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POWER AT A THOUSAND MEGACYCLES

Pulsed power of 125 hlowatts is generated by an oscillator and tetrode at
1,300 me.
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. NEW AIR COOLING PRINCIPLE
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AMPEREX now operutiq

Highest Poweﬁ;

*Patented Dec 5, 1950—-No 2,532,858

Filament
Voltage

i Also available o5

Current . water cooled Type

Inter-electrode Capacitances Ax9906/6077, Data
Plate — Filament 3.4 mmfd.

Grid — Plate 86. mmfd. sheets for either o
Grid — Filament 116. mmfd,

both types will be
Class C Telegraphy supplied on request,
Maximum Typical

Rating Condition
d.c. Plate Voltage

d.c. Grid Voltage

. : Re-tube with AMPEREX

d.c. Grid Current
Plate Dissipation

‘ e AMPEREX ELECTRONIC CORP.

25 WASHINGTON STREET, BROOKLYN 1, NY.

In Canada ang Newfoundland: Canadian Radio & Mfg.Co
119 Breniclifre Road, Leaside, Toronto, Ontario, Canada
Cable: “AMPRONICS
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e + for miniaturization,

mounting, and temperature problems

Here they come, right off the top of the
deck, to fill in what's been needed—new
ways of mounting subminiature capacitors
in military electronic equipment!

You'll find side stud, end stud, threaded
neck, and two types of side bracket capaci-
tors in Sprague’s new 16 page Engineering
Bulletin 213-B.

These new Sprague-pioneered designs
make even broader the world's most com-
plete line of solder-seal terminal metal-

encased subminiature paper capacitors.

And they're now available as standard in a
125°C. temperature rating Vitamin Q® ca-
pacitor series. Voltage ratings range from
100 to 1000 volts in both inserted tab and
extended foil constructions.

And remember, Sprague Capacitors are
the standard of dependability for critical
electronic circuits. Write for your copy of
Bulletin 213-B which gives the complete
Sprague Subminiature Story.
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ELECTRONICS

Operator’s Control Unit

Motor-Generator-Type
Frequency
Changer

PACKAGED FREQUENCY CHANGERS

400-Cycle Ground Power Supply for Aircraft Radar Units

Here’s a low-cost, high-performance, 400-
cycle ground power supply with a regulated
output voltage adjustable from 187 to 229
volts. It’s rugged enough for permanent in-
stallation, yet compact enough to be moved
on a fork truck. A 30-kva output rating is
more than sufficient for virtually all radar,

radio, or general load applications.

GENERAL

Voltage regul n: == 2 per cent vanation under all conditions of balanced
load, power factor and heating, within normal operating range.

AV} '] T L
o within 5 per cent of steady-state value in 0.1 second.
: 187-229 volts in increments of (1.5 volts or less.

Wave she Low harmonic content.

Adequate suppression for most rigid applications.

Enclosure: anproof cabinet houses motor. generator, and controls. A sepa-
rate operator’s pancl contains “start-stop” push buttons, adjusting poten-
tiometer, selector switches and meters.

For further data on these G-E frequency changers see Bulleun GEA-5589.

ELECTRIC
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Husky Relays Mount 3 Ways :
Make or Break up to 45 Amps

For those heavy control-circuit
applications, here’s a versatile re-
lay that can be front-connected,
back-connected, or plug-in-con-
nected, and is supplied in open
or enclosed models. Circuits:
spst, dpst, or dpdt.

Heavy, long-lasting silver
contacts carry 10 amps continu-
ous. Normally open forms make
or break 45 amps; normally
closed forms make or break 20 amps. Coils are supplied for
12-, 24-, 115-, or 230-volt, 60-cycle a-c; for 6, 12, 24, 32, 125 or
250 volts d-c. Dimensions for enclosed model: 6 x 6 x 5 inches.
Complete details are available in Bulletin GEC-257.

1 G-E Switchette Handles High
Current in Crowded Quarters

Though small and lightweight,
the G-E switchette does the
same work as many bulkier
switches. Available in a wide
variety of forms and circuits.
this snap-action unit is approx-
imately 114 x 12 x V4 inches,
weighs only 9 grams, and op-
erates dependably from sea level to 50,000 feet altitude. Con-
tact arrangements available are single-circuit, normally open;
single-circuit, normally closed; and two-circuit, one normally
open and one normally closed. Rated 12 hp at 115 and 230
volts a-c, the switch is designed for ambient temperatures from

70F to -+ 200F and meets the 50-hr salt-spray test for Specifi-
cation AN-QQ-S-91. For full details, ask for Bulletin GEA-4888.

Cast-Glass Bushings Permit
Hermetically Sealed
Apparatus

Embedded nickel-steel hardware
eliminates the need for gaskets
and makes possible the solder-
ing, brazing, or welding of G-E
cast-glass bushings directly to
apparatus. This assures gas-tight,
oil-tight, or vacuum-tight con-
struction. Extraordinary resist-
ance to vibration and weather means the small, compact bush-
ings are especially suited to aircraft applications or where high
humidity occurs. They will not puncture or shatter under ex-
cess potentials. For full details ask for Bulletin GEA-5093A.

PROCEEDINGS OF THE I.R.E.
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TIMELY HIGHLIGHTS
ON G-E COMPONENTS
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Tantalum + New Electrolyte=
More Performance, Less Space
New G-E Tantalytic D-C Capacitors Feature

® Size and weight about the same as conventional electrolytics
® Over-all life as good as paper dielectrics
® Low-temperature properties and shock resistance better than either

By combining tantalum in foil form and a newly developed non-
corrosive electrolyte, General Electric has designed a capacitor
that packs superior performance into amazingly small space.
Good stability, unusually low leakage currents, and hermetic
scaling are additional advantages. Operating range is from —55C
to +85C. Ratings presently available range from 0.02 muf to
12 muf at 150 volts d-c. Capacitors shown in illustration are
representative. For additional information, furnish requirements
such as temperature range, leakage resistance values, and oper-
ating voltage in writing to Cuapuacitor Sales Division, 42-304,
General Electric Company, Pitisfield, Mass.

General Electric Company, Section B667-15
Schenectady 5, N. Y.

Please send me the following bulletins:

|

|

|

(V) Indicate for [C] GEC-257A General-Purpose Relay |
reference only [] GEA-4888 Size 1 Switchette

oy [[] GEA-5093 Coast-Glass Bushings I

R A v [[) GEA-5589 Packaged Frequency I

immediate project I

Changer

|

Noame |

Company |

Address |

City State |
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] ) b+ boesn’t 1ake long to wrap a wire around a terminal
4 W ,'/ and snip off the end. But hundreds of millions of such con-
| k nections are being made each year to keep up with America’s

Bell Telephone Company craftsman

T o growing demand for telephone service.
wraps a wire to complete a conn 3

Wire is inserted into the nozzle and Now this job is done much more efficiently with a new wire
a rotating spindle whips it around wrapping tool invented at Bell Telephone Laboratories. This
terminals. 3

“gun” whirls wire tightly around terminals before solder is
applied. The connection is better and there is no excess
wire to be clipped off — perhaps to drop among a maze of
connections and cause trouble later.

The new tool is being developed in different forms for
specialized uses. The hand-operated wrapper in the illustration
is for the telephone man’s tool kit. Power-driven wrappers
developed by Western Electric, manufacturing unit of the Bell
System, are speeding the production of telephone equipment.
The gun’s small nozzle reaches where fingers couldn’t — a big
advantage these days when efforts are being made to produce
telephone system parts smaller as well as hetter.

Close-up of connection made with new
tool—neat, tight windings.

Bell Telephone Lahoratories scientists devise many special
tools that help your telephone svstem to keep pace with service

demands economically — keeping your telephone service one
of today’s best bargains.

BELL TELEPHONE LABORATORIES

WORKING CONTINUALLY TO KEEP YOUR TELEPHONE SERVICE BIG IN VALUE AND LOW IN COST

e o S B e B
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with gpL’s NEW PACKAGED,
PORTABLE VIDEO SWITCHER

NowStudio F

e

New GPL Video Switcher set up with two camera control units, a
film chain control unit, and master monitor. This studio quality,
field size swilcher accommodales 5 cameras, 2 incoming lines.

NOW you can view, preview, switch, fade and
dissolve with studio flexibility in the field. The
new GPL Video Switcher simplifies field operations,
reduces setup and operating time and trouble, and
matches the full resources of the studio for pro-
gramming variety.

Portable, and entirely self-contained, the GPL
Switcher sets up in seconds and may be used with
your present studio or field equipment. The moni-
tor can view any of 5 camera inputs, plus 2 re-
motes, and an additional “Transmission” button
switches the master monitor to view the out-
going line. Lucite self-illuminating buttons
light up when depressed. Twin fading levers
afford complete flexibility in fades and dis-
solves. An “effects” bus permits effects to be
previewed on the master monitor before
switching to the air,

This newest GPL development matches
the other compact elements of the GPL
Image Orthicon Chain, bringing to a
full complement the industry’s leading
line in quality and design. Investigate
its advantages for your operation at the
earliest opportunity.

Write, Wire or Phone for Details

GPL Video Swiltcher closed

General Precision Laboratory

INCORPORATED
PLEASANTVILLE NEW YORK

TV Comera Chains * TV Film Chains * TV Field and Studio Equipment ¢ Theatre TV Equipment

PROCEEDINGS OF THE I.R.E. May, 1951 LN
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by outperforming its own specifications...

Read the specifications of the Type 303 and
' you’'ll call it a 10.-megacycle, quantitative
instrument: operate the Type 303 and you'll
realize you've sold it short. You'll find per-

Specifications
CATHODE.-RAY TUBE ~ Type 5YP-
Y AXIS:

formance beyond the exacting limits of its spe-
cifications!

An exceptionally fine, medium.priced cathode-
ray oscillograph, the Type 303 employs the new
Type 5YP- Cathode-ray Tube. High sensitivity
and an unusually wide range of sweep speeds
make the Type 303 especially well suited for
the study of high-frequency phenomena.
Using the equivalent of five inches of undis-
torted deflection on the Y axis, and six times
full-screen expansion on the X axis, qualitative
analyses can be highly detailed with the Type
303, Time and amplitude calibration add quan.
titative precision to this analysis, making the
performance of the Type 303 unrivaled in the

Sensitivity ~ 0.1 peak-to-peak volt per inech (down
30% at 10 eyeles per second and 10 me.)
down 50% at |5 me,

Pulse Rise Time — 0.03 mictrosecond.

Available Undistorted Deflection — 5 for symetrical
signals and 2';" for unidirectional signals.

Signal Delay — Sufficient to allow for sweep-starting

time.
X AXIS:
Sensitivity — 0.35 peak-to-peak volt/in. (flat to d-¢
down 30% at 500 ke).
Available Undistorted Deflection — 5
SWEEP SPEEDS — up to 6" /psec, obtained by expansion.
SWEEP DURATION — Continuously variable from 0.1 sec.
to 2 psecs. Driven or Recurrent operation.
VOLTAGE CALIBRATION ~ Square wave with peak-to-
peak amplitudes of 0.1, |, 10, and 100 volts, Accu-
racy & 5%.
TIME CALIBRATION — Pulsed oscillations corresponding
to time intervals of 100, 10, I, or 0.1 psec. Accuracy
better than & 39

medium-price field. INTENSITY e&dﬂ?DULAT!ON — 15 volts peak will blank

the b

DuMont for Oscillography

INSTRUMENT DIVISION e ALLEN B. DU MONT LABORATORIES, INC., 1000 MAIN AVENUE, CLIFTON. N. ].
6a PROCEEDINGS OF THE I.R.E
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has been ADDED

FREQUENCY METERS

NEW precision coaxial frequency
meters cover frequencies from 550

- ———— — o — . D e  ——— WD S e

- .

