fronts to the grids. However,
with curved grids, curved wave fronts are formed and
the reflecting field must then be such as to return wave
fronts having the same curvature as that of the grids.
Otherwise all parts of the wave front or bunch will not
pass through the grids at the optimum phase. With
two driving transits this problem becomes considerably
more difficult, since the wave front shape must conform
to the grid shape on both transits. On the first driving
transit the shape of the reflector can be varied to pro-
duce the correct wave front shape, but on the second
driving transit the cathode acts as the reflector, and it
probably would be difficult to shape it so as to fulfill
simultaneously its function both as cathode and re-
flector. A possible solution is to use parallel plane grids
with a closely spaced parallel plane cathode. The con-
struction of grids which will remain flat when raised to
the usual high operating temperatures is a considerable
problem that has not yet been solved. but this does not
seem to be a difficulty which could not be overcome in a
practical fashion.

The question of space charge must also be considered.
I‘t = highly desirable to operate with space-charge-
limited current for the sake of stability. However, with
a cathode closely spaced to the first grid, as it must be
to act efficiently as a reflector, space-charge limitation
may not alway§ be obtained. In designing a multiple-
transit tube this factor should be considered, and the
cathode-grid spacing should be chosen to give space-
charge limitation, if possible.
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Electronic Collisional Frequency in
the Upper Atmosphere’

E. F. GEORGEft

Summary—The collisional frequency of free electrons with neu-
tral air molecules and atoms in the earth’s atmosphere is calculated
on the basis of contemporary ideas concerning temperature, pres-
sure, composition, and dissociation of atmospheric gases. Expres-
sions are developed for these calculations.

Since contemporary ideas on the state of the upper atmosphere
are markedly different from those held ten years ago, this new de-
termination of collisional frequency yields values different from
those found earlier.

Two sets of values are worked out, one for night and the other
for day conditions. It is believed that these two cases represent
maximum and minimum values. The effective molecular diameter is
discussed.

It is pointed out that more exact knowledge of the collisional fre-
quency in the ionospheric regions is important in connection with
theories of radio wave propagation.

N ANY investigation of the propagation of radio
waves through the ionosphere, the frequency of col-
lisions between free electrons and molecules or
atoms plays an important role. Collisions of this kind
result in the absorption of energy from the electromag-
netic waves. The refractive index of the ionosphere is
influenced also by friction, as shown by the general dis-
persion equation. Friction, in turn, depends upon the
collisional frequency. In view of the importance of the
subject, therefore, and in view of the fact that no com-
puted values of the collisional frequency exist which are
not based more or less upon discarded ideas as to the
conditions prevailing in the ionosphere, it seemed worth
while to undertake the following investigation.
In this paper the collisional frequency is computed
from the following formula’

KxT
f nl)"/ (D
2m

where f is the collisional frequency, n the number of
molecules per cubic centimeter, D the molecular diame-
ter in centimeters, K Boltzmann’s constant, T the tem-
perature in degrees Kelvin, and m the mass in grams of
the electron. Assuming this formula to be correct, it
would not be difficult (though quite tedious) to compute
the collisional frequency if the quantities n, D, and T
were known. Such, however, is far from being the case.
The value of n, for instance, depends upon the tempera-
ture and pressure. The pressure, in turn, depends upon
the temperature, the relative distribution of the com-
ponents of the atmosphere, and of the dissociation of the
oxygen and nitrogen molecules into atoms. All these fac-

* Decimal classification: R113.502. Original manuscript received
by the Institute, June 10, 1946.
t Department of Physics, University of Alaska, Collegc, Alaska.
_VA. Hund, “Phenomena in High-Frequency Systems, McGraw-
Hill Book Co., Inc., New York, N. Y., 1936; p. 385.

tors are unknown, and the results obtained must neces-
sarily depend upon the assumptions which are made re-
garding these quantities.

Various authorities in this field have assumed tem-
peratures in the upper regions of the atmosphere which
vary all the way from 200 to 3000 degrees Kelvin. An
increase in temperature causes the air to expand upward,
thus decreasing the concentration in the lower regions
and increasing it in the upper regions.

All estimates of the temperature in the ionosphere are
based on theoretical considerations or upon indirect evi-
dence. Some general methods of estimating the tempera-
ture are:

(a) computations from the amount of the sun’s radi-
ant energy known or believed to be absorbed in
the atmosphere;

(b) sound ranging;

(c) spectroscopy.

According to Hulbert? the temperature in the region
between 160 and 300 kilometers rises 50 degrees Kelvin
per hour during daylight. Wulf and Deming?® favor a
temperature of about 700 degrees Kelvin in the region
above 100 kilometers. This conclusion is based on the
assumed absorption of the sun’s energy by nitrogen.

In this paper, an attempt has been made to distin-
guish between conditions during the daytime and at
night. The temperature at night is assumed to be 220
degrees Kelvin from an altitude of 10 to 400 kilometers.
This is in line with the conclusions reached by Vegard
and Tonsberg* from a study of the Tromso spectro-
grams. They find the night temperature to be about
225 degrees Kelvin. During the day the temperature is
assumed to range from 220 degrees Kelvin at 50 kilo-
meters to 1000 degrees Kelvin at 400 kilometers. The
temperatures assumed at the various elevations are
shown in Fig. 1 and in column 2 of Tables I and II.

In regard to the distribution of the various compo-
nents of the atmosphere, Hulburt® assumes complete
mixing (and therefore the same relative concentrations
as at sea level) to an elevation of 150 kilometers. In this
paper, complete mixing has been assumed to a height
of 90 kilometers, above which a gravitational separa-
tion is supposed to exist. This assumption has made
it necessary to compute the pressures and molecular

2 E. O. Hulbert, “Physics of the Earth, VIII, Terrestrial Magne-
tism and Electricity,” McGraw-I1ill Book Co., New York, N. Yo
1939; pp. 492-500.

10. R. Wulf and L. S. Deming, Terr. Mag. and Atmos. Elec.,
September, 1938; pp. 283-297.

¢ L. Vegard and E. Tonsberg, “Results of auroral spectrograms
obtained at Tromso ohservatory during the winters 1941-1942 and
1942-1943,” Geofysiske Publikasjoner, vol. 16, Utgitt Av Det Norske
Videnskaps-Akademi | Oslo, Sweden, pp. 1-10.
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concentrations above 90 kilometers for each component
separately. The concentration at great elevations de-
pends quite markedly upon the height at which gravita-
tional separation begins.
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Fig. 1—Assumed relation between temperature and elevation. From
sea level to 50 kilometers the same temperatures are assumed for
day and night.

The molecular density in the upper atmosphere de-
pends to a very great extent upon dissociation, or the
separation of the diatomic molecules into atoms. Wulf
and Deming? assume complete dissociation of oxygen
above 100 kilometers, and the dissociation of nitrogen
at higher levels to some unknown extent. In this paper
it is assumed that partial dissociation of oxygen begins
at about 90 kilometers, and partial dissociation of nitro-
gen at about 160 kilometers. The percentage dissociation
of these elements at the various elevations is shown in
columns 4 and 5 of Tables | and II.

Another factor whose value is uncertain within wide
limits is the molecular diameter. Since, according to (1),
the collisional frequency varies as the square of this fac-
tor, it is easily seen that precise results are difficult to
obtain. It might be pertinent to inquire at this point
what is meant by the diameter of a molecule as the term
is used in this connection. In other words, how close
must an electron come to the center of a molecule for a
“collision” to occur; that is, how close must it come in
order to be appreciably deflected one way or the other?

Both Hund! and Hulburt? suggest a diameter of 3 X108
centimeters. A careful check of Hund's results appears
to indicate, however, that in his computations of the
collisional frequency he actually employed a value of
the molecular diameter of about 7X10-% centimeter.
In the present paper, the rather shaky assumption has
been made that an electron suffers a deflection when it
comes within a distance D of the center of the molecule.
The actual diameter of the molecule is taken as 3.5(10-%)
centimeters and the effective diameter as 7.0(1078) centi-
meter. This would appear to be, in effect, what Hund
actually did. Fortunately, whatever variations there
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may be in the assumed values of the molecular diameter,
the result, in so far as the collisional frequency is con-
cerned, is not cumulative. In this respect it ditfers mark-
edly from the other factors above. A comparatively
small change in any one of them accumulates in such a
way that the result at an altitude of 400 kilometers,
amounts to several orders of magnitude.

The atmospheric pressure at the various elevations
was computed from

p = poe Mg/ Kf'd:/T (2)

p
e

where p is the pressure at the elevation z, p the pressure
at sea level, )M the average mass in grams of the mole-
cule, and g the acceleration due to gravity.’