—extending the

coverage of

Test Equipment
to new limits

/

to 3950 megacycles per second with
stability and accuracy previously
available only in high frequency

|
1
[
1
[
1
\
! A ;
| waveguide units.

ATTENUATORS

NEW fixed coaxial pads
now provide coverage over the
entire spectrum from 10,000
megacycles per second right down to

DC in three ranges. Other designs include

units rated up to 5 watts of average input power.

POWER SUPPLIES
NEW low voltage range in the Type
801-A Universal Klystron Power
Supply permits the use of 300 volt
oscillator tubes with convenience and
stability.

See These Instruments and Others at the 1951
NATIONAL CONFERENCE on AIRBORNE
ELECTRONICS—Booth 4-A

For Futl Specifications Write for a Copy of
the New PRD Catalog to Dept. R-1) Today.

1osieerest
-------

202 TILLARY ST, BROOK

PROCEEDINGS OF THE LR.E. May, 1951
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Uniformity Is

It isn’t hard to make a resistor with specific characteristics.
The trick is to make resistors by the million, fast and at low cost.
and still retain uniformity in those characteristics. Specializing
in resistors, IRC achieves this uniformity through mechanization of
production, plus continuous inspection and rigid quality control.
Result: —IRC customers are assured of identical resistance units—within
prescribed limits—regardless of quantities or time of purchase.

Uniformity of IRC Advanced BT Resistors—which meet JAN-R-11 specifications —
is the result of combining IRC’s filament-type resistance elements with
exclusive construction features. Resistance material is permanently cured and bonded
to special glass. Leads extend into filament for rapid heat dissipation. Molded
bakelite seals element against moisture and prevents grounding. In standard
RMA Resistance Ranges, Advanced BT’s possess extremely low operating
temperature and excellent power dissipation at 14, !5, 1 and 2 watts.
Full details of these compact, light-weight, fully insulated units are
contained in 12-page technical data Bulletin B-1. Use coupon to send for your free copy.




Meticulous engineering and elimina-
tion of hoand manufacturing opera-
tions assures maximum uniformity in
these small '*4’’ Type Q Controls.
Resistance element is the best IRC
has ever monufactured. Increased
arc of rotation permits some resis-
tance rafios proved successful in
previous larger IRC controls. Elec-
tricol ratation is the some with or
without new IRC Type “76" switch.
Catalog dato Bulletin A-4 gives
complete information.

UHanaver the, Cinoudt, S

For prompt delivery of uniformly depend-

able standord resistors, in experimental

or mainfenance quantities, simply phone
your local IRC Distributor, IRC’s Industrial
Service Plan keeps him fully stocked with
the most wanted types and ranges—per
mits him to give you fast, round-the-corner
delivery of small-order 1equirements, We'll
be glad 10 send you his nome and address

Uniformly accurate and dependable,
IRC Precision Wire Wounds excel in
every significant characteristic. Lead-
ing instrument makers use them exten-
sively for close tolerance applications,
Winding forms are non-hygroscopic
ceramic with high insulation qualities,
high mechanical strength, low coeffi-
cient of expansion. Special humidity-
proof enamelled-wire windings re-
ceive particulor attention to avoid
strain or breakdown in insulation,
Standard 1.0% tolerance. Y2, Y%
and '/10% are available. Full details
in catalog doto Bulletin D-1.

:
3

INTERNATIONAL RESISTANCE COMPANY
4)5 N. BROAD ST., PHILADELPHIA 8, PA.

Please send mo complete information on the items checked below —

[[J Advonced BT Resistors (8-1) [ Type Q Control {A-4

Precision Wire Wounds (D-1)
Nome ond Address of Neorest IRC Distributor

NAME

TN e

COMPANY

ADDRESS

ciry

ZONE STATE

Power Wire Wounds (C-2)

4. ¢ ARwUT & CO., ADY AGENUY




/ %é AN Sylv.uniu research in
| ns-bK semiconductors leads to

|8 fpbtania | development of new
(Ramearch Germanium Photodiode

The new Sylvania Germanium Photodiode, / <
the tiniest photosensitive device

ever manufactured, is another example of / 5 et

the dividends of Sylvania’s broad

: Py,
program of basic research. - )
Basic research on semiconductors. one i
important phase of this program, has &y

/
(Tl

promoted a better understanding of the
mechanism of current flow in semi-
conductor materials. The new 1N77
Photodiode, for example, is a result

of studies of the variation in

resistance of germanium caused by
radiant energy.

It will make possible, for the /
first time, very small size auto-
matic multiple counting, inspecting
and recording systems.

Other research in this field has
contributed to the improvement
of germanium and silicon
crystal diodes which are now
widely used in television for g,
sets, electronic computers Se"'iConfl.;nasgne:i:' . h'Cho::, g Snm’;’l"ofa g:s,:l,re'."em of
and military radar equipment. s Ctiy, eld Y be ey, Msulag, ium ¢ U

e u
€5 ar o . 8ergy. . UpPo; Vac lin Cry
> s a 1 Ua g b Sta]
o lera,ure u'tahl nNiy l‘he ¢ rre ted v 'loc 4 .

195 c¢ of theecf_’;in May b
L,

e
ts of 7 € dey, L, l’?!h 7
S lhayhe Suffac:‘;;';'"ed b;ough the
)

t
Fied f,ﬁf;rys:a,
ELECTRONIC DEVICES; RADIO TUBES; TELEVISION PICTURE TUBES; ELECTRONIC TEST EQUIPMENT; FLUORESCENT TUBES, FIXTURES, SIGN TUBING. WIRING OEVICES; LIGHT BULBS PHOTOLAMPS: TELEVISION SETS

10A % S THE [.R.E May, 1951
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e « « about
custom designed trimmers

PROCEEDINGS OF THE I.RE.

Pictured above are several custom designed trim-
mers that incorporate the elements of standard Erie
Disc and Tubular Ceramicon Trimmers. Each has
been developed for a specific purpose, and each does
its job efficiently and economically. Proper design
and precision manufacturing, plus our years of
experience, are the keynote to Erie quality.

Look at these units carefully. They should suggest
the possibility of using Erie Resistor know-how and
facilities to make your equipment more compact
and more efficient.

Erie has the most complete trimmer line in the
industry. We would like to work with you on com-
bining trimmers, fixed capacitors, and other circuit
elements into integrated sub-assemblies. Inquiries
should specify complete mechanical and electrical
requirements.

May, 1951
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Standard Style TD2A Dual Trimmer
with mounting pillars,

Special ribbon type terminals on stand-
ard Style T$2B Trimmer for direct con-
nection to other components.

Compact Trimmer—Capacitor—Resistor
—Coil Design. A complete oscillator
unit,

Where special mounting is desired,
standard Erie Style TS2A and Style
557 Trimmers can be supplied mounted
on brackets.

Two trimmer elements become an in-
tegral part of this coil form and I. F.
top section,

Specia! bracket and terminal arrange-
ments on dual trimmer unit,

A compact pluggable assembly for
mounting a trimmer in parallel with a
plug-in crystal,

Special tubular ceramic trimmer and

variable inductance having one com.
mon terminal,

Special steatite tubular dval trimmer,

Standard Erie Style 557 Trimmer with
special bent rotor terminal.

11a




36 STANDARD TYPES
FROM WHICH TO CHOOSE!

DECADE zedc'dz'dmte BOXES

Write for Shallcross Engineering Data Bulletin L-17

SHALLCROSS MANUFACTURING COMPANY

Collingdale, Pa.

SPECIAL DELAY LINES

Lumped delay lines “tailored” to specific
applications "have been announced by the
Shallcross Manuacturing Co., Collingdale
Pa. A typical unit consists of eight pie-sec

tion low-loss filters having a rise time of
0.04 microseconds and a total delay of 0.3
microseconds. Maximum pulse voltage is
=+ 100 volts and impedance is 500 ohms
Cutoff frequency is 8.5 megacycles and the
maximum operating frequency approxi

mately 2 megacycles based on a pulse de

lay error of not more than 2%. The unit
consists of eight universally-wound coils
of 3-strand #41 Litz wire and nine low
T.C. silver mica capacitors. Many other
types can be supplied

TYPE DIALS OHM STEPS TOTAL RESISTANCE—OHMS

542 I 0.01 0.1

543 { 0.1 !

544 L 1 10

545 | 10 100

546 | 100 1,000

547 | 1,000 10,000

548 | 10,000 100,000

549 | 100,000 1,000,000

550 | 1,000,000 10,000,000

840 2 0.1 t Accuracy

841 2 | 1o

842 2 10 1,100 Adi\:'mjn' IOf NEW SHALLCROSS WHEAT-

843 2 100 11,000 individua

843 2 ol ||4.000 iyl STONE-MEGOHM BRIDGE

s 3 a0l 11 asfollowe The new Shallcross 635-A Wheatstone

818 3 0. bl Megohm Bridge is a versatile direct-read

820 3 | 1110 0.01 ohm 5% ing instrument for accurate measurement

821 3 10 11,100 0.1 ohm 1% between 10 ohms and 1,000,000 megohms

822 3 100 111,000 It can be used to measure resistance ele

823 3 1,000 1,110,000 1.0 ohm 0.25% ments and insulation resistance and t

824 3 10,000 11,100,000 All others 0.1% determine volume resistivity of materials

317-A 4 0.01 AN Closer The instrument is basically a Wheatstone

819 4 0.1 Lt | Bridge used in conjunction with a d-c am

325 : |(I) 1,10 tolerances plifier. Two built-in power supplies operat

ng ¥ NG I :::(‘)88 available on ing on 115 volts, 60-cycles automatically

5t % 1.000 Ui 1 10:000 request provide the correct bridge voltages for the
L Al high and low ranges. Full information is

817-8 5 0.01 Lt available from the Shallcross Manufactur-

gggs g ?.l I : :: Il(l) ing Co., Collingdale, Pa.

830 S5 10 1,111,100

831 S5 100 11,111,000

817-C [} 0.01 e

8315 [} 0.1 (AN AR

832 [} | Lo

833 [} 10 11,00

METAL-ENCASED RESISTORS

Flat, metal-encased, Type 265-A wire
wound power resistors introduced by the
Shallcross Manufacturing Company, Col-
lingdale, Pa. are space wound, have mica
msulation, and are encased in aluminum

At 175°C. continuous use they are con
servatively rated for 7Y% watts in still air
and 15 watts mounted flat on a metal
chassis. Write for Bulletin 122

D-C Bridges e Low Resistance Test Sets o

Galvanometers o

Precision Resistors e High-voltage

i measuring equipment e Rotary Selector Switches o Attenuators

Capacitor Analyzers o Transmission Test Sets... and custom-built electronic specialties

124 PROCEEDINGS OF THE I.R.E.
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Many people realize and take advantage of the fact that ‘‘the tough ones
go to UTC.”” Many of these ‘‘tough ones,” while requiring laboratory preci-
sion, are actually production in quantity. To take care of such special re-
quirements, the UTC Laboratories have a special section which develops
and produces production test equipment of laboratory accuracy. The few illus-
trations below indicate some of these tests as applied to a group of units
used by one of our customers in one production item of equipment:

The component being checked here is o dual soturable reactor where the test ond
adjusting conditions necessitate unifarmity of the complete slape of the saturotion
curve. The precisian of this equipment permits measuring five widely separated points
an the saturotion curve with soturoting DC controllable to .5% ond inductonce to 5%.

Servomechanisms and similor opporatus depend, to a considerable degree, on phose
angle operation. The transformer odjusted in this operotion requires an occuracy
of .05 degrees phose ongle calibrotion under the resonant condition of application.
With wide chonge in voltage ond temperature range from —40 to +85 degrees C.,
the phose ongle deviotion connot exceed .2 degree. To effect this type of stobility,
specific temperoture cycling ond oging methods hove been developed so that
permonent stobility is effected.

This test position involves two practicol problems in o precision inductor. The unit
shown is odjusted ta on inductonce occurocy of .3%, with precise (high) Q limits.
It is then oriented in its cose, using o test selup which simulotes the octuol finol
equipment so thot minimum inductive coupling will result when instolled in the
finol equipment,

The hermetic seoling of tronsformers involves consideroble precision in monufac-
turing processes ond moteriols. To ossure consistent performonce, continuous som-
pling of production is run through fully outomotic temperoture ond humidity cycling
apporotus. It is this type of continvol production check thot brings the bulk of B
hermetic sealed tronstormers to UTC. ‘

150 VARICHK STREET NFW YORK 13, N ¥
EXPORT OIVISION: 13 EAST 40th STREET. NEW YORK 16 N v CARLES. "ARLA#
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Accurate ac test voltages
1/2 t0 10,000,000 €ps

-bp- 200 Series Audio Oscillators
Six standard madels, —hp— 200A and 2008
have transfarmer-caupled autput delivering
1 watt inta matched laad. —hp— 200C and
200D have resistance-caupled autput and
supply canstant valtage aver wide frequency
range. —hp— 202D is similar ta 200D, with
lower frequency range. —hp— 2001 is o
spread-scale ascillatar far interpalatian ar
where frequency must be knawn accurately.
R e

C-

-bp- 650A Resistance-Tuned Oscillator

Highly stable, wide band (10 cps ta 10 mc),
aperates independently af line ar tube
changes, requires na zera setting. Output
flat within 1 db. Voltage range 0.00003 ta 3
valts. Output impedance 600 ahms ar 6 ahms
with valtage divider.

-hp- 206A Audio Signal Generator

Pravides a saurce af cantinuausly variable
audia frequency valtage with less than 0.1%
distartian. Yery high stability, accuracy 0.2
db at any level. Specially designed far test-
ing high quality audia circuits, checking FM
transmitter respanse and distartian, braad-
cast studia perfarmance ar as a law distar-
tian saurce far bridge measurements, etc.

HEWLETT-PACKARD @ INSTRUMENTS

PROCEEDINGS OF THE I.R.E.

May, 1951

Whatever ac test voltage you need—whatever frequency or magni-
tude you require—there is an -hp- oscillator or generator to provide
the exact signal desired.

-hp- oscillators offer complete coverage, /5 cps to 10,000,000 cps.
They are dependable, fast in operation, easy to use. They bring you
the traditional -/ p- characteristics of high stability, constant output,
wide frequency range, low distortion, no zero set during operation.

-hp- oscillators and audio signal generators are used by manufactur-
ers, broadcasters, sound recorders, research laboratories and scien-
tific facilities throughout the world. For complete details on any
-hp- instrument, see your -hp- sales representative or write direct.

HEWLETT-PACKARD COMPANY

2250D Page Mill Road Palo Alto, California, U.5.A.
Sales representatives in principal areas.
Export: Frazar & Hansen, Ltd.,, San Francisco, New York, Los Angeles

15A
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Disc Cathode Speeds Assembly-
Improves Performance

® Electronics manufacturers find it
pays to be a customer of Superior.
They receive good service, quality
products and the benefits of
Superior’s methods and metals
research that constantly improves
upon already good products.

An example is the new. improved
Disc Cathode. Investigation proved
that a slight flaring of the open end
minimized the danger of heater
cathode “shorts” caused by scrap-
ing of the heater wire coating dur-
ing insertion, while speeding the
operation.

This feature added to an already
excellent cathode, resulted in a

part that does a better job at a
lower cost.

The Disc Cathode is only one of
the hundreds of products which
Superior supplics . . . but the same
program of product improvement
is applied to all of them. That’s why
most manufacturers in the elec-
trenics field are already friends and
customers. If you are one of the
exceptions, it will pay vou to find
out more about Superior and
Superior products.Forinformation,
consultation about production
problems, design help or research
assistance, write today to Superior
Tube Company. 2506 Germantown
Ave., Norristown., Pennsylvania.

1

Expanded Facilities . . . more space, equip-

ment and trained co-workers help to meet

growing demand.

Inspection and Gaging . .
checking “E” dimensions of Disc (

equipment for

.athodes.

92,600 Seamless Nickel Cathodes, compared

under a lens with an ordinary pin,

Which Is The Better
SEAMLESS ... ? The finest tubes

that can be made. Standard produc-
tion is .010"" 10 121" O.D. inclusive
with wall thicknesses of .0015"" to
.005"’. Cathodes with larger diameters
and heavier walls will be produced to
customer specification.

*Mfd. under U.S. Pats.— Superior Tube Company e Electronic Products for export through Driver.

16a

For Your Application . ..

Or LOCKSEAM* . . . ? Produced di-
rectly from thin nickel alloy strip stock,
010"t .100”” 0.D. in standard length
range of 11.5 mm to 42 mm. Round
rectangular or oval, cut to specified
lengths, beaded or plain.

7

All anolyses 010 to %'’ O.D.

g/'/k/'

Certain analyses (035" max. wall) Up to 1% OD.

PROCEEDINGS OF THE 1.R.E
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That's what it cost a prominent watchmaker
to develop a type of oil suitable for its precision
requirements. (Each worker is given a drop a day
with which to oil 500 new watches.)

That quantity is no indication of quality
is amply demonstrated by the CM-15 El
Menco Capacitor. Tiny as it is, it will give
sustained superior performance under the
most adverse conditions.

CM-15 MINIATURE CAPACITOR Before it leaves the factory it is tested
Actual Size 9/32 x 1/2" x 3/16" at double its working voltage to insure this
For Television, Radio and other Electronic unfailing performance.

Applications.
2 mmf.«420 mmf. cap. at 500v DCw.
2 mmf.-525 mmf. cap. at 300v DCw.
Temp. Co-efficient - 50 parts per million THE ELECTRO MOTIVE MFG. CO., Inc.

| per degree C for most Willimantic, Connecticut
| capacity valuves.

| 6-dot color coded. MANUFACTURERS ARE INVITED
E T TO SEND FOR SAMPLES
MOLDED MICA MICA TRIMMER

CAPACITORS

FOREIGN RAOIO ANO ELECTRONIC MANUFACTURERS COMMUNICATE OIRECT WITH OUR EXPORT OEPT. AT WILLIMANTIC, CONN. FOR {NFORMATION.
ARCO ELECTRONICS, INC. 103 Lofayette St , New York, N. Y.—Sole Agent for Jobbers and Distributors in U.S. ond Conada

PROCEEDINGS OF THE I.R.E May, 1951 174




Putting the HUSH
on radio background noises...

® That "radio quiet,” so vital to satisfactory commu-
nications, radar and allied radio-electronic functions
on land and sea and in the air, is now simplified with
AEROVOX INTERFERENCE FILTERS. These latest filter
units provide maximum attenuation from 150 KC well
up into the UHF range. And they are extra-rugged, extra-
compact, extra-efficient, by any comparison with
previous filters.

Primary applications are in r.f. noise suppression work
in military or commercial aircraft and for vehicular low-
voltage d.c. applications. Also, for special applications
such as battery or low-voltage d.c. filters, for shield
room applications, and for critical equipment.

Available in seven standard types meeting a wide
variety of applications. For extraordinary requirements,
special filters can be developed and built to your order.

® Write on your letterhead for latest literature. Consult
AEROVOX on your noise-suppression problems, as well as
capacitor requirements in general.

SALES

THE HOME OF CAPACITOR

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

Export: 41 East 42nd Street, New York 17, N.

OFFICES

)

= AEROVOX

) "INTER-

' FERENCE”
FILTERS

Remarkably small sizes and minimized weights.

Cases and terminals based on time-and-service-proven AEROVOX
hermetically-sealed containers and terminals.

Cases of non-magnetic material suitably protected to withstand mili-
tary service requirements for humidity, immersion, vibration. etc.
Advanced pi type construction for highest efficiency.

Capacitor sections utilize AEROLITE® metallized-paper dielectric,
assuring maximum reliability and life including “fault isolation” char-

acteristics for protection against extreme surge voltages above rated
voltages.

Filter chokes of newest design, embodying high impedance to r.f. cur-

rents and low d.c. resistance, assuring low voltage drop and minimum
heating.
*trade-mork

AEROVOX INTERFERENCE FILTERS
Aerovox Type Amps. vDC Size (. x w. x h.)
IN 148 2.0 150 124" x 1" x 75"
| IN 150 3.0 150 1 x 17 x 1"
IN 151 5.0 150 190" x 1% x 1
IN 152 10.0 150 2 x 1% x 1
IN 153 25.0 150 27 x 2" x 13"
IN 156 40.0 150 S5he' x 1134, x 14,
IN 154 100.0 150 I x 2% x 2%

CRAFTSMANSHIP

Y. * Cable: AEROCAP, N.Y. * In Canada: AEROVOX CANADA LTD., Hamilton, Ont. G
I'N ALL PRINCIPAL

CITIES

PROCEEDINGS OF THE I.R.E
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DEPENDABLE

The last word . ... You've said the last word when you say it’s
made by Kollsman—you’ve said the last word ubqut a miniature motor.
Engineers who specify aircraft instrument @@Z(@@ and control
systems have looked to Kollsman for more than tweﬁty years for the

last word in accuracy, in surety of performance, in dependability.

. for precision and dependability

wkw O LLSMAN \

INSTRUMENT CORPORATION

Elmhurst, New York ¢ Glendale, California

PROCEEDINGS OF THE I.R.E. May, 1951 19a
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MYCALEX is a highly developed glass-bonded ing new efficiencies, improved perform-

mica insulation backed by a quarter-century of ance. The unique combination of characteristics
continued research and successful performance. that have made MYCALEX the choice of leading
Both pioneer and leader in low-loss, high fre- electronic manufacturers are typified in the table
quency insulation, MYCALEX offers designers for MYCALEX grade 410 shown below. Complete
and manufacturers an economical means of attain- data on all grades will be sent promptly on request.