In computing pressures the step-by-step method was
used. The first step extends from sea level to a height of
10 kilometers, the second from 10 to 20 kilometers
the last from 350 to 400 kilometers. (See Table 1.

= ¢ MolKfldIT 3)

[ ABLE I-A
N
» 53
4 8 .
$ . E2 % N% P P P
E _i .EJS‘_ 00 NN Oxygen Nitrogen Argon Helium
N2 2 Of
287 980 0% 09 2.14X10*  7.93X10° 9.53%10%  4.06X10°
10 220 917 0 0 §.49X10¢  2.03X10°  2.48X103  1.04X10°
20 220 974 0 0 117TX10¢ 4.36X10¢  5.2§X10t  2.23X107!
40 220 968 0 0 5.40X10:  2.01X10° 2.41X10' 1.03X107
50 220 965 0 0 1.17X107  4.35X100  5.23X10°  2.23X107%
60 240 962 0 0 2.71X100  1.01X100  1.21X10°  S5.17X10°*
80 300 957 0 0 2.25X10°  8.39X10° 1.01X107 4.29X107
90 330 95% 50 0 7.80X10" 2.91X10° 3.50X107 1.49X10°%
100 360 952 70 0 3.51X107 1.15X10°  9.26X1073 1.30X10°
120 304 936 170 0 1.01X1070 2.15X107!  8.46X10™¢ 1.03X10°%
140 348 940 70 0 3.33X10  4.82X10°% 1.00X10~* 8.30X10
160 492 934 75 10 1.23X107  1.26X10°2 1.47X 107 6.85X10~*
180 536 930 7§ 20 5.13X107  3.93X107 2.57X10°¢ 5.75X507
200 580 923 80 30 2.31X1077 1.34X107?  §.20X10-7 4.90X10"¢
220 624 917 80 40 LI3X107 §.97X10° 1.19X10-7 4.23X10°
250 690 909 85 60 4.34X10° 2.08X107¢ 1.60X10"% -3.46X10™*
280 756 900 85 00 1.89X107¢  8.59X107% 2. v 2. .
6 .59X107%  2.63X10-7  2.89X10
300 800 89+ 90 70 1.13X10+  4.98% 1078 2.59 X107
350 900 879 90 70 3.76X107%  1.59X10- 2.01X10°
400 1000 864 90 80 1.45X1078  §.82X10™ 1.61X107
TasLE 11-B
4 n n
Kilo- Orxygen Nitrogen . n n Collisional.
meters  Particles Particles Argon Helium Total Frequency
0 5.43X108  2.02X10 2.43% 10V ’
10 1.83X10'8  6.79X 101 s.zs§18u };2?)88:: ﬁ §3§}°:: 1‘0;‘(18::
20 3BBXI0M  L4SXI0M  1.79X108 7 34X101 1 aesion s‘g Xiow
;g ;.;9))88:: 6.65X10'  8.01X10"  3.32X%10n 8‘53;218-0 g o&(}o'
.87 1.A4X108 1.73X101 741100 ) 8 e .
60 BL2SX10M  3.06X10:  36TXI0N 1.5IX100 3 oynign o iexie
3 010 3.93%10%  1.45X10%
80 5.48X10M 2.04X10M  2.46X101  1.04X10 2 t
90 1.73X10%  6.45X104  7.76X10n 330X 28%a0n  3.98 10
. 0" 8.25Xq0" 3.58X10¢
100 7.13X10%  2.32X108  1.88%X 10" 2 64X 108 5
120 1.83X10%  3.88X10u 1 $3x10m 165 10. 3,(_)ox10u 1.38 X108
150 S43Xi0n  78sXign | SiXi0w 1.8oX100  572X10m  2.74X10:
160 1.82X101 1.8SX100 2 18%100 1 o3kigr  L-33X10w 6.22Xi0¢
180 7.00X10% 5.36X10  3.50X10' 7 831 i L
200 2:91X100  LBIX100 6. 35X108 ¢ 1) xig  L-ZiX100 68610
220 1.33X10%  6.98X10° 1 .39X108 4 9& ’ 4.73X1010 2.71X108
250 4.59X100  2.20X10°  1.70X10° 3 66X01" o aanigy L-2AX10
280 183X100  B40XI00 2 sixig 3 OSXOL  es3Xi0r 428X 10
300 1.03X100  4.55% 108 3% 2eoxir 176X 10
350 3.05X10%  1.290X10¢ Usixior 4 X0 3 2xi0
J06X10% 4. ; .
100 1.06X10 25X 107 LIBX107 1 epior 1 3ixagh

Consider, for instance, the ninth step: from 100 to
120 kilometers. Since the change in g is small, the

8 B, Haurwitz, “Dvnamlc \let ] .
Co., New York, N. Y.; 1941, p. eorology,” MeGraw-Hill Book
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average value (g=952+946/2=949) is used. For this
particular step we let 2’ =z—100;i.e., 2’ =0 when 2= 100
kilometers and z’ =20 when z=120 kilometers. The
value of T, then, for any elevation between 100 and 120

kilometers, is

(404 — 360)z’
B )

T = 360 = 360 + 2.27".

Equation (2) then becomes

p = poe (94981)/ K [2°(d2*/360+2.22")

4

Equation (4) is integrated to find p at 120 kilometers.
The rate at which the pressure changes with the ele-

vation is given by

ap
.d; = — nMg
_or
dp = — nMg(dz)
But
p =nKT

Differentiating (7) we get
dp = KTdn + Knd!
Substituting (8) in (6) we obtain
KTdn + Kndt = — nMgdz

(6)

()

(8)

)

or
dn dT Mg
+ = — —dz (10)
n i KT
Integrating (10) we get
Mg 2 dz
Inn4+InT = — f 4+ Inng+1InTe (11)
KJo T
or
n T Mg r:dz
ln[ ] - - (12)
No To K 0 T
or
n T i f<—Mgf'dz> Mol Kfoar)T 3
= antilog o = Mo Kfjdze] 1K
ny, T, ¢ K o T ’ (13)

T,
Ny - Mol K[d:IT,

I we now substitute (3) in (14) we get

To )4
no 7 4
T po

(14)

(15)

*G. P. Harnwell and ]. ]. Livingood, “Experimental Atomic
Physics,” first edition, McGraw-Hill Book Co., New York, N. Y.,

1933; pp. 86-88.
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TasLE 1I-A
g
e
£ s3
T o E2 9% N% P P P
5 "‘i Eu‘é 00, NN, Oxvgen Nitrogen Argon Hellum
N Rl O
0 287 980 0% 0% 2.14X10%8  7.93X10¢ 9.53X10? 4.06X100
10 220 977 0 0 5.49X 10 2.04 X108 2.48X10° 1.04X10°
20 220 974 0 0 1,17 X104 4.36X10¢  5,25X10*  2.23X107
40 220 968 0 0 5.40X10? 2.01 X108 2.41X10t 1.03X10"
50 220 965 0 0 1.17X10? 4.35X10? 5.23X10° 2.23X107
60 220 962 0 0 2.56 X100 9.57X10? 1.15X10°  4.90X10*
80 220 957 0 0 1.25X10° 4.65X10° 5.60X10°* 1.49X10°¢
90 220 954 25 0 2.78X1071  1.03X10° 1.24X1072  5.30X10°¢
100 220 952 35 0 6.45)102 2.40X10°7 1.55X10°? 4.30X107°¢
120 220 946 35 0 3.83%107 1.31X1077 2.44X107 2.84X10~¢
140 220 940 35 0 2.52%10°¢ 7.32X107* 3,94X1077 1.88X10°¢
160 220 934 35 5 1.68X%10°5 4.16X10°% 6.53X16°* 1,25X107¢
180 220 930 40 5 1.14X10¢  2.57X107¢  1.11X107%° 8,30X10°7
200 220 923 40 10 8.50X107 1,62X10°7 1,93X1071* 5.54 X107
220 220 917 40 10 6.48X10°9 1.11X10°% 3.44X101¢ 3.70X10 7
250 220 909 45 10 1.40X10°10 2,07 X101 2.03X1077
280 220 900 45 10 3.53X1012 4,01X10°? 1.12X1077
300 220 894 45 15 3.10X1074% 2,95X101? 7.59X10"¢
350 220 879 50 15 7.83X10°1¢ 5,54 X1071¢ 2.88X10°¢
400 220 864 50 15 2.57X1071% 1,16X10718 1.11X107?
TFasLE 11-B
Kﬁo— ¥ i " g Total"er cy. Collisional
meters  Oxygen Nitrogen Argon Helium .0 Ccn?imcler Frequency
0 5.43X101  2.02X10% 2.43X1017 1.03X10M 2,58%10% 1,04 X101
10 1.83X101  6.79X10'0 8,25X10'¢ 3.46X10% 8.70X101%  3.08X10%
20 3.88X10M7  1.45X1018  1,74X10t8  7,34X10% 1.85X 1018 6.56 X101
40  1.79X10  6.65)X101¢ 8.01X10M 3.42X101 8.53X 101 3.02X10°
50  3.87X100  1.44X1018  1.73X101  7.41X10% 1.85 101 6.55X10*
60 8.50X10M 3.17X10'* 3,81X10M% 1,62X101 4,06X10"  1.43X10¢
80 4.14X101%  1.54X10% 1.86X10" 7.90X108 1.98X104  7,00X10¢
90 9.22X10  3.44X%101  4.13X101  1.76X10% 4.39%10%  1.56X10¢
100 2.14X101r  7.97X1017  5.13X10% 1.43 X108 1.02X101  3.60X10%
120 1.27X100 4.36X101  8.09X10® 9,44X107 5.65X 101 1.99 X104
140 8.37X10° 2,43X1010  1,31X107 6.25X107 3.27 X100 1,16 X10?
160  5.59X10° 1.38 X10° 2.17 X108 4,13X107 1.98X10° 7.00X 10t
180 3.78X107 8,53 X107 3.68X10? 2.76 X107 1.51 X108 5.34 X10°
200 2.82X10° 5.37X10¢ 6.40X 10! 1,84 X107 2.66X107  9,43X107}
220 2.15X10¢ 3.771X10% 1.14 X100 1.23X107 1.29X107 4.55%107?
250 4.65X10%  6.88X10% 6.76X10%  6.77X10° 2,40X107!
280 1.17X10° 1.33X10? 3.74 X108 3.74X10¢ 1.32X107!
300 1.03X100 9.80X10° 2,52 X10¢ 2.52X10¢ 8.93X10*
350 2,60X10"? 1.84X107? 9.54 X108 9,54 X108 3,39X10"
400 8.55X10°% 3,84X10-¢ 3.69X108 3.69X10% 1.36 X107