MYCALEX is efficient, adaptable,
mechanically and electrically superior
to more costly insulating materials

©® PRECISION MOLDS TO
EXTREMELY CLOSE TOLERANCE

® READILY MACHINEABLE
TO CLOSE TOLERANCE

® CAN BE TAPPED THREADED,
GROUND, SLOTTED

© ELECTRODES, METAL INSERTS
CAN BE MOLDED-IN

® ADAPTABLE TO PRACTICALLY
ANY SIZE OR SHAPE

MYCALEX is available in many grades
to exactly meet specific requirements

TRANSFORMER WITH MYCALEX-MEFAL

ASSEMBLIES TO GIVE TIGHT SEAL MYCALEX COIL HOLDER AND BASE

§ % 2@ ¢ 0 @ 3 6 o0 @ % 6o @ q @ @ ¢ 6 o s 0 e s 0 s a8 e e s e e b s e e

CHARACTERISTICS OF
MYCALEX GRADE 410

Meets all the requirements far Grade
L-4A, and is fully oppraved as Graode L-4B
vnder Jaint Army-Navy Specificatian

JAN-1-10
Power factor, 1 megacycle 0.0015
Dielectric constant, 1 megacycle 9.2
Loss factor, | megacycle 0.014
Dielectric strength, volts/mil 400
Volume resistivity, ohm.cm 1x10'
Arc resistance, seconds 250 TERMINAL BASE ASSEMBLY CONDENSER W
Impact strength, lzod, FOR FIRE DETECTION EQUIPMENT lOW-I.%ESS Ezg :I.YACYQ;EX
"'_|b/,'n‘°'n°'ch 0.7 S G0 o2 8.3 3 @80 D@ o 0@ 8@ ® ¢ & 2 6 6 6 o s s e 6 s e 8 s & o
Maximum saofe operating
temperature, °C 350
Moximum safe operating
temperature, °F 650
Woter absorption % in 24 hours nil
Coefficient of linear expansion, °C N x106
Tensile strength, psi 6000

MYCALEX is specified by the leading
manufacturers in almost every electronic
category

/ ~
? -
< -
: »
- :
)

TUBE SOCKET OF MOLDED
MYCALEX FOR HIGH FREQ. USE

MULTI-POSITION LEVER
SWITCH WITH MYCALEX SPACERS

T2P9F R8P0 W@ s2id s sdaetsilddliiemecocdgshiiasudanset™hese e
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CORPORATION OF AMERICA

Owners of '"MYCALEX' Patents and Trade-Marks
TRADE MARKREGUS PAT OFF Executive Otfices: 30 Rocketeller Plozo,

New York 20 « Plant and General Offices: Clitton, New Jersey
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ion and safety de\(ices
10 HI-Q

nd Resistors

In the air, where space and weight are at a premium, the
value of the minute compactness of HI-Q Components is
vividly dramatized. Of equal importance is their never fail-
ing dependability under any and all conditions. For let a
single small unit fail, and life itself may hang in the balance.
The same high engineering standards and unvarying qual-

Hi-Q TEMPERATURE
COMPENSATING CAPACITORS

ity which have made Hi-Q a leader with producers of air-

craft equipment, have found equal favor with other These high voltage tubular capacitors
electronic manufacturers. Individual tests of every single are available in capacities from 25 mmf.

. to 250 mmf{. Units with working voltage
component at each stage of production, and as a part of final of 3000 V.D.C., are 1.840" long with
. . . . . . 375" diameter. Those between 500
1spection, insure the precise adherence to speclﬁcatlonS, V. D. C. and 3000 V. D. C. are slightly
ratings and tolerances. That is one reason why H1-Q is now smaller. All are Durez coated and made

: : : Fa of temperature compensating materials.
serving virtually every leading producer of television, com-

munications and other electronic equipment. Another is the BETTER 4 WAYS
ready availability of Hi-Q engineers to cooperate in the de-

5 L~ PRECISION
velopment of new components to meet specialized needs.

&~ uUNIFORMITY
JOBBERS — ADDRESS; 740 Belleville Ave., New Bedford, Mass. 4~ DEPENDABILITY
3” MINIATURIZATION
* Trade Mark Registered, U. S. Patens, Office

| E Electiical Beactance (Corp.

5 OLEAN, N. Y. A
SALES OFFICES: New York, Philadelphia, PLANTS: Olean, N.Y., Franklinville, N. Y.
Detroit, Chicago, Los Angeles Jessup, Pa., Myrtle Beach, 5. G
PROCEEDINGS OF THE LR.E. May, 1951 —ZU\J




News—New Products

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

Transformer Cans

“T'ooling on all standard sizes of MIL-"
27 transformer cans has been completed
and most sizes are already in stock, accord
ing to an announcement by Heldor Metal
Products Corp., 85 Academy St., Belle
ville, N. J.

These cans, produced in Heldor's new
and enlarged plant, can be supplied with
or without brackets, weld studs, blind
inserts, compression-type hermetic seal
bushings, and stamped ratings. Price lists
and complete data can be secured from the
company.

Subminiature Paper
Capacitors

New ways of mounting subminiature
metal-encased paper capacitors, as well as
a complete line of subminiature 125° C
capacitors, have been announced by the
Sprague Electric Co., North Adams, Mass.

" -
I -
! i
svﬂ‘“" o
= . ; ﬁ \ E?
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s"""\ 3 = s
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I

NOISE ANALYSIS o PROC ESS (af o) NT ROL Available as standard are hermetically
sealed tiny threaded-neck, side-stud and
end-stud capacitors, as well as vertical and

VIBRATION TESTS © TE LEMETER ING horizontal bracket mounting units. These

: new mounting arrangements are intended

to help equipment designers overcome

Used by more engineers vibration and shock problems encountered
2 Write for NEW i i 3 i

than all other professional O CATA LOG wl'lﬁtr;mountmg capacitors by wire leads in

i y o Inc., . P military gear.
tape recorders combined ::r?dN'.“eMl'chlgan Ave., Chicaga 1, 11, These capacitors use Vitamin
vrther infarmation an Mognecord v 3 i i
tape recardings far industrial ‘*Sound 'Research. SPl’agueS organic polymer capacitor im-
pregnant. These subminiature units are

$ IN O 11V it oo o o derietet's . o comrncs o 3 4 i
R available in voltage ratings from 100 to
’|Nc‘ COMDONY..... oot re o . & bt o 1,000 volts dc in both inserted tab and
. bty REGI .. oo e e e extended foil constructions.

Complete details are available in
360 NORTH MICHIGAN AVENUE (o]} SR me— 1.1 7 S State.............. 3
CHICAGO 1, ILLINGIS : (l)?.null)l’etm 213A, upon letterhead request

(Continued on page 474)
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This FULL RANGE of picture tones seen only on Sheldon “Telegenic” Picture Tubes,
makes possible MAXIMUM CONTRAST with CLARITY . .. with NO EYE STRAIN and
NO GLARE . . . whether on a Velour Black or clear face screen . . . whether viewed in day-
light or under artificial light.

Superior picture quality is the reason why Sheldon Picture Tube production has been
stepped up to 5,000 daily! This production increase is made possible by another recent instal-
lation of the most modern in-line exhaust unit in the industry.

WRITE FOR VISUAL PROOF
SHELDON ELECTRIC Co. OF SHELDON'S SUPERIOR PICTURE QUALITY!

A Division of ALLIED ELECTRIC PRODUCTS INC. MAIL COUPON TODAY
68-98 Colt Street, Irvington 11, N. J.

----- NN PN ERENIEERE ]
Branch Ofices & Warehouses: E Sheldon Electric Co., 68 Coit St., Irvingion 11,N. J. B :
CHICAGO 7, ILL,, 426 S. Clinton St. * LOS ANGELES 26, CAL, 1755 Glendale Bivd B Send [ Proof of Picture Quality E
2 [] ““Charactenstics and Dimensions’ Wall Chart
Manufacturers of : [0 Television Mis-Information* i
S*\ddb“ SHELDON TELEVISION PICTURE TUBES 1 [ “lon Burns—How to Prevent Them' Brochure ¢
(ATHODE RAY TUBES » FLUORESCENT 1 (They're free — but PLEASE PRINT) !
NATURAL IMAGE LAMP STARTERS AND LAMPHOLDERS 3 H
SHELDON REFLECTOR & INFRA-RED ¥ Name e T g8
LAMPS = PHOTOFLOOD & PHOTOSPOT »
SOFT GLOW LAMPS « TAPMASTER EXTENSION (ORO 2 Company ;
SETS L (UBE TAPS = SPRING-ACTION 3 Street -
Pmrw PLUGS = RECTIFIER BULBS . City i G ;
- :.-----....--...I-'.IllII.IIl.l..ll.lll..ll

VISIT BOOTH NO. 201, PARTS DISTRIBUTOR SHOW, STEVENS HOTEL, CHICAGO, MAY 21-23.

© 1981 —ALLIED ELECTRIC PRODUCTS INC

PROCPEEDINGS OF THE I.R.E. May, 1951 23




Leading the Quality Field for more than 25 Years

o built for durability

- engineered for
trouble-free operation

» designed for standard
and special applications

Renvon

TRANSFORMERS
for all ARMY-NAVY specifications

use KENYON TRANSFORMERS for

RADAR « BROADCAST =+ SPECIAL MACHINERY
JAN APPLICATIONS + ATOMIC ENERGY

EQUIPMENT « AUTOMATIC CONTROLS
EXPERIMENTAL - WORK

wieror i KENYON TRANSFORMER CO., Inc
840 BARRY STREET - NEW YORK 59, N. Y.

o PROCEEDINGS OF THE LR.E. May 31
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OFFICES: METROPOLITAN AREA: 471 Brood $t., Nework, N. J., Mitchell 2.8159 * CH
PHILADELPHIA, €

NEW ENGLAND, 38.8 Brortle St.,

1” Some of the very low expansion
AlSiMag Ceramics have excellent
heat shock qualities and can be
heated red hot and suddenly cooled
without damage.

¢ AlSiMag Ceromics are ideal
elastic bodies. They do not show ony
plastic deformation and retain their
original shape after release from
strain,

1/ AlSiMag Ceramic plates can be
ground to a flatness of 1 or 2 light
bands, and retain this flatness even
if subjected to severe temperature
changes. What could be better as a
reference subject?

t# AlSiMag Ceramics can be made
with varying thermal expansions to
maitch those of many other materials.
You can maich the expansian of
AlSiMag Ceramics with many glasses
and metals and obtain a fit which
will be retained indefinitely.

HISIMAG

102D€ MAIK G US PAT OFF

® Submit your difficult material requirements to American Lava
Corporation and you will obtain free consultation for the best ma-
terial for your application and helpful recommendations for solving
your designing problems.

® It is this service which has given American Lava Corporation the

reputation as THE consulting firm among ceramic manufacturers.

AMERICAN LAVA CORPORATION

50TH Y A Ba o F o C BIRA MG <1 EA DNENRSSRHTNC P
CHATTANOOGA 5, TENNESSEE

1CAGO, 228 North LaSalle St., Central 6-1721
4.2823 °* 10S ANGELES, 232 Sovth Hill St., Mutuval 9076
Kitklond 7-4498 ¢ ST. LOUIS, 1123 Woshington Ave., Gorfield 4959




MALLORY

VITREOUS ENAMEL
RESISTORS

Mallory makes a complete line of com-
mercial Vitreous Enamel Resistors to
serve industrial electronic and electrical
fields . . . as voltage dividers and drop-
ping, load and shunt resistors. They are
available in eight sizes of the fixed type,
ranging from 5 to 200 watts . . . and in
seven sizes of the adjustable type, rang-
ing from 10 to 200 watts. Special high
temperature coatings, developed by
Mallory, provide a better insulation
against moisture and help prevent fail-
ures due to electrolysis. Write for your
copy of the Mallory Engineering Data
Sheet on Vitreous Enamel Resistors.

Mallory

Vitreous Enamel Resistor

Eliminates Expensive Component
... Saves Assombly Time

The combination of Mallory precision products with ingenuity
of application often leads to surprising and substantial sav-
ings for customers.

Typical is the suggestion made by Mallory to the Meier
Electric & Machine Company of Indianapolis, manufacturer
of electric fans, that a complex and expensive speed control
unit could be replaced by a Mallory resistor and a two-speed
snap switch. A saving of better than 50% was realized in
the purchase of parts...and production assembly time
was materially reduced.

That’s service beyond the sale!

That same helpful service is at vour command. What
Mallory electrical and electronic know-how has done for
others can he done for you!

Television Tuners, Special Switches, Controls and Resistors

P.R.MALLORY & CO. Inc.

SERVING INDUSTRY WITH

Capacitors Contacts
Controls Resistors
Rectifiers Vibrators
Special Power
Switches Supplies

Resistance Welding Materials

P. R. MALLORY & CO., Inc., INDIANAPOLIS 6, INDIANA

26A
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FOR PULSE SERVICE . . .

Power tefrode type 4-1000A is but one of
many Eimac tubes that make exceptionally
fine pulse modulators, amplifiers, or
oscillators. The 4-1000A, for example, will
handle 20 kv. and 12 amps. as a pulse
modulator.

Since the very advent of pulse techniques, Eimac
tubes have been, and still are, consistently chosen
over other vacuum tubes not only because of out-
standing performance but also because they can be

4-1000A Typical Operation depended upon for exceptionally long trouble-free
Pulse Modulator, peak pulse values service.
STEapH pramotad —"Rerifobt This leadership is a result of these time-proven Eimac
D.C Plate Voltage - - - 20,000 Volts policies:

® Rugged electrodes and electrode supports
D:Ci Sarecw Voltlgs @, = IS0 Y olte @ Elimination of troublesome internal insulating
D.C Grid Voltage - - - =500 Volts materials ) 5

® Thorough outgassing of all internal parts
Pulse Plate Current - - 12 Amperes ® Oversize electron emitters for reserve emission
U B bl Cnrrart: iea 3 g afes ® Elimination of volahle. getters )

® Long, thorough pumping schedules for highest

Pulse Grid Current - - 0.5 Amperes possible vacuum
Put our pulse experience and know-how (over 14

Pulse Positive Grid Voltage - 350 Volts ! h : P
sl 3 years of it) to work for you. Engineering advice pert-
Load Resistance - - - 1500 Ohms inent to your specific problem or a generalized data
o o sheet on how to employ Eimac tubes in pulse service
ol s T : is available . .. write today.
Pulse Power Input - - - 240 Kilowatts
EITEL-McCULLOUGH, Inc
A Plate Dissipati - 240 Watts . .
R San Bruno, California
Pulse Power Output - - 216 Kilowatts Export Agents: Frazar & Hansen, 301 Clay St., San Francisco, California
Pulse Output Voltage - - 18,000 Volts
Follow the Leaders to

WRITE FOR BULLETIN NO. 3 “PULSE SERVICE NOTES™

PROCEEDINGS OF TIIE I.RE




say SPEER 4
before you say RESISTORS

...for con

Complete your circuits

with R. F. coils...chokes
...tubular and disc capa-
citors...high voltage con- ——
densers...capristors by
JEFFERS ELECTRONICS, INC.

DU BOIS, PA.

Another Speer Carbon Co. Subsidiary
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sistent long-life
SPEE
cazsZor, CORP.
A SPEER CARBON COMPANY SUBSIDIARY —

ST. MARYS, PENNSYLVANIA
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TRANSFORMERS & INSTRUMENTS

1 UNIT
DECADE INDUCTOR

HIGH FIDELITY

| NO.1020 MEGOHMMETER
. 2.000.000 MEGOHMS i e TRANSFORMERS
DIRECT READING 3 UNIT . ¢ ¥; D8 20 CPS TO 30 KC

DECADE INDUCTOR

DECADE INDUCTORS BY FREED

A complete line of precision high stability decade inductors
covers the range from one tenth of millihenry to hundred henries
and frequencies from 30 cycles to 300.000 cycles.

The inductors can be used either as secondary laboratory stand-
ards or as high Q components in wave filters. equalizers and
tuned circuits for audio and radio frequencies. Individual inductors
are wound on temperature stabilized molybdenum permalloy

FREEDSEAL TREATMENT

" NO_ 1030 Ltow toroidal core. Four coils (nominal values 1. 2. 3. 4) are combined ANE.19 SPECS.
i in an individua! decade. A special low loss ceramic switch com-

values from 0 to 10. g

Special silver alloy contacts insures very low contact resistance. Py

OUTSTANDING FEATURES
Very high Q ot frequencies up to 300,000 cycles.
High natural frequency. ‘ L L AN W
Astatic to external magnetic fields, I — < .
Very low temperature coefficient. '
Electrostatic and magnetic shielding.

INDICATOR ual : ) '
| bined the coils in such a way as to give the eleven successive I
l

MINIATURE INDUCTORS

DH&:OTOI:': ;‘:clbum | 1000 CPS TO 100 KC
TUBE VOLTMETER FREQUENCY RANGE 30 TO 2000 CYCLES |
50 @ 200 CYCLES =L

FREQUENCY RANGE 100-2000 CYCLES \
Q — 80 @ 500 CYCLES l
#1341 DECADE INDUCTOR 100 Hy total in_steps of 10 Hy
FREQUENCY RANGE 500-20,000 CYCLES
Q

|

A — 1
1] *#1164 DECADE INDUCTOR 111 Hy total in steps of .1 Hy

|

= 60 @ 1000 CYCLES

#1160 DECADE INDUCTOR 11.1 Hy total in steps of .01 Hy l
#1163 DECADE INDUCTOR 1.11 Hy fotal in steps of .001 Hy

I #1260 DECADE INDUCTOR 11.11 Hy total in steps of .001 Hy U Rt
NO. 1110A INCREMENTAL | [
Buciaice ook | FREQUENCY RANGE 500-20,000 CYCLES RO AT
A HECLSSITY FOR . © — 160 @ 1000 CYCLES COMPONENTS
VERY LAB. | |
M #1220 DECADE INDUCTOR .01 Hy total in steps of .001 My | .

#1230 DECADE INDUCTOR .1 Hy total in steps of .01 Hy
#1240 DECADE INDUCTOR 1 Hy total in steps of .1 Hy
#1270 DECADE INDUCTOR 10 Hy total in steps of 1 Hy
#1280 DECADE INDUCTOR 1.11 Hy total in steps of .001 Hy
#1290 DECADE INDUCTOR 11.11 Hy total in steps of .00V Hy
#1310 DECADE INDUCTOR 11.1 Hy total in steps of .01 Hy |

FREQUENCY RANGE 2000-50,000 CYCLES
200 @ 10,000 CYCLES
#1161 DECADE INDUCTOR 1.11 Hy total in steps of .001 Hy
s FREQUENCY RANGE 10,000-300,000 CYCLES HERMETIC
NO. 1080 vACUUM @ — 200 @ 100,000 CYCLES SEALED COMPONENTS
#1162 DECADE INDUCTOR 111 Hy total in steps of .1 mhy TO MEET MIL.T.27 SPECS.

INPUT 1MPEDANC!
50 MEGOMMS J *#1164 DECADE INDUCTOR is wound on a special nickel alloy core.

:; "“_‘d. . s




GUIDED MISSILES that become

more accurate as they

TS —

close the range on attacking

TS

enemy aircraft are being
developed by the Fairchild

| Guided Missiles Division.

: Missile experience dating back

" into World War II has enabled
Fairchild engineers to design a

guidance system which “homes”

on radar echoes reflected from
i attacking planes and cuts down
/{/Yl/ '@/Vllé_ the margin of error the closer

AT

e T

o S T

the “bird” gets to its target.

Already flight-proved in
Fairchild-built test missiles this
guidance system is being refined
and developed further to meet

4

the requirements of our Armed
Services. One of the most

A
S

advanced guidance systems yet

J devised, it is another example of
: Fairchild’s engineering ability,

‘ combining the practical and

. theoretical to meet the stringent
i :; technical demands of modern
I3

military science,

-

\
N\
-
‘ \
-

; ’\.l*

[P E S AIRCHILD

L
F ENGINE AND AIRPLANE CORPORATION

FARMINGDALE, N Y.

Fairchild Aircraft Division, Hagerstown, Md
Fairchild Engine and Stratos Divisions, Farmingdale, N.Y.
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for ambient temperatures

vom =557
0 +125°C

General Electric Permafil capacitors are designed for use at
extremes in temperature—in high ambients—or in high altitudes
where extreme cold is encountered. They are suitable for all

blocking, by-pass and filtering applications.

These capacitors, while using paper dielectric, are treated
with a plastic compound that retains its electrical stability at
both high and low operating temperatures. Units are available
in case styles CP-53, 61, 63, 65 and 70, as covered by specifi-
cations JAN-C-25—in ratings of .05 to 2.0 muf, 400 volts DC.
Containers are metallic and arc¢ sealed with G-E long-life all-
silicone bushings.

For full information on Permafil capacitors sce your local G-E
representative. Or write Apparatus Department, General Electric
Company, Schenectady 5, New York.

GENERAL

PROCEEDINGS OF THE I.R.E May, 1951

—————————————————————————

Where space or weight are
especially important

Permafil capacitors will average
about 1/10 the size and weight of
liquid-filled capacitors when designed
to operate at 125° C.

Where short-life characteristics are
permissible additional savings in
size and weight are possible. If you
have a short-life capacitor application
in mind, G-E engineers would like to

discuss it with you.

ELECTRIC




RCA Application Engineering is a special-
ized service designed to assist electronic
equipment manufacturers in product
development. This service is at the dis-
posal of all RCA tube and component
customers.

RCA Application Engineering offers you
the collective experience of specialists
in electronics who are qualified to help
you with your design, specification, and
production problems. These field engi-
neers devote their time exclusively to a
personal and confidential appraisal of
customer’s specific tube and component
requirements . . . and a translation of

Preface to a Better Product. ..

these requirements into better products.
In addition, three RCA Application
Engineering Laboratories—conveniently
located at Harrison, Lancaster, and
Chicago . . . are available for circuit re-
search, product investigation, perform-
ance tests, specification checks, and
statistical quality analysis.

The vast and impressive experience
of this Application Engincering group
accounts in part for RCA’s engineering
leadership in the development of better

an industry service without paraliel

tubes and components in advance of
the market.

To put RCA Application Engineering to
work for you, phone the nearest RCA
office* . . . or write RCA. Commercial
Engineering, Section 47ER, Harrison,
New Jersey.

*(East) Harrison 6-8000, 415 S. 5th St.,
Harrison, N. J. (Midwest) Whitehall 4-2900,
589 E. Iilinois St, Chicago, Ill. (West)
Trinity 5641, 420 S. San Pedro St., Los
Angeles, California.

The Fountainhead of Modern Tube Development is RCA

RADIO CORPORATION of AMERICA

ELECTRON TUBES AND COMPONENTS

HARRISON, N. J.
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William H. Doherty

DirecTOR, 1951-1953

William H. Doherty was born in Cambridge, Mass., on
August 21, 1907. He received the B.S. degree in electric com-
munication engineering in 1927, and the M.S. degree in engi-
neering in 1928, both from Harvard University. His studies
completed, he spent a few months in the long-lines department
of the American Telephone and Telegraph Company in
Boston; thereupon he became a research associate in the radio
section of the National Bureau of Standards, where he partici-
pated in a study of radio-wave phenomena. In June, 1929, he
joined the radio-development department of Bell Telephone
Laboratories at Whippany, N. J., where he took part in the
development of high-power radio transmitters for transoceanic
service and broadcasting. In the course of this work, he in-
vented a high-efficiency linear power amplifier which is now ex-
tensively used in broadcasting, and for which he was awarded
the Institute’s Morris Liebmann Memorial Prize in 1937,

In 1938 Mr. Doherty began to devote himself to the
pioneering work at Bell Laboratories in the fire-control radar
field; during the war years he supervised a radar develop-
ment group which was responsible for the design of a number

of radars widely used on Navy surface ships and submarines
for gunfire and torpedo control.