After the pressures (Fig. 2) were computed from (2),

the molecular concentrations (Fig. 3) were obtained
from (15) and then the collisional frequency (Fig. 4)

from (1).
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Fig. 2—The logarithm of atmospheric Yrcssurc, in dynes per square

centimeter, plotted against the elevation in kilometers,

[t might be worth while to point out here that, in

view of (15), Hulburt's equation wn=mn, e (4oe/KT) ig
without foundation, and that values of the molecular
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concentration computed by his formula are necessarily
wrong.

On the basis of assumptions that appear to be con-
sistent with recent developments in the theory of the
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Fig. 3—The logarithm of the molecular concentration
plotted against the elevation in kilometers.

ionosphere, two sets of collisional frequencies have been
computed. These extend from sea level to an altitude
of 400 kilometers. One set, shown in Table I, is for con-

ditions which are supposed to exist during daylight
hours. The other, shown in Table I1, is for night.

The author expresses his gratitude to S. L. Seaton,
physicist-in-charge of the College Observatory, Car-
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negie Institution of \Washington, for suggesting the
problem and for encouragement and helpful criticism
throughout.

Noise Spectrum of Crystal Rectifiers’
P. H. MILLER, Jr.t

Summary—Studies of the noise spectrum of crystal rectifiers
were made over a frequency range of 50 cycles to 1 megacycle. The
circuits used in the analysis are described. It was found throughout
the range that, regardless of the type of power applied to the crystal,
the noise temperature varies inversely with the frequency. The noise
in the audio range is always large; a noise temperature ratio of 10¢
is not uncommon. A mechanism responsible for the observed noise
has not yet been suggested.

INTRODUCTION

HE MECHANISMS responsible for extra noise in
Tcrysta] rectifiers are at present little understood.

Extra noise is the difference between the noise ac-
tually observed and the noise to be expected from diode
(shot) and Johnson noise in the rectifying barrier and
spreading resistance. Extra noise in production crystals
at 30 megacycles is not large, but at audio frequencies it

* Decimal classification: R362.1. Original manuscript received by
the Institute, March 14, 1946; revised manuscript received NMay 17,
1946; second revision received July 22, 1946. Presented 1945 Winter
Technical Meeting, New York, N.Y., January 25, 1946. This work
was done in part under Contract No. OEMsr-388 with the Trustees
of the University of Pennsylvania under the auspices of the Office
of Scientific Research and Development which assumes no responsi-
bility for the accuracy of the statements contained herein.

t Randal Morgan Laboratory of Physics, University of Penn-
sylvania, Philadelphia 4, Pennsylvania.

may be many orders of magnitude larger. Rough
whisker tips' and imperfectly soldered back contacts
have been blamed as sources of extra noise. Etch? and
tapping have been found to influence noise, but the tem-
perature effect has been found to be small.?

Several papersi—¢ have been written to elucidate noise
and several mechanisms have been proposed to explain
extra noise. The experiments herein described examined
the characteristics of this noise under various conditions
to ascertain if the predictions of various proposed

geo;':ﬁ;lAp})\i‘:titec:ntgctw: GA_I'Pfann, “Cﬁorre]ation of noise with
n in silico i L4 i
Memorandum, 42-120-96: August ;Lrle;:}xz‘ers, Sl Ny
2 A, \\’/'. Lawson and W. E. Stephens, “Effect of etch on crystal
rectlﬁe.rs, _University of Pennsylvania, National Defense Research
Council QlVls:On 14, no. 126; March 10, 1943,
_*A. W. Lawson, P. H. Miller, and \V. E. Stephens, “Noise in
silicon rectifiers at low temperatures,” University of Pennsylvania
{\Qitjonal Defense Research Council, Division 14, no. 189; October i,
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mechanisms agreed with experiments. In these experi-
ments the extra noise in different frequency ranges from
50 cycles to 1 megacycle was investigated in a variety
of applications.

APPARATUS

The block diagrams of the three schemes used in the
analysis of the frequency spectrum are shown in Fig. 1.
In all cases an input circuit, preamplifier, selective am-
plifier, and output meter were connected in series.

SELECTIVE SQUARE LAW
[PuTE=—{ pre_ awpL F—{3EptCTNEL—fsauise caw)

For Frequencies 50 cycle to 16 K.C.

OSCILLATOR
C 101X . SQUARE LAW
INPUT PRE AMP. MIXER Communication
receiver. DETECTOR
For Frequencies 15 K.C. to 300 K.C
SR22
iNPUTE=]{ PRE AMmP Communication e
receiver.

For Fregquencies O.1 MC. to | MC.

Fig. 1—Block diagrams of apparatus for investigation of
frequency dependence of noise.

The noise temperature { of a crystal is defined as the
ratio of the output noise power of an amplifier which is
completely noiseless (grid resistance at zero tempera-
ture), with the crystal rectifier across the input, to that
of the same amplifier with a passive circuit element of
the equivalent resistance (and reactance) of the crystal
rectifier at room temperature. The output power with
the crystal is 1/R. [y V,? Gdv where V,? is the square of
the voltage on the grid of the amplifier which is a result
of crystal noise, G the voltage gain squared of the ampli-
fier, and R the output load resistance of the amplifier.

The contributions of the grid resistor to the output
noise is always negligible, since the noise voltage gen-
erated by the crystal rectifier with power applied under
our conditions of measurement is much larger. For the
input circuit shown in Fig. 2, the output noise power

To geid of
Pro amplifier.

o l

Rg=300a
15 L

0a
i 8
Fig. 2—Input circuit for applying bias 10
crystal rectifiers.

Ceyerol
recrifior

with the passive resistor replacing the crystal rectifier
would be

Gdy

1.f‘ 4kTRR,*
R.Je (R+R,)
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where R is the resistance of the passive resistor and R,
is the grid resistance which is assumed noiseless. This
assumption is permissible since the above quantity is
not experimentally measured but is merely an aid in ex-
pressing the problem. Thus

J' V,%Gdy
[

4kTRR,? [~
- f Gdv
(R + Ra)z 0

_(R+R)} D

v

4kTRR,?
j'(mu
0

where D is the square of the output voltage as measured
by a square-law detector. If V, is a function of fre-
quency, it is clear that the noise temperature will be
sensitive to the frequency-response characteristic of the
amplifier. There is always present at the output a back-
ground consisting of tube noise and discrete frequency
pickup which must be subtracted from the observed
output.

The value of the integral [§Gdv can be established in
two ways. The first is to measure the over-all gain of the
preamplifier and selective amplifier point by point and
graphically integrate the curve. An alternate method is
to replace the crystal with a diode noise source whose
dynamic resistance is large compared with R,. The out-
put voltage-squared deflection produced by the shot ef-
fect is

0

Dy = ZeIR‘,’f Gdv
0

where ¢ is the electronic charge and I the diode current.
The diode current is made large enough so that the con-
tribution of the grid resistor to the noise can be neg-
lected in comparison with that of the shot noise. The
values of f5 Gdv found in these two manners were found
to agree within 25 per cent. Since absolute values for the
noise temperatures were not desired, no further refine-
ment in experimental technique was thought worth-
while.