After the war, Mr. Doherty resumed supervision of AM
and FM broadcast-equipment design, as well as continuing his
association with Bell Laboratories military electronic develop-
ments. In January, 1949, he was transferred to his present
position of director of electronic and television research at the
Murray Hill Laboratory of his company.

Mr. Doherty became an Associate Member of the Institute
in 1929, a Member in 1936, a Senior Member in 1943, and a
Fellow in 1944. He was on the Membership Committee from
1943 to 1946, and has been a member of the Committee on
Professional Groups since 1948.

Mr. Doherty is the author of numerous papers on radio-
transmitting equipment and power amplifiers, which have ap-
peared in the PROCEEDINGS as well as in other technical
journals.

He is a member of Tau Beta Pi and Sigma Xi. In June,
1950, he received the honorary degree of Doctor of Science
from the Catholic University of America.
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The following guest editorial, from an engineering official of the Radio-Television Manufac-

turers Association, analytically and persuasively presents a viewpoint concernin

“preferred num-

bers” at variance with that expressed in an earlier analysis of the subject on this guest-editorial

e
Each of these treatments is based on both a broad philosophy and a specific set of situations.

| The subject of “preferred numbers

is of major importance to engincers. For these reasons, these

analvses are in the nature of “required reading” for design and production engineers.—The Editor.

Another Vicwpoint on Preferred Numbers
] VIRGIL M. GRAHAM

There seems to be some difference in opinion with regard
to the matter of “preferred numbers,” or series of preferred
values for sizes, dimensions, weights, ratings, and so forth.
One viewpoint was recently expressed in these pages,tand it is
fitting that another one, differing from the first, should also be
presented. Those who set up the sysiem referred to in the
previous article, feel that it is the only one which deserves to
be termed “preferred numbers”; there are others, however,
who take a broader view of the whole matter, and who do not
regard any one serics Or system as sacrosanct. They view num-
ber series of a certain type as tools, with the appropriate topl
being used for the work at hand, and they consider that the
term “preferred numbers” applies to all series in which the
increment from one number to another is a given percentage
of the first.

It is unfortunate that there was no indication in the previ-
ous discourse as to the nature of the series chosen by the older
ASA Standard, Z17.1-1936, R1946, as compared with the one
used in the new ASA Standard on Preferred Values for Elec-
tronic Components, C16.15-1949, which also has wide inter-
nationa! acceptance. [t is known to many that the older sys-
tem is based on a multiplier that is ¥/10 (probably because
we are decimal-minded from having ten fingers), whereas the
newer system is based on /10, a multiplier giving a series
which meets definite requircments. As was previously indi-
cated, this latter figure was originally established for a specific
product, namely, fixed composition resistors. Probably the
most attractive feature of the twelfth-root series was that it
fitted the generally accepted tolerance system of * 10 per cent,
as well as the widely used color-coding system. (The com-
panion sixth-root series and the twenty-fourth-root series
accommodated the +20 per cent and +5 per cent tolerances.)
The tenth-root series, as well as the fifth- and twentieth-root
series, were seriously considered, but rejected as unsuitable.
The twelfth-root series attained immediate acceptance by both
the manufacturers and the users of these resistors. Subse-
quently its obvious usefulness for other electronic components
led to its adoption on its own merits, and not because it was
an “official RTMA list.” That stage followed at a later date,
when the system had already proved its uscfulness in the
component field. At that time it had become sufficiently clear

that there was more to the system than just the meeting of an
immediate single need. Apparently then, the introduction and
use of the twelfth-reot series indicated an appreciation of the
usefulness of the preferred number concept far greater than
that of the original. While there are those who deplore this
“private” series because it differs from the work of one com-
mittee, there are others who would not shudder at the thought*
of additional series, if thase presently used should prove in-
adequate. There would seem to be more danger from the first
type of reasoning than from the latter. Imagine a national
standardization committee “standardizing” a single system of
machine screw threads for all purposes, including threads for
pipes where we know that a great many very different require-
ments exist! Fantastic, yes, but uncomfortably close to the
actual attitude of some toward the preferred number matter

The concept of preferred numbers did not come into being
a few years ago with the work of one committee which may or
may not have been representative. On the contrary, it is gen-
crally known that this concept is a very old one. \Ve are told
that the Romans used such a series for water ducts, and thata
Frenchman used one for balloon cables many years ago. More-
over, the American wire gauge is based on preferred numbers,
and the tempered scale in music follows a twelfth-root series.

The understanding of the importance and value of the pre-
ferred number concept has been tremendously increased, along
with the expanded use of preferred numbers, by the introduc-
tion of the twelfth-root series. The country and its industry
undoubtedly derive a greater benefit from such an increase
than they would from the attempted use of an unsuitable sys-
tem which persists merely because it was standardized as an
®ideal.”

It would be interesting to know and to compare the total
number of units of all sorts manufactured under both of the
standard systems. This might indicate whether or not it was
really only a *limited amount of benefit or temporary ad-
vantage” that was derived from the introduction of the
twelfth-root series.

As long as standards are used as active tools, then stand-
ardization is of inestimable value to industry. However, if we
allow standards to become fetishes, then standardization will
be harmful and will wither.

1 Arthur Van Dyck, *Preferred Numbers,” Proc. I.LR.E., vol. 39, p. 115; February, 1951.
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Quality of Color Reproduction
[

DAVID L. MacADAM {

Summary—The evaluation of quality of color reproduction poses
many complex problems. Optimum reproduction needs to be iden-
tified. Since it depends upon the limitations of the reproduction
process, as well as upon human vision and judgment, optimum repro-
duction will probably have to be determined for each process sep-
arately. The program is to vary the production controls in systematic
manners, measure the resulting color reproduction in the best way
known (e.g., the I.C.I. method at the present time), submit the repro-
ductions to visual judgment, and study the judgment data in compari-
son with the measurements in order to find significant correlations.
The growing experience of such studies of color photography is sug-
gested as a guide. Preliminary estimates of optimum reproduction
and of seriousness of deviations may be based tentatively on results
of studies of noticeability of color differences and on fragmentary re-
sults of studies of color photography. These estimates can be im-
proved as various parts of the program are carried out.

INTRODUCTION

“Complete theories do not fall from Heaven . .. ” Freud.

HEN ASKED how he obtained such delicate

x:§/ flesh tones in the nudes for which he is famous,

Renoir is said to have replied, ““I just keep

painting and painting until I feel like pinching—then

I know it's right.”” Color photography and color televi-

sion are far from such perfection, but no better prescrip-
tion for improvement can be written.

Judgment and measurement are indissoluble partners
in the task of assessing quality of color rendering. Color
can be measured, as can weight and height, but no for-
mula can be trusted to distinguish pleasing from displeas-
ing color, any more than a formula based on dimensions
guarantees beauty of form. The principal value of
measurements in such problems is that they permit
something to be recorded about the occasion when satis-
faction is experienced, or dissatisfaction expressed. The
judgment, “I like that,” is fundamental to all knowl-
edge of what constitutes a good picture, but the knowl-
edge is as evanescent as the picture if no measurements
are made to record what the picture was, when it was
approved. However, it is useless to make measurements
blindly. The most revealing measurable characteristics
of a picture, as of a beautiful form, can be discovered
only by searching for whatever specifications are shared
by all pleasing examples and more or less violated by less
satisfactory ones.

Neither painters nor those in charge of color control
in photography or television can hope to succeed by
blind reliance on measurements. If a modern painter
should venture to assert that he surpasses Renoir in the
ability to render flesh tints, on the grounds that meas-
urements prove his tints are closer to those of the living
model, he would quite properly be dismissed with ridi-
cule. Renoir's paintings do not, and probably never did,

* Decimal classification: R583X770.2836. Original tnanuscript re-

ceived by the Institute, February 14, 1951,
{, Eastman Kodak Company, Research Laboratory, Rochester,
N.Y.

“match” the flesh of his models. This is not a criticism|
of Renoir, but an object lesson from which we should
learn to investigate carefully before we rely upon “color-!
fidehty” measurements. |

This paper is concerned with only the evaluation of
color rendering. It is not concerned with the dependence
of color on other technical or economic considerations.
Such considerations might be the dependence of color,
reproduction on the available frequency bandwidth, onl
the relative widths of the color-separation channels, or
on fineness of picture detail, or the necessity of elimi-
nating flicker and edge or registration defects. These fac-
tors are discussed at length by other authors. This ar-
ticle is not based on any acquaintance with television,
but on experience in the application of color measurey
ments to color photography.

This paper can only outline the problem, and revie“}"‘
the partial investigations that have been reported and
are known to be in progress. Basically, the crucial ques-
tions are only asked, not answered. A program is sug-
gested, modeled on one which seems to be productive i
photography. No formula for the evaluation of th'l
quality of reproduction is recommended. It is doubtfuf
that any valid formula can be derived from the frag!
mentary and largely contradictory data now available
concerning visual sensitivities and tolerances for color
errors.

THE PsycHOPHYSICAL APPROACII

There is nothing new in the suggestion that the qual-
ity of color in photography and television should be
determined by visual observation and judgment. Nor is
the idea of measuring the colors without precedent. The
particular point of this discussion is that neither of these
alone is adequate, but that a systematic combination
offers the most promise.

The weakness of unaided judgment is shortness of
memory. This is aggravated by the common tendency
to jump to conclusions in order to aid memory. Without
measurement there is no way of identifying, much less of
remembering, relevant factors in the pictures judged or
compared. Without written records, it is impossible to
accumulate much experience.

The particular features of the design of picturg-
producing devices, and adjustments of the controls ca},
of course, be recorded. Although variations of these
factors are convenient for sampling the enormous gamut
of possible reproductions, these factors are not likel
to be the most relevant measurable quantities for dig-
tinguishing good from poor rendering. The principles ¢f
color measurement, which will be briefly reviewed, a
more likely than equipment design or controls to yiel

quantities which can be associated with the quality of
color reproduction.
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‘ However, in themselves, color specifications lack any

eritical value. “Color fidelity,” defined' as “the degree

';!?o which the television rcceivcr. reproduces the colors

"

of the original scene,” reveals a serious misconception
of the purpose of both color television and color
photography. This definition prejudges the facts, quite
mistakenly, according to present indications. Optimum
reproduction can be identificd only by asking a number
wof people to indicate their preference and relative rat-
ings of a widely representative variety of color render-

» iaigs, by measuring many colors in the pictures, and by

studying the color specifications in comparison with the
rélative grades assigned to the pictures by the judges.
The discrepancies hetween the colors of the preferred
picture (the norm) and those of the original scene may
,or may not be feasible to produce, but if such discrep-
ancies are found, then “crrors” of reproduction should

. be measured relative to the norm, rather than relative

:
g

to the colors of the original scene.

Only after that norm is established can the question
of the relative importance of various kinds of errors have
any meaning. Such questions are important, and their
apswers are doubtless complex. They probably depend

! more seriously upon what the subject is, than upon its
Srecise color in the original scene. Renoir's particular
“subject is not likely to be portrayed frequently in tele-
vision or motion pictures, but human skin will probably
be fairly high on the list of the most critical subjects.

MEASUREMENT OoF COLOR

_ In order to measure a quality, such as color, we must
conceive it as depending on the values of one or more
variable quantities, and our first step is to determine
the number of variables which are necessary and sufh-
cient to determine the quantity of a color. No elabo-
rate experiments are needed to decide that color can vary
in three, and only three, independent ways. We can
realize this by noting that color sensations can differ
only in hue, saturation, and brightness. If we adjust one

'1.cqlor so as to produce the same hue, saturation, and

:

, brightness as another, the two colors are indistinguish-

{¥mable.

For a very great variety of colors, such adjustment
can be accomplished by varying the intensities of red,

' o green, and blue light combined in the same area, by

{
!

i
.

simultaneous superposition or by juxtaposition in such
fine patterns that the separate components cannot be
distinguished, or by successive presentation at a sufh-
ciently high rate that the alternations of colors cannot
be noticed. All hues and all brightnesses can be ob-
tained in this manner. The only limitation is of satura-
tian.

Very few, if any, pure colors from the spectrum can be
matched with this scheme, and colors that are nearly as
saturated as the spectrum are also unattainable. But

:
’ ! Senate Advisory Committee on Color Television, E. U. Condon,

—’;Chairman. “Present Status of Color Television,” Senate Document
497, 81st Congress, Second Session, 1950; reprinted in Proc. I.R.E,,

# yol. 38, pp. 980-1002, September, 1950.
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practically all colors encountered in nature, art, and in-
dustry can be matched. The range of saturation pro-
ducible depends upon the particular red, green, and blue
chosen for the synthesis. The gamut depends somewhat
on the hues of those components, but much more di-
rectly on their saturations. The greatest possible gamut
would be obtained by using components as saturated as
spectrally pure red, green, and blue. Colors of even
greater saturation than the spectrum can be imagined,
and can even be experienced, fleetingly, for example, by
viewing spectrum green immediately after prolonged
viewing of a bright, saturated red. Morc important, the
amounts of different sets of red, green, and blue light
necessary to match various colors are related by simple
rules which can be extended to infer the amounts of
physically impossible, supersaturated red, green, and
blue primaries, the mixture of which would match every
obtainable color, including even those of the spec-
trum.? 4 These rules have been applied to extensive
experimental data on the amounts of ordinary red,
green, and blue components needed to match colors, and
the results have been recommended by the Interna-
tional Commission on lllumination, and adopted by
the American Standards Association as the basis for the
measurement of color.

Fig. 1—Diagrammatic representation of principle of
colorimetric specification.

The principles of color measurement are shown in Fig.
1, where E represents the spectral distribution of energy
incident upon a reflecting sample, and R represents the
spectral reflectance of the sample. The spectral distribu-
tion of the light reflected into the eyes of the observer is
represented by the product curve, R X E. If the spectral
distribution of the light incident upon the eyes of the
observer is measured directly, for instance, by spectro-

2 Staff of Color Measurements Laboratory, MIT, under direction
of A. C. Hardy, “Handbook of Colorimetry,” Massachusetts Institute
of Technology Press, Cambridge, Mass.; 1936.

+ W. D. Wright, *The Measurement of Colour,” Adam Hilger Co.
Ltd., London; 1944.

+P. J. Bouma, “Physical Aspects of Colour,” N. V. Phillips
Gloeilampenfabrieken, Eindhoven; 1944.
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Fig. 2—Chromaticity diagram, showing locus of spectrum and locus of blackbody sources.
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radiometry of the light from a television receiver, it can
.be used in place of the R X E curve. The standard I.C.L.
. spectral-weighting functions, which correspond to

normal human color vision, are shown by the curves,

%, §, and z. The areas under the curves which result

from weighting RXE by the £, §, and Z functions are

the quantities X, ¥, Z of the supersaturated 1.C.I.
" mixture components required to match the color of the
sample. Routine methods of computation differ from
this scheme only in details.?*-

In addition to including every color within their mix-
ture gamut, the 1.C.I. components have the convenient
property that the quantity ¥ specifies luminance (the
photometric evaluation of brightness). The remaining
two variables of color specify chromaticity, which is
most conveniently represented by a point on a plane
diagram. Such a diagram might be constructed by
simply plotting Z vertically and X horizontally. If the
ratios Z/Y and X/Y were plotted, however, all colors
having the same relative energy distribution would be
represented by a single point, regardiess of their inten-
sity or luminance. This is a great convenience, since it
enables us to study chromaticity independently of the
intensity level. But the proportions of the resulting
diagram are inconvenient. It is customary to plot, in-
stead, the ratio X/(X+ Y+2Z), horizontally, and the
ratio, Y/(X+ Y+2Z) vertically. The first ratio is ab-
breviated x and the second, y. The resulting diagram
is shown in Fig. 2. The spade-shaped curve represents
the colors of the spectrum, regardless of intensity. The
straight line connecting its extremities represents the
most saturated possible purples, from red at the right,
through red purples near the center to blue purples
and violet near the left corner. The curve tangent to
the straight, long-wavelength (red) end of the spectrum
locus and passing near the center of the diagram repre-
sents the colors of blackbody radiators’ at various
temperatures.

Since a blackbody at about 6,500° K has nearly the
same color as daylight, and household tungsten lamps
operate at about 2,800°K, any point near the cor-
responding segment of the blackbody locus may repre-
sent white, if the observer is adapted to the correspond-
ing quality of illumination. This wide variation of the
white criterion is an important fact. In one sense it is
fortunate because, for example, it permits the same
motion-picture films to be projected with tungsten
lamps or with arc lamps of nearly daylight quality with
very nearly equal satisfaction. Likewise, rather great
variations of “balance” of color films and television
pass unnoticed, provided that the picture controls the
adaptation of the observer. However, if the surround-

s D. L. MacAdam, “The fundamentals of color measurement,”
Jour. SMPE, vol. 31, pp. 343-348; October, 1938,

. # Committee on (folorimetry, L. A. Jones, Chairman, “Quantita-
tive data and methods for colorimetry,” Jour. Opt. Soc. Amer., vol.
34, pe: 633-688; November, 1944,

A “blackbody” is a source which radiates energy in accordance
with Planck's formula.
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ings are prominently illuminated, fluctuations of bal-
ance, and even the standard of white adopted for the
production of the picture, can be very objectionable.
This is presumably not important in theaters, because
the illumination of the surround can be controlled.
Greatest tolerance of the audience is obtained if the
surrounding illumination is quite subdued, so that the
picture, and its accidental variations of balance can
control the adaptation.

The problem is much more difficult in the case of
home television, because the ambient illumination may
vary in quality from daylight to that from amber
decorative luminaires, and the level of ambient illu-
mination must be sufficient for easy movement and even
for reading by uninterested members of the family. The
choice of a standard for white that will be least objec-
tionable under all likely conditions of adaptation is very
difficult. This is not so critical in the case of “black-and-
white” pictures, for which observers are quite tolerant
of “off-white” tints. It is much more critical for color
pictures, because attention is then directed to color,
and departures from the observer’s ever-changing cri-
terion of white distort his perceptions of all colors.
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Fig. 3—Maximum luminous efficiencies of various chromaticities.

Fig. 3 illustrates the general usefulness of the chroma-
ticity diagram. On this is represented the maximum
possible luminous efficiency of light of any desired
chromaticity.® The maximum efficiency possible under
any circumstances is 680 lumens per radiated watt.
This maximum is obtained only by confining the radi-
ated energy to a narrow band of wavelengths within a
few millimicrons of 555 mu. The maximum possible
luminous efficiency for the chromaticity of daylight
(x=0.31, y=0.316) is about 400 lumens per watt. This
efficiency is not attained by natural daylight, nor by any
existing lamps. It can be obtained only by use of a
source whose spectrum is confined to two spectrum
lines, at wavelengths of 448 and 568.7 mu. Such a source

s D, L. MacAdam, “Maximum attainable luminous efﬂclencz'zgf

various chromaticities,” Jowr. Opt. Soc. Amer., vol. 40, p.
February, 1950.
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would be very objectionable as a practical illuminant,
because it would seriously distort the normal colors of
objects, and the chromatic aberration of the eye would
cause most objects illuminated with it to be seen sur-
rounded by a violet haze. But the efficiency of that
source is useful as a known goal that may be ap-
proached, but never exceeded, by a source having the
chromaticity of daylight. Similarly, the efficiency indi-
cated in Fig. 3 for any other chromaticity is a standard
of comparison showing the amount of possible improve-
ment in any practical case. It is interesting to note that,
for almost all chromaticities, the maximum efficiency is
obtained by adding 448 mu to a second wavelength.
This indicates, also, that the closer the blue primary
approaches 448 my, the greater will be the luminous
efficiencies of the chromaticities produced by additive
combination of three primaries.

Similar diagrams showing the maximum possible
luminous transmittances of filters having various
chromaticities with daylight and tungsten light have
been published.® From such data, Bingley'® has com-
puted the luminosities of two different sets of additive
primaries required to reproduce the colors of the most
efficient filters. Since the maximum efficiency has been
closely approached only in the cases of a few yellow,
orange, and red filters, the requirements computed by
Bingley are probably too severe.

The maximum possible luminous reflectances of
colored materials having two per cent minimum surface
reflectance have been shown by Clarkson and Vicker-
staff'! for tungsten lamp illumination. They also
showed limits attainable with contemporary dyes.
Probably those limits would be more realistic than
the theoretical limits, for the determination of the
maximum luminosity demands of additive primaries.
However, the theoretical limits of luminous transmit-
tance of filters, and of luminous reflectance of colored
materials having irreducible first-surface reflectance in-
dicate the ultimate. The derivations on which they are
based indicate the spectral characteristics that must be
employed to attain the ultimate. Any other spectral
characteristics necessarily produce lower luminous
transmittance or luminous reflectance for any pre-
scribed chromaticity.

The capabilities of a set of primaries may be shown
in the manner indicated in Fig. 4, which, for some
purposes, may be more informative than the diagrams
that Bingley published. Fig. 4 shows, for his C set of
primaries, the maximum luminance with which any
chromaticity can be produced, relative to white. It is
assumed that the maximum usable intensity of each
primary is used to produce white. Fig. 5 shows the cor-

*D. L. McAdam, “Maximum visual efficiency of colored mate-
rials,” Jour. Opt. Soc. Amer., vol. 25, pp. 361-367; November, 1935,

© F.J. Bingley, “Application of projective geometry to the theory
of color mixture,” Proc. I.R.E., vol. 36, pp. 709-723; June, 1948,

1t M. E. Clarkson and T. Vickerstatg, “Brightness and hue of
present-day dyes in relation to colour photography,” Phot. Jour., vol.
88B, pp. 26-39; March-April, 1948.
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responding diagram for the A set of primaries. Fig. 6 |
presents a comparison of the chromaticity and lu-
minance limits of these two sets of primaries. The lines
indicating the luminosity limits in Figs. 4 and 5 may
be regarded as contours of surfaces, below which are
represented all colors producible by use of the cor-
responding set of primaries. This is illustrated in Fig. 6,
which shows that the “ceiling” for the C primaries is
above that for the A primaries in the green region
(upper corner) and extends farther into the red, purple,
and blue regions (below), but that the ceiling for the
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Fig. 4 Maximum luminances of various chromaticities producible
by additive mixture of C primaries, based on assumption that
maximum intensity of each is used to produce white.

0.8

o7

Fig. S—Maximum luminances of various chromaticities producible

by;gldi;ive mixture of 4 primaries, based on same assumption
as Fig. 4.

A primaries extends slightly farther into the bluish-
green region (to the left) and is higher in the de-
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saturated red region (right of center) than the ceiling

-for the C primaries. The ceilings are of nearly equal

height (luminance) for desaturated blues (lower left
central), but the ceiling for the C primaries extends
to much greater saturations (down to the left). It may
be interesting to note that the Order of the Federal Com-
munications Commission, dated October 10, 1950, speci-
fied primaries which are very nearly the same as the
A set.