In the audio-frequency range the use of a diode is
open to question, for in most diodes the noise depends in
an exponential manner on the current rather than in a
linear manner. The cause of this extra noise is presuma-
bly “flicker” effect.

A square-law output meter must be used when relia-
ble estimates of noise temperatures are to be made.
There are two fundamental difficulties in using a diode
rectifier in the output circuit. The allowance for back-
ground is very uncertain. For instance, there is no sim-
ple formula for the average value of the positive part of
the sum of two sinusoidal voltages of different ampli-
tudes and frequency, and, furthermore, most diode cir-
cuits take a complicated average. If the ratio of ampli-
tudes is large, then only the larger amplitude contributes
to the average value. When the noise is comparable with
or smaller than the background, only a very qualitative
indication of the amount of noise can be obtained. When
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square-law detection is employed the increase in deflec-
tion is a measure of the average of the square or the ap-
plied voltage, regardless of the nature of the applied
voltage or background.

The second difficulty encountered in using a diode is
that the relationship between the average value of the
positive part of the noise voltage and the average value
of the square of the noise voltage is not known except
for some special noise sources. The error made by taking
the square of the average to be the same as the average
of the square is not believed to be more than 50 per cent.

An electronic square-law detector using a 6V6 biased
to —22 volts was developed. The circuit diagram is
shown in Fig. 3. This device was sufficiently accurate
and at the same time more rugged than the sensitive ele-
ment of a bolometer, thermister, or thermocouple.

High resisronce vacuum tude
voltmetss, O-10volrs
ouTPUT

]
INPUT 02
Lonay| 2
6547 -] &
roow =
3 n-g ; H
0N 1 + .
a
»
I T L8 ]
300
]
Iw
- é
g
XY} v
? (Sheditized with VR tudes)
+

Fig. 3. Square-law’ detector for measurement of noise
voltage squared.

The input circuit when direct-current bias is applied is
shown in Fig. 2. The 300-ohm resistance in series with
the bias acts as the grid resistor. This value was chosen
because it is typical of that found in 30-megacycle inter-
mediate-frequency amplifiers. In calculating the noise
temperatures it was arbitrarily assumed that the resist-
ance of the crystal was also 300 ohms. This is not true at
all if direct-current bias in the back direction is applied.
However, the noise temperature so obtained is a meas-
ure of the amount of noise power delivered to the output
circuit and this is the important quantity in any appli-
cation. A crystal rectifier with large true noise tempera-
ture may present only a small noise voltage to the grid,
since the noise generator may have an internal resistance
which is very large in comparison with the grid resist-
ance.

In the audio range the preamplifier is battery operated
to avoid 60-cycle pickup. The selective amplitier is of the
Twin T type. Actually, too narrow a bandwidth is a dis-
advantage, since for a bandwidth of Av the beat fre-
quency between different components in the transmit-
ted band have periods larger than 1/Av, and these fluc-
tuations may be troublesome and difficult to average. In
the present form with 10 per cent tolerance components
in the filter the [y'Gdv is different for each band and
must be evaluated experimentally.
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The apparatus used in the frequency range of 15 to
400 kilocycles is indicated in Fig. 1. The preamplifier has
a maximum voltage gain of about 10¢ and is flat up to 1
megacycle. The amplified noise voltage is fed into the
mixer circuit, which consists of a mixer crystal, espe-
cially selected for negligible harmonics, and a 7-mega-
cycle crystal-controlled local oscillator. A noise fre-
quency v from the input circuit mixed with the local
oscillator togive 7 + v megacycles. If the communications
receiver (NC101X )is tuned to 7+4v megacycles, then all
the noise in the range v —Av/2 to v+34v/2 will be meas-
ured on the output meter where Av is the bandwidth of
the amplifer.

For frequencies higher than 100 kilocycles, frequency
conversion is unnecessary and the output of the pream-
plifier can be coupled directly to a communication re-
ceiver and output meter. '

RESULTS

The major part of the studies was concerned with the
behavior of noise as a function of the direct-current bias
but a limited number of experiments on the characteris-
tics of the noise with the application of microwave
power were carried out.
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At all frequencies between 50 cycles and 1 megacycle,
the extra noise was found to be approximately ;)r(;por-
tional to the square of the current, provided the resist-
ance of the crystal rectifier was large in comparison with
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the 300-ohm grid resistance. Typical results are shown
in Fig. 4. Noise of the shot type varies linearly with cur-
rent. A fluctuating resistance at the contact between the
metal and semiconductor would produce noise with the
observed dependence upon current.
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The noise temperature of the crystal rectifiers was
found to vary inversely with frequency in the range be-
tween 50 cycles and 1 megacycle. Typical experimental
results for silicon-crystal rectifiers in different frequency
ranges are shown in Figs. 5 and 6. For the frequency

range from 50 to 10,000 cycles the mean slope of log
temperature versus log frequency plots for ten different
crystals with direct-current bias was — 1.01, with the ex-
treme values being —1.11 and —0.92. These results are
typical of the manner in which the inverse-frequency
behavior was followed. Measurements were also made on
germanium-crystal rectifiers with both mechanical and
welded contacts. The noise generated was of the same
order of magnitude and exhibited the same frequency
characteristics. In the welded units the platinum
whisker formed an alloy at the germanium surface, so it
is not likely that mechanical movement is responsible
for the noise.

Some measurements were made on the noise gene-
rated when the silicon-crystal rectifier was cooled to
liquid-air temperature and direct-current bias applied.
It was found that the order of magnitude of the noise
power was not changed. Only a limited number of exper-
iments were conducted because stability of contact was
difficult to maintain under such large temperature
changes. These results indicate that if the mechanism
responsible for the noise depends on thermal activation
the energy required is less than 0.01 volt.
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Fig. 7—Self-contained apparatus for measuring audio noise.

Attempts were made to study the variation in audio
noisc with variations in the preparation and assembly of
the silicon surface and metal whisker and, while large
variations in the noise were observed, no classification
of the results can be made because the influence of ex-
trancous factors was larger than that of those which
were controlled.

Since the noise voltage in the audio range is large and
can be easily measured, the correlations between this
noise and that generated at 30 megacycles when the
crystal is used as a crystal mixer was investigated. For
this purpose the audio noise tester with a band pass
from 1 to 15 kilocycles shown in Fig. 7 was constructed.
The output could be measured with either an external
square-law detector or, when only empirical information
is desired, with a built-in copper-oxide rectifier and
meter. The sensitivity is such that a grid voltage of
2% 10" volt doubles the background.

To simulate radio-frequency conditions the poten-
tiometer is adjusted to give +0.4 volt, open-circuited.
This results in a bias voltage in the reverse direction of
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nearly 0.4 volt and in the forward direction of about 0.2
volt. These values were found to be typical of the aver-
age noise behavior in the forward and reverse directions.
In making the correlation the noise-voltage reading in
the reverse direction was divided by two, since when
radio-frequency power is applied the impedance pre-
sented to an audio-current pulse is the intermediate-
frequency load resistance in parallel with the inter-
mediate-frequency impedance of the crystal. In con-
trast, an audio-current pulse with direct-current bias in
the reverse direction develops a voltage across about
twice this impedance, since only the load resistance is
present. The correlation was found to be comparatively
insensitive to the exact values chosen for bias voltage.
Fig. 8 shows the correlation between 30-megacycle
noise temperature and the number obtained from the
audio noise tester. The numbers are proportional to the
audio noise voltage. Twenty commercial mixer crystals
of a single manufacturer were measured before and after
mistreatment by successive applications of 75- and 150-
volt pulses in a 50-ohm concentric line having a time
constant of the order of 10~® second. From the experi-
mental results it appears that the intermediate-fre-
quency noise temperature can be predicted from the
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Fig. 8—Correlation between audio noise voltage generated by direct-
current power and 30-megacycle noise power (expressed as tem-
perature ratio) generated by microwave power applied to the
crystal rectifier. Twenty 1N21 units were mistreated by the ap-
plications of power in a Torrey line and remeasured. The ordi-
nates represent thesumin arbitrary units of the noise voltage gen-
erated in the circuit of Fig. 2 by the application of 0.4 volt in
the forward direction plus one half of that generated by the ap-
plications of 0.4 volt in the reverse direction. t;,—1 represents the
noise temperature minus unity of the crystal rectifiers at an inter-
mediate frequency of 30 megacycles when employed in a micro-
wave mixer under typical operating conditions.

audio measurement to about 25 per cent. The same sort
of correlation was obtained for other crystal types and
manufacturers, but somewhat different constants apply.

If crystal rectifiers are to be used in continuous-wave
systems their audio noise will limit their performance.
The production crystals of several manufacturers were
investigated to see if reasonable numbers of crystals
with low audio noise could be selected. Some yield
curves are shown in Fig. 9. Approximately 5 per cent of
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production crystals have a noise temperature less than
1000 at 1 kilocycle. As the audio noise varies roughly as
the square of the rectified current, an improvement in
the signal-to-noise ratio of about 25 appears possible by
reducing the local oscillator power.

There is as yet no hint of a mechanism which will give
the observed frequency law. Any model will require re-
laxation times larger than one fiftieth of a second. The
motion of individul molecules forming absorbed gas lay-
ers or mechanical changes at the contact which are a re-
sult of lattice vibrations will have relaxation times
shorter than 107% second. No one has yet invented a
suitable mechanism. Studies of surface characteristics
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Fig. 9—Yield of low audio noise crystal rectifiers from various pro-
duction lines. The abscissas are proportional to the audio noise
voltage (see Fig. 9; and the ordinates represent the percentage of
crystal rectifiers having an audio noise voltage between 0-5,
5 }0, 10-15, 15-20 units, etc. The units not shown generate
noise voltages to the right of the wavy vertical line. The nonlinear -
scale at the bottom gives the noise temperature at 1000 cycles.

have been made in a rectilinear electron microscope in
which variation in field emission from the point of a sili-
con needle can be studied. The pattern formed on the
fluorescent screen consisted of small spots which were
continually moving around. The time constant of their
motion was of the order of one-tenth second, and this
suggests there may be a relation between this phenome-
non and the generation of noise pulses. The relationship
between the spots and work function of the surface is
not clear, inasmuch as local geometrical condition of the
surface exerts a strong influence on the field emission.
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Some Considerations Governing Noise Measurements
on Crystal Mixers’
SHEPARD ROBERTSY, MEMBER LR.E.

Summary—The general principles of analysis and measurement
of noise in radio receivers are discussed starting with basic defini-
tions and following with a derivation of the fundamental equations for
noise and noise figures of single and cascaded networks. A treat-
ment of the noise generated in a crystal rectifier, when used as the
first detector in a superheterodyne receiver, is given in which the
“‘noise temperature” of the crystal is defined and the contribution by
virtue of this noise temperature to the over-all noise figure of the
receiver is indicated, The problem of designing a noise-measuring
set is treated in sufficient detail to show how the noise temperature
of a crystal rectifier can be measured independently of its other
properties.

I. INTRODUCTION

ECEIVERS employing the superheterodyne cir-
R cuit with a crystal rectifier as first detector, or
mixer, are widely used in the microwave fre-
quency range. The signal input and the power from a
local oscillator of slightly different frequency are mixed
in the crystal rectifier. The resultant beat or intermedi-
ate frequency is but a small fraction, usually one per
cent or less, of the high-frequency signal, which may be
thousands of megacycles. The intermediate frequency
is therefore low enough to be amplified by more or less
conventional vacuum-tube amplifier circuits.

Itis clear that the crystal mixer, because it comes first
in the receiver, has a major effect on the noise factor,' or
over-all noise figure. It is also unfortunate but true that
crystal rectifiers of widely different quality are, or can
be, manufactured by similar processes. Therefore it is
necessary to consider carefully what tests should be per-
formed in order to select crystals of superior quality
only. The tests have to be simple enough to be made by
unskilled personnel on every crystal unit, and yet rigor-
ous enough to prevent acceptance of any inferior units.

The most obvious and simple test that can be made on
a crystal rectifier is the determination of its static volt-
ampere characteristic, or its forward and inverse re-
sistances. However, attempts to rely on these character-
istics in factory testing have ended in failure, because a
crystal does not necessarily rectify as well at microwave
frequencies as it does at lower frequencies. It has been
found necessary to make tests at or near the signal fre-
quency to prevent acceptance of inferior units. On the
other hand, if a crystal unit is known originally to have
passed radio-frequency tests at the factory, then the

* Decimal classification: R261.51 XR362.1. Original manuscript
received by the Institute, March 6, 1946; revise manuscript re-
ceived September 12, 1946. This paper is based on work done for the
Office of Scientific Research and Development under Contract No.
OEMzsr-262 with the Massachusetts Institute of Technology.

Formerly, Radiation Laboratory, Massachusetts Institute of
'gec nol%(, ambridge, Massachusetts; now, Research Laboratory,
eneral Efectric Company, Schenectady, New York.

' D. 0. North, “The absolute sensitivity of radio receivers,” KCA
Rev., vol. 6, pp. 332-344; January, 1942,

static measurements can be and are used successfully
to determine when the unit is burned out in service. It is
not within the scope of this paper to describe measure-
ments of this type.

One of the radio-frequency tests which needs to be
made is the determination of the gain or efficiency with
which the crystal converts power from signal frequency
to intermediate frequency. “Gain” is a general term ap-
plicable to any linear device; an amplifier, for example.
A precise definition of gain will be given later. In the
case of crystal converters the power gain is almost al-
ways less than unity, often being in the range 1to 3, s0
that it is more realistic to speak of the “conversion loss”
of the crystal, loss being the reciprocal of gain. Instead
of expressing loss as a direct power ratio one may alter-
natively give the loss in decibels, which is ten times the
logarithm of this ratio.

The crystal mixer is a linear device in that the radio-
frequency signal input and intermediate-frequency out-
put are linearly related even though they are at different
frequencies. This linear relation between the input and
output currents and voltages is expressible in a set of
simultaneous linear equations in exactly the same form
as is done for any linear network. From these equations
one can predict how the impedance measured at the in-
termediate frequency should depend on the signal-fre-
quency impedance to which the crystal is connected,
or vice versa. Knowledge of the existence of these linear
equations is a great help in formulating methods of
measuring the conversion loss of the crystal. This gen-
eral problem of the application of linear network theory
in conversion-loss measurements has been discussed in
detail by Peterson and Llewellyn.?

In addition to making a test of conversion loss, one
needs to check the noise-generating ability of each
crystal. This may be regarded a radio-frequency test in
that the high-frequency local oscillator power is applied
to the crystal, and furthermore, the noise-power output
depends, among other things, upon the radio-frequency
tuning.

In the following sections considerable attention will
be given to the general principles of the analysis and
measurement of noise in receivers, starting with basic
definitions and continuing with the derivation of equa-
tions for noise and noise figures of single and cascaded
networks. This analysis follows very closely, but with
significant modifications, the methods of H. T. Friis.? A

1. C. Peterson and F. B. Llewellyn, “The performance and
measurement of mixers in terms of linear-network theory.” Proc.
I.R.E., vol. 33, pp. 458-476; July, 1945.

v 1. T. Friis, “Noise figures of radio receivers,” PRoc. L.R.E., vol.
32, pp. 419-422; July, 1944,
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discussion of noise in crystal rectifiers is given in which
the “noise temperature” is defined and the contribution
of crystal noise to the over-all noise figure of the receiver
is indicated. The general problem of designing a noise-
measuring set is treated in sufficient detail to show how
the noise temperature of a crystal rectifier can be meas-
ured independently of its other properties.

11. GENERAL THEORY OF NOISE
M EASUREMENTS

1. Available Power

The term “available power” will be used frequently in
the analysis of gain and noise. This term is used in ref-
erence to a signal generator or any other device that can
be represented according to Thévenin's theorem as a
constant-voltage source ¢, in series with an impedance
R,+jX,. An antenna or the output of a low-level ampli-
fier stage may be taken as examples. The available
power is, just as the name implies, the maximum power
that can be delivered to a load if the load impedance is
suitably adjusted. The optimum load impedance is evi-
dently R,—jX,, and the available power is then
e,*/4R,. If ¢, is the voltage corresponding to the desired
signal and S, is the available signal power, then

Ser= e, /4R, ¢))
2. Gasn of a Linear Amplifier

Linear amplification is an important function of the
input stages of any radio receiver. In a superheterodyne
receiver the input stages may combine the functions of
amplification and frequency conversion. The input stages
of a superheterodyne receiver are nevertheless linear in

GENERATOR AMPLIFIER L0a0
.oé_":,‘llo sq | npuT ot | et %noo.-,
L]
€9
NPUT POWER (AVAILABLE) S0 IRy
e Ro
OUTPUT POWER |ACTUAL) =
Ro + Xg
GAIN (ACTUAL) G* So/ S9

Fig. 1—Circuit showing how input and output power are
determined.

that the output is proportional to the input even
though it may be at a different frequency. We are pri-
marily interested in the amyplification of signal and noise
power, and shall therefore use the term “linear ampli-
fier” in a general sense to mean any circuit that ampli-
fies an electrical signal in such a manner that the output
is proportional to the input, whether or not the output
has the same carrier frequency.

The power gain G of an amplifier is by definition the
ratio of output to input signal power. In applying this
definition the amplifier is assumed to operate between a
generator and a load, each having a specified impedance.
This is shown in Fig. 1. The input power which will be
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considered is that available from the signal generator.
One may argue that all of the available power can be
utilized with suitable impedance-matching networks
between the generator and the amplifier, and that if this
is done the maximum gain will be reached and there will
be no distinction between available and actual power.
However, as will be shown later, one generally strives
for minimum noise figure rather than maximum gain, so
that the above method of operation is usually not the
best. The available power is of primary significance be-
cause it characterizes the generator and is unaffected by
the usual impedance-matching networks. On the other
hand, the output power S, is that actually delivered to
the load from the amplifier. The reason for considering
actual power at this point rather than available power is
that an output meter measures actual power and it is
intended to express the result$ of the theory in terms of
measurable quantities. The ratio of actual output power
to available input power is called “actual” gain to dis-
tinguish it from “available” gain, which will be defined
later.

From the above definition it is seen that the actual
gain of an amplifier depends not only on the amplifier it-
self but also on the impedances of the generator and load
to which it is connected. At first glance this mayv seem
surprising, but on second thought it should not appear
at all unreasonable that an amplifier should be rated
with reference to the circuits with which it actually has
to operate '

3. Gain of Networks in Cascade

For a more detailed analysis it may be desirable to di-
vide the amplifier into sections, or separate four-ter-
minal networks connected in tandem. From the discus-
sion leading up to the definition of actual gain of an am-
plifier it should be clear that, at a junction of two sec-
tions, one should consider the available power from the
first section rather than the actual-power delivered to
the second. Accordingly, the gain of any section of the
amplifier, except the last one, may be defined as the ratio
(.)f t'he available power output to the available power at -
its input terminals. This is called “available” gain. The
available gain is seen to depend on the impedance of the
preceding section but not on the load impedance pro-
vided by the following section. The gain to be specified
for the last section is “actual” gain, which has already
been defined. The actual gain of the entire amplifier is

thus equal to the product of the gains of its separate
sections.

4. Noise Originating in the Signal Generator

Itis customary to use a standard-signal generator con
nected in place of the antenna for testing the per-
formance of a receiver. To make noise measurements one
should consider the noise generating characteristics of
such a generator as well as itg signal-generati”g charac-
teristics. The notse generated in the output attenuator
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of a signal generator is for all practical purposes the
same as that which would be generated by thermal agi-
tation in any equivalent resistor. The mean-square noise
voltage, in a narrow frequency band df, developed
across a resistor R, on open circuit as a result of thermal
agitation alone is given by the well-known thermal-agi-
tation-noise formula

det = 4kTR df 2)

where
k = Boltzmann's constant =1.38 X107 joule per
degree Kelvin
T = absolute temperature, Kelvin.

Inasmuch as the noise voltage depends on the tem-
perature of the resistor, it is evident that one must spec-
ify a standard temperature if the test conditions are to
be uniform. It is convenient to specify a temperature
T, of 290 degrees Kelvin, both because this is often a
reasonable approximation to the ambient temperature
at which measurements are made and because, for this
value of temperature, one obtains the following simple
result

kTo/e = V., = 1/40 volt, 3)

where

¢ =electronic charge = 1.60 X 10" coulomb.
The available noise power from a resistor at tempera-
ture T, in a frequency band df is equal to the mean-
square noise voltage divided by 4R,.

dN, = kTodf. (4)

This equation shows the important fact that noise
power is independent of the resistance of the signal
generator. For this reason it is possible to use an analysis
based on the comparison between signal and noise
power without any explicit consideration of impedance.
To be sure, specific impedances are implied in the defini-
tions of gain and other quantities, but these impedances
do not appear in the calculations.

5. Noise Figure

If dN, is the noise output (actual) in a narrow fre-
quency band df which includes the frequency of the out-
put signal S,, and if dN, is the noise input (available) in
a frequency band of the same width df, but including
the frequency of the input signal S;, one finds that the
ratio dN,/S, is greater than dN,/S, by a factor F,
called the noise figure of the amplifier.

(INo c (1N,,
= F )
So S,
or, remembering that So/S, =G,
dNo = FGRTdf. (6)
This definition takes account of the possibility that
S, and S, may have different carrier frequencies.
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A complication arises in the case of “image-fre-
quency” response of a superheterodyne receiver, for
which there may be more than one possible input signal
frequency that will give the same output frequency.
This can be an important matter in a microwave re-
ceiver because the signal and image frequencies are rela-
tively close together. However, an analysis that takes
account of image-frequency response will not be at-
tempted in this paper. For simplicity, we shall assume
that there is only one possible input frequency cor-
responding to a given output frequency, and vice versa.
It turns out that the noise figure of a réceiver can ac-
tually be improved by suppressing image response but
this is a separate problem.*

An alternate expression for noise output is

dNo = dNy + dNo" )

where dN,' represents Johnson noise which originates
in the generator and d No'’ represents noise which origi-
nates in the amplifier. From the definition of gain we
have

dNo' = GkTodf. (8)
Then from (6)
F = dNo/dN¢', (9)
or
et 4— il (10)
GkT, df

In this way the noise figure is determined by the spuri-
ous noise which originates in the amplifier itself. This
formula also indicates that if a different standard had
been chosen for T\, the resulting value of F minus one
would have been inversely proportional to this tempera-
ture.

6. Integrated Noise Quiput and Noise Figure

‘The noise output d N and noise figure F resemble the
gain G in that they are variables depending on the output
frequency® and, in general, on the impedances of the
generator and load. An exception to this rule is that, in
the case of a high-gain amplifier, the dependence of noise
figure on the load impedance may be so small as to be
quite negligible. The total noise output is obtained by
integrating (6) with respect to output frequency.

o
No = kTo f FGdf. (11)
0
There is no question about the convergence of (11) be-
causc it represents actual power in a physical system.

Similarly, that part of the output noise power that

originates in the generator.can be found by integrating

(8):

« D. 0. North, Discussionon “Noise figures of radio receivers,” by
H. T. Friis, Proc. 1.R.E.. vol. 33, pp. 125-126; February, 1945.

s This interpretation was proposed by the author in Radiation
laboratory Report 61-11, January 30, 1943, listed as report no.
PI312126 by the Office of Technical Services, Department of com-
merce.
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No’ = kTof G(If (12)
0

In a manner quite analogous to (9) one can define the
integrated noise figure F’ as the ratio of Noto Ny, or

F = No _ JRGy (13)

NS fGdf
If the bandwidth B of the amplifier is defined in the
following manner

1
B=—-~f(;d, 14)
Gmnx f (

where Guux is the maximum of the gain versus frequency
characteristic, then (13) reduces to

AV()
P . (15)
kTO BGm:x

This gives F’ in terms of measurable quantities and
agrees with the definition of noise figure by Friis.

7. Noise Diode Theory

Now suppose that the signal generator is not actually
at the temperature T but at some other temperature
equal to /, times T, where t, is a dimensionless quantity
which may be either greater or less than unity. That
part of the noise output which originates in the ampli-
fier is unaffected by the value of 1, and is thus equal to
dN,"". The total integrated noise output may be ex-
pressed in a form analogous to (7).

Noa = Noo’ + No', (16)
where
Ny, = kToft,.Gdf.
NJ' = No Ny kTof (F = 1)(1(17
Then

A.oa = kTof (F - 1 + ta)Glif. (17)

The noise-power output of the generator can be
changed by changing its physical temperature or,
artificially, by passing current through it from an
emission-saturated diode.® Such a generator has an ef-
fective or “noise” temperature greater than its physical
temperature. To show this, we shall consider that the
signal generator resistance is R, with a physical tempera-

¢ The use of diodes for measuring receiver noise figures and crys-
tal noise was demonstrated by E. J. Schremp in Deceniber, 1942. For
earlier noise measurements with diodes see D. O. North, “Fluctua-
tions in space-charge-limited currents at moderately high frequencies;
Part I1—Diodes and negative-grid triodes (continued),” RCA Rev.,
vol. S, pp. 106-124; July, 1940.
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ture T, and with a current I from an emission limited

diode passing through it. ' .
The mean-square noise current from the diode in a

frequency band df is given in theory by the Schottky
formula:

di? = 2eldf, (18)
and the mean-square voltage across the resistor is
de?* = (4kt,ToR, 4+ 2¢/ R ) dY. (19)

The available noise power is the mean-square voltage
divided by 4R,. This is

NG R T o eIR’)df
= !,
Bl °< WRTop
(20)

IR,
= kT0<ta + 4>df = kTdf.
2K,

The last equality is taken as a definition of T, which
is called the noise temperature of the generator. The
value of 7', may be normalized by dividing by T, and
the resulting dimensionless ratio is called the noise tem-
perature ratio, designated by the symbol #,. The noise
temperature ratio of the resistor with diode current is

IR,
= 1, + 20/R,. (1)

Ih = to +
’ 21,

[f the noise output from the amplifier is Ny when the
diode current is turned on and N,, when it is turned off
we have, from (17), assuming constant f, and #,

A 0y — A‘Oa
= kTof Gdf. (22)

tb ’a

Solving (17) for [FGdf and substituting in (13), we have

AOa
U3=5= ta f(l‘l +
] ) “ kT

F =
f Gdf
Noa
=1 =14 (ty — 1,) - (23)
or -VOb - A Oa
’ ‘VOa
» = 1 ’a+201R, — - . (24)
‘Vob == .Vo,,

If the current I is adjusted so that Noy is twice Ny,
and if 1, may be taken equal to unity, then (24) reduces
to

F' = 20IR,. (25)

Equations (23) and (24) provide a method of measur-
ing noise figure without determining bandwidth or gain,
and without restricting the physical temperature of the
generator. For example, a noise generator whose re-
sistance R, is adjusted to equal that of the signal source
is connected in place of the latter. Some device capa-
ble of indicating the relative noise output power is
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. connected to the output of the receiver. First, with the
diode plate voltage turned off, the output power Ng,
is observed. Then the plate voltage is turned on, the
filament current is adjusted to a convenient value, and
a noise output No, is observed with a plate current I
flowing in the diode. The noise figure can be found by
substituting these values into (24). Inasmuch as only the
ratio of N, to No»— N, appears, it is not necessary to
measure the absolute values of Ng, or Nos but only their
ratio. The only other requirement is that the noise tem-
perature of the generator be uniform and predictable
over the frequency band of the amplifier. This means
that the resistance R, in (24) should be constant over
this band of frequency and that the diode should be
connected to this resistance in such a way as to minimize
lead impedances. When these conditions are met, the
diode method of noise-figure measurements has ad-
vantages over the method indicated in (15) with re-

- spect to accuracy, simplicity, and economy.

Various other schemes, based principally on (25),
have been devised for using the noise diode in making
noise-figure measurements. Some of these require an ac-
curate power-output meter. Other methods relax on the
accuracy of the output meter but require an accurate 3-
decibel attenuator. Still others require merely a variable
uncalibrated attenuator or volume control with any sort
of output meter. These schemes will not be treated in
detail here.

The noise diode is, therefore, a very useful device for
absolute measurements of effective noise figure of an
amplifier at frequencies up to about 300 megacycles.
Above this frequency the lead impedances of existing
tubes become large enough so that an accurate ab-
solute calibration is difficult. Diodes and other kinds of
noise generators are nevertheless useful for measurement
at the higher frequencies when an absolute calibration is
not required.

Even at lower frequencies the noise output of the
diode may not be given accurately by (18) unless the
plate current is entirely temperature-limited, in which
case the current is nearly independent of the plate
voltage. In this respect diodes with tungsten cathodes
are generally superior to those with oxide-coated
cathodes.

8. Noise in Cascaded Nelworks

The next step in the analysis of noise in a linear ampli-
fier is to treat the amplifier as a cascade of sections, or
four-terminal networks, in exactly the same manner as
was done for the analysis of gain. An amplifier with two
sections, taken as an illustration, is shown in Fig. 2. The
available noise and signal power from the output of the
first section are dN; and Sy, respectively. The available
input power to the first section and the actual output
power from the second section are designated by the
same notation as herctofore. The gain G, of the first sec-
tion, the gain G, of the second section, and the over-all
gain G are given as follows:
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- £, oo 8
Gy =—; G =5 I G=0Gy, = —"~

= 26
S, A\ Ss 29

The noise output d N, may be resolved in two com-
ponents dN,'’ and dN/, originating respectively in the
second section and in circuits preceding this section.
From the definition of gain we have

dNy' = Gud Ny (27)

Then

sz” = dNo i szNl. (28)

GENER- | S9 SECTION [ 5,
ATOR aNg LA an,

SECTION | So
2 aNg

L0A0 l

S, Si, dNg AND dN, ARE AVAILABLE
SIGNAL AND NOISE POWER

So AND dNo ARE ACTUAL POWER.

Fig. 2—Circuit showing division of amplifier into
two sections.

The noise figure of the second section may be expressed
in terms of the noise originating in that section as indi-
cated by (10).

F o 1 (dNo P le) (29)
P70 T GakTo\ df A
Making use of (6) we obtain
dN,
= FG}szTo
df
(30)
dN,
———— - FxleTo
af
Then
F2= 1+FG;‘-F161 (31)

Or, if Fais given and one wants to determine the over-
all noise figure,

ey (32)
=IF; Z
Substituting this value of Fin (13) gives
Go(F\Gy+ Iy — 1)d
1',,=,[2( 1 2~ )f. (33)

7 ijcz(lf 7

If the second section has a narrow pass band relative
to the first section, then Fiand G, may be assumed con-
stant over the significant part of the range of integration
and (33) reduces to

Pi=1
Gy

F'=F, + (34)
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Equation (34) should not be confused with (32). The
similarity in form should not obscure the fact that the
integrated noise figures in (34) have an entirely different
interpretation from the frequency-dependent noise fig-
ures in (32). Furthermore, the derivation of (34) indi-
cates that this equation is not generally valid. It fails
when the bandwidth of the first section is comparable to
or less than that of the rest of the amplifier, in which
case the correct noise figure can only be obtained by
performing the integrations indicated in (33).

Solving (34) for F, gives

Fg’ — 1

Fi=F —- : 35)
' C (

This expresses F, in terms of measurable quantities
and provides a method of determining the noise figure of
the first section of the amplifier. An integrated noise
tigure for any section but the last can not be obtained,
because the integral indicated in (11) does not converge
if applied to available power instead of actual power.

I11. CrRYSTAL NOISE AND ITS M EASUREMENT

1. Sources of Notse

The sources of noise in crystal rectifiers are not com-
pletely understood. It is fairly well established, how-
ever, that noise can originate in a crystal in a manner
very similar to shot noise in a thermionic diode. But in
some cases the noise originating in the crystal greatly
exceeds that which can be accounted for by shot noise.
The primary purpose of testing the noise of each crystal
unit in the factory is to eliminate these noisy units.

The local oscillator also generates noise at the signal
frequency, thereby contributing to the noise output of
the crystal. This source of noise cannot be blamed on
the crystal, but has to be considered in the design of a
testing apparatus or in the design of a microwave re-
ceiver. Several schemes have been devised for suppress-
ing noise from this source, a filter commonly being used
in the crystal-testing apparatus.

Regardless of its origin, the noise output of a crystal
depends to a great extent on the nature of the circuit in
which the crystal is incorporated. The dependence of
noise on the circuit parameters has not been studied in
detail, nor is it within the scope of this paper to do so.
Instead, we shall show how the noise power can be
measured, once the operating conditions have been
specified.

2. Noise-Temperature Ratio of a Crystal

The noise-temperature ratio of the crystal, designated
by the symbol /., is defined as the ratio of the available
noise-power output at the intermediate frequency to
that from a resistor at the standard temperature T,.
Then, if the crystal mixer is to be the first section in an
amplifier, the noise-power output dN, is

le =i f,kTodf. (36)
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The value of {. is, as a rule, greater than unity, al-
though it is not inconceivable that it might be less. The
noise temperature ratio of good crystals, of types used
as mixers in microwave receivers, is usually quite low,
say in the range 1.0 to 2.0. The noise-temperature ratio is
alternatively called output-noise ratio.

Equation (6) gives the noise output of an amplifier in
terms of its gain and noise figure. The noise output of
the first section bears the same relation to the gain and
noise figure of that section, and a comparison between
(6) and (36) vieldst. in terms of the gain and noise figure
of the crystal.

l, = FlGl. (37)
Equation (34) may be rewritten showing how the

over-all noise figure of the receiver depends on the noise
temperature of the crystal.

1'2’+’ _1
- G

/3 38

Equations (34) and (38) indicate that by itself the
gain G, (or loss 1/G)), is not sufficient to determine how
a given crystal unit will contribute to the over-all noise
figure of a receiver. Neither is the noise figure Fy, nor the
noise temperature ratio /.. Two of these quantities are
needed and for this reason the tests customarily made on
crystal rectifiers include separate measurements of gain
(or loss) and noise temperature.

3. General Aspects of Crystal Noise Measurements

If either a crystal or an artificially noisy resistor is
connected to the input of an amplifier, the noise-power
outputisthat given by (17), in which the values of Fand
G are those of the amplifier, and in which the appro-
priate value of noise temperature ratio, either 5 or 1., is
substituted for £.. The noise-power output of the ampli
fier depends as much on the impedance of the crystal as
on its noise temperature, inasmuch as Fand G are varia-
bles themselves depending on this impedance. The
diode generator is a noise source whose impedance can’
be adjusted by exchanging resistors and whose noise
temperature can be varied by controlling the cathode
emission current. Its noise temperature ratio is given by
(21) and thus it can be used to calibrate the ampliﬁel;.
thereby determining how the noise-power output does
depend on both the noise temperature and impedance of
the crystal.

It is often desired to determine the noise temperature
of the crystal by a single measurement independently of
its impedance. This can be done if the amplifier is de-
signed so that the output is not affected by differences
in the conductance of the crystal, becaus;a the differ-
ences in susceptance of different crystal units measured
at the intermediate frequency are much smaller than the
differences in conductance. A careful analvsis of the in-
put circuit indicates that such a design is ;')055ib|e.
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4. Analysis of Input Circuit

" The analysis of noise in an amplifier will be given pri-
marily from the point of view of the design of an ampli-
fier suitable for noise measurements of crystals. There-
fore, we shall start with the simplest possible amplifier,
namely one with negligible feedback, or induced grid
noise,” and shall discuss the design of the desired input
circuit for such an amplifier. It will be inferred that simi-
lar circuits can be made to work with amplifiers that do
have feedback and induced grid noise. Experimentally,
this has been found to be true.

Consider a multistage amplifier without feedback or
induced grid noise and let the grid and cathode of the
first tube be the input terminals. The noise-power out-
put of this amplifier can be represented as the sum of
two components, one proportional to the mean-square
noise voltage at the input terminals and the other con-
stant and equal to the noise-power output when the in-
put is short-circuited. This representation is possible be-
cause, under the assumed conditions, the noise voltage
at the grid and the noise generated elsewhere in the am-
plifier are statistically independent.

1t will further be assumed that the amplifier has an in-
put conductance g This conductance may take the
form of a physical resistor or of residual circuit losses or
both. The noise output may then be expressed as fol-
lows:

dVo = u(gsde,* + vkTodf), (39

where u and v are arbitrary functions of frequency and
e’ is the mean square input noise voltage.

Now assume that the amplifier input is connected to
an admittance g,+jb) having a noise-temperature ratio
{.. The noise-temperature ratio of the conductance g: is
taken to be f,. In this case the mean-square input noise
voltage de? can be determined with reference to Fig. 3.

— 0-0—

e e 3l 8. 2a

—O -0~

Fig. 3—Simplified circuit for determining input
noise voltage.

The noise-current generators ; and 4, in Fig, 3 are given
as follows:

divt = 4kTotegsdf,
LAl (40)
11122 = 4kro[2g2(lf.
Then
di]2 + di22 4kTo(l¢g| + lggg)

de? = ‘ : 1f.
' | y]? (g + g)2 + b2 e

Putting (41) in (39) gives

(41)

D, 0. North and W. R. Ferris, “Fluctuations induced in vac-

uum-tube grids at high frequencies,” Proc. 1.R k., vol. 29, pp. 49-50;
February, 1941,
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4ga(tegs + ¢
dNo = uk o[ pteey el

(gn + gz)’ + b.? (42)

+ v]df.

The integrated noise-power output is then

20

4g:(t.g1 + 1282)
N=kau|: i --+]1. 43
’ E 0 (gn + g'z)2 + b2 ’ (f ( )

The integration may be simplified if the bandwidth of
the amplifier is $mall compared to that of the input cir-
cuit. In this case b,, as well as gy, g2, f, and (2, may be as-

sumed to be constant over the range of integration.
Then

dg.(t.g1 + ¢
No = kTo[ fgallcts + fag) udj—}-fuvdj]. (44)
(g + g2)? + b?
This can be expressed in simpler form if we define U and
V so that

o kTof wdf; UV = kTof wvdf. (43)
Then
4g.(¢, {
No = U[._gi(_g,‘__.*__’gf)_ s V]. (46)
(g1 + 82)2 + b,

This equation shows specifically how the output noise
depends on the admittance gi+jb) as implied in an.

In a crystal-testing apparatus it may be desirable to
connect a nondissipative coupling network between the
crystal and the input to the amplifier. In this case the
impedance gi+jb, will take the general form shown in
Fig. 4.

9 00, Byt ¥
B, ¢ 2Qy By 10
Fig. 4—Input coupling circuit.

‘I'he most probable or standard value of crystal con-
ductance is designated g,, and all the elements in the
circuit are normalized with respect to g,. The factors of
proportionality are p, x, ¥, and z as indicated in Fig. 4.
From analysis of this circuit we obtain the following
values for g, and by

py*
1 = KRs ’ 47
g zp2+(x+y), (47)
xy(x + y) + Pty
b] = . 9
[ Gt z] o

The derivative of (46) with respect to p may be put in
the following form:
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dNo db,

by dp

dN, dN, d{,’x

In order to make the noise output insensitive to differ-
ences in conductance one may choose values for x, ¥, and
z such that this derivative is zero for all values of £, when
the crystal conductance equals g,, or p=1.

Because only the square of by appears in (46), the
noise output is an even function of b; and if by=0, then
9dN,/db =0. Setting (48) equal to zero, we have

(49)

_rtEEty)

= (50)
14+ (z + y)*
By differentiating (47) one obtains
dg _ yl=+ 92— 2] plle+ 2 —1] (51)
dp [P+ [+ G+
This is zero when
s+ y=% L (52)

Therefore, by choosing «x, y, and z so as to satisfy (50)
and (52), one can make both parts of the derivative indi-
cated by equation (49) equal to zero. The values of x,
y, and z can also be chosen so as to satisfy a third condi-
tion; namely, that gi=ng, when p=1. In this case (47)
becomes

2
n=-*-y-—- : (53)
1+ (= + »)?

By simplifying and solving equations (50), (52), and
(53) and assuming all possible combinations of plus and
minus signs, one obtains the {ollowing four solutions:

x=4+V2n—1;y= — 20 2=+ \2n — n, (54a)

x=4+V2n+1;y=—\2n;, 2=+ \2n+n, (5b)
x=—\2n4+1;y=4+\V2n;2=—V2n+n, (54)
x=—=VIn—1;y=4+V2n, 2= —V2n — n (54)

The networks represented by (54a) and (54b) are
analogous in some respects to transmission lines of ¢ and
3 wavelength, respectively. Solutions (54c) and (54d)
are negatives of the first two, obtained by reversing the
sign of all susceptances.

If (54b) is selected as an example, and if the values of
x, v, and z are substituted in (47) and (48), the result is

e By g (55)
= ng, ’ = ng, — - .
g ey i o

If one lets g =mng, and substitutes these values in (46),
one obtains

No:U[ygﬁ4—nDyu+m@’+1ﬂA

(20 + m(p? + 1)]* + (p* — 1)?

If the crystal admittance is matched to the amplifier,
i.e., if gg=gswhen p=1, then m =1 and (56) reduces to

+ V:l. (56)

4p

No = U[ &= 1) + 2 + V]A (57)
' (»+ 1

The noise output given by (57) is plotted as a function

of p for different values of £ in Fig. 5. In this figure the
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Fig. 5—Output noise power as given by equation (57).

value f2 =1 is assumed. The noise output is completely
independent of the conductance, pg,, of the crystal for
only one value of 1., namely t.=1,. FFor other values of 1.
the fraction 4p/(p+1)? has to be considered. This frac-
tion has the value unity when p =1 and is almost unity
in a relatively wide range of p. For example, if p=73 or
2, the ratio is just 8/9. Therefore, if p is assumed to be -
within this range, it is a fair approximation to set the
fraction involving p equal to unity and (57) becomes

No=U(te+ t, + V). (58)

Inasmuch as U, 13, and V are constants, (58) indicates
that the output meter can be direct’.y calibrated with re-
spect to noise temperature of the crystal independently
of the crystal conductance. This calibration is made by
connecting in place of the crystal the noise-diode gene-
rator with a resistance R, equal to 1/g, and determining
the output reading for different values of #, as given by
(21). This method is equally accurate for any sort of
output meter, regardless of whether it indicates some-
thing proportional to output power or to any arbitrary
function of power.

As a check on the adjustment of the input-coupling
circuit one can also make similar calibrations using dif-
ferent values of R, say, R, = 1/pg., where p is greater or
less than unity. When the data so obtained are p<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>