Fig. 6—Comparison of maximum luminances producible by
use of primaries A and C

The idea of a color space, suggested by this discussion,
in which various luminances are represented by various
heights above the chromaticity diagram, is very help-
ful in interpreting color measurements.

The luminance limits indicated by the contours in
Figs. 4 and 5 are based on the assumption that white is
the quality of the standard source, C, recommended by
the 1.C.I. As mentioned previously, this choice is arbi-
trary and might better be some other quality when the
observers are not adapted to daylight, but the relations
represented in Fig. 6 would not be altered seriously by
any other reasonable choice of “white.” The chroma-
ticity gamuts indicated by the triangular boundaries in
Figs. 4 and 5 are based on the assumption that a black
of zero intensity can be realized and that any one of the
primaries can be reduced to zero intensity, regardless
of the intensities of the other primaries. The first as-
sumption would not be applicable if any stray light
from the surroundings is reflected from the screen, or if
scattered light from neighboring portions of the image
degrades the blacks. The second assumption would not
be correct if there is any lower limit, other than zero,
for the intensities of the primaries or, in the case of a
field-sequential system, if the persistence of the phos-
phor is so great that the image for one primary con-
tributes appreciably to the luminance of the succeeding
primary. In such cases, calculations of the kind used by
Clarkson and Vickerstaff for dyed materials would be
required to find the actual limits of chromaticity.

Returning now from this digression, concerning the
general utility of the chromaticity diagram, we sum-
marize the possibilities and limitations of color measure-
ments. The physical factors of color can he measured by
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use of spectrophotometers and spectroradiometers.
The psychophysical specifications of color can be de-
termined by use of the principle illustrated in Fig. 1.
But these specifications are, so far, devoid of critical
sense on which judgments of picture quality might be
based. The problems remain, of discovering the proper
“aim-points” for color rendering and of devising some
way of evaluating discrepancies of actual color render-
ing from the optimum rendering.

PsycHOPHYSICAL EVALUATION OF TONE RENDERING
IN BLACK-AND-WHITE PICTURES

A great deal of work has been done, and more is in
progress, for the purpose of answering the above ques-
tions for color photography. The problems are not yet
solved and few partial answers can be even suggested. It
seems reasonable to expect, however, that a method of
investigation which appears to be fruitful in color
photography may also be useful in color television. That
method is an extension of the method of investigating
the quality of tone reproduction, which has been found
successful in the case of black-and-white photography.
The method and its potentialities can probably best be
appreciated if that successful application of it is re-
viewed.!?

Many variables influence the quality of black-and-
white photographs. One which has been studied very
thoroughly is the exposure given to the negative.
Study of this case is important, because it provides a
functional criterion for rating the speeds of various
negative materials.

A certain scene was photographed repeatedly, using
exposures varying by moderate steps, ranging from
definite underexposure to definite overexposure.'* All
these negatives were made on the same kind of film and
were developed identically. From each negative a series
of prints was made, on several grades of paper. Each
negative was printed on each grade of paper with defi-
nitely more and definitely less exposure than was
desirable, and with several intermediate exposures.

The complete set of prints from each negative was
submitted to a number of people, working separately.
Each selected from the set for each negative the print
he preferred. When the selections were compared, they
were found to agree remarkably well. Finally, the judges
were asked to arrange the best prints from all negatives
of a single scene according to tone quality.

The results in one case are shown in Fig. 7, in which
the average rank of each print is plotted as a function
of the exposure of the negative from which it was made.
The print judged poorest by each judge was given zero
rank, and successive digits were awarded to successive
prints, in the order of improved quality. Beyond about

12 L. A. Jones, “Recent developments in the theory and practice
of tone reproduction,” Phot. Jour., vol. 89B, pp. 126=131; September-
October, 1949.

13 L.'A. Jones, “Psychophysics and photography,” Jour. Opt. Soc,
Amer., vol.”34, pp. 66-88; February, 1944.
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the seventh print, the average rank number fluctuates
inconclusively about a constant value, indicating that
no significant improvement results from greater expo-
sure of the negative. The first print A of those for which
the judges could not report reproducibly any increase of
quality is called the first excellent print. Similar ex-
posure series, print selections, and quality judgments
were made for many scenes of widely different types.
The physical characteristics of the various negatives
were measured, and compared with the judgment re-
sults. '

The main result, the answer to the original question,
is indicated in Fig. 8. This shows, in relation to the
curve representing the density of the negative material
as a function of exposure, the exposures used in making
the first excellent print of one of the scenes. Other
scenes, which had greater or less ratios of maximum-to-
minimum luminance, required, of course, more or less
of the exposure scale than indicated in Fig. 8. Study of
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Fig. 8 —Sensitometric curve of negative material, and exposures
used in making first excellent print.

the relation of the exposures used in producing the first
excellent print in each case revealed that the minimum
exposure should be that for which the slope of the D-
versus-log E curve is 30 per cent of the average slope
of the portion of the curve used for the average picture.
This criterion was found to predict successfully, for

Oor THE TR I May
average conditions, the least exposure required to ob-
tain negatives from which excellent prints can be made.
It has been made the basis for the American Standard |
method for determining photographic speed and speed |
number.'* [t was not derived from purely physical prin-
ciples, nor could it have been. Picture judgments, con-
sidered together with the sensitometric measurements
indicated in Fig. 8, were necessary for the establishment
of this criterion

Similar judgments, considered in relation to physical
measurements of picture characteristics, are doubtless
necessary for the determination of important produc-
tion variables, and ultimately of indices of reproduction
quality in both color photography and color television.

However, an index of quality of color reproduction
cannot be expected as one of the first results of such a
program of research. No such index has yet been estab-
lished for black-and-white tone reproduction. On the
other hand, the earlier and more direct results which
indicate optimum adjustments of production variables
are at least as valuable as would be an index of quality.
Such an index is of little more than academic interest
when the optimum method of reproduction is known
and used.
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Fig. 9 Tone.reproduction curves: 4, “exact reproduction”; B, opti-
mum attainable with semimatte paper; C, proportional reduction
of luminance contrasts to fit density range olpsemimatte paper;
D, tone reproduction suitable for scens in which highlights are
predominant; E, tone reproduction suitable when only shadow
details are important.

Another part of the study of black-and-white tone
reproduction should be mentioned here, because a
similar problem and outcome may be expected in color
photography and color television. The straight line 4,
inclined at 45 degrees in Fig. 9, indicates exact objective
reproduction of the luminances B, of a scene, in which the
ratio of maximum to minimum luminance is 100. The
luminances of both the scene and the reproduction are
shown on logarithmic scales. Curve B shows the tone
reproduction obtained for that scene by using good
ph.otographic techniques. This curve shows the lu-
minances in a picture printed on a semimatte paper. Itis
apparent that the ratio of maximum to minimum

" American Standards Association, “Standard Method for De-

termining Photo i ”
York, NOY : w&ﬁaphlc Speed and Speed Number, Z38.2.1,” New
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| luminances in this print is considerably less than the

' luminance ratio in the original scene. Consequently,
at least some of the luminance contrasts, AB/B, in the
original scene must be decreased in the print. It might
be presumed that the best compromise would be to
decrease all luminance contrasts in the same propor-
tion. Such reproduction is represented in the logarithmic
plot in Fig. 9 by the straight line C. Curve B, which
represents a print of very good photographic quality,
does not follow this straight line. Slopes lower than 45
degrees indicate reduction of luminance contrast in the
corresponding range of luminances. It is evident that
reduction of contrast is greatest in the highlights and
shadows, while the middletone contrasts are nearly the
same as those in the original scene.

It is interesting to note that photographic limitations
are not entirely responsible for the discrepancy be-
tween objective reproduction*and preferred reproduc-
tion. According to Jones® “there are many cases
where we know that the perfect objective reproduction,
although obtainable, is not the one the majority of
judges will choose as of best photographic quality.”
This effect is real and significant in magnitude. It must
be taken into account if the best quality of reproduction
is to be obtained. It may be due to subjective as well
as objective differences between the situations within
which pictures and real scenes are observed. Only a

_ few types of conceivable differences need be mentioned:

surroundings, restrictions of field of view, modes of
perception (of flat pictures rather than real objects);
attitudes, emotions, and desires. Jones has shown
that the differences of visual sensitivity to luminous
contrast, caused by quite different conditions of adapta-
tion when viewing the print than when viewing the
original scene, must also be taken into consideration.'?
Even if we could account for the effect, we could not
neglect it, nor assume that objectjve reproduction is
preferable to any other.

The fact that the print corresponding to Curve B
is superior to Curves D -and E could not have been
determined from the curves alone, nor from any other
representation of the results of purely physical measure-
ments of the prints and the original scene. The best
print was chosen by inspection, and rules for judging
quality of reproduction from curves such as Fig. 9, or
from curves showing the compression or expansion of
contrasts can be established only by comparing the
results of print judgments with the curves. Such rules
are therefore psychophysical.

Without psychophysical relationships, the results of
optical measurements tell little about the quality of
tone reproduction. Such relationships must be rather
complex, because curves similar to D in Fig. 9 repre-
sent optimum reproductions of some scenes, in which

8 R, M. Evans, “Introduction to Color,” John Wiley and Sons,
Inc., New York, N. Y.; 1947.
w1, A. Jones, “The psycho

shiabara e trodlotag hysical evaluation of the quality of
ns,

SA Jour., 1951 (in press).
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all the important details are of high brightness, such as
open beach, desert, or snowy landscapes. Likewise,
prints with curves similar to E are best for subjects in
which all the important objects are dark. In a qualita-
tive sense, it appears that the objectionability of the
compression of luminance contrasts should be weighted
by some measure of the importance of various parts of
the luminance scale in reproducing each particular scene.

INVESTIGATION OF QUALITY OF
CoLOR REPRODUCTION

The quality of photographic color reproduction is
being studied by a method based on the same principles
as were used in the investigation of tone reproduction in
black-and-white photography. Series of pictures of a
single scene are made with systematic changes of pro-
duction variables. These pictures are then submitted to
a large number of judges, working separately. Measure-
ments are made of all optical quantities that seem
relevant. The data from several scenes of different
types are used to search for general correspondences
between the judged quality of the reproductions and
the optical specifications.

The investigation of color photography is much more
complicated than that of black-and-white photog-
raphy, because of the greater number of production
variables as well as the greater variety of perceptions.
The number of noticeably different tones in a mono-
chrome picture is of the order of a few hundred, while
the number of noticeably different colors (including all
distinguishable tones of each chromaticity!?) in a color
photograph may be several million. This enormous in-
crease arises from the fact that color photography deals
with three independent variables, whereas monochrome
reproduction involves only one. The number of dis-
tinguishable possibilities in color photography is of the
order of the cube of the number in monochrome
photography. It is somewhat less than the cube, be-
cause not all combinations of the three variables are
possible, and variations are not equally noticeable in
each of the three variables, nor independent of the
values of the others.

Good tone reproduction is just as important in color
photography as in black and white, but its control and
measurement are considerably more complicated. Simi-
larly, the other two variables of color which may be
specified by chromaticity are much more complex to
control and measure than was the single variable,
luminance, in monochrome reproduction.

Some of these complications, especially those of pro-
duction control, are peculiar to subtractive color photog-
raphy, in which the optical primaries cannot be modu-
lated independently of each other. Each of the three
dyes, which are superimposed to make the picture, ab-

7D, L. 'MacAdam, “Note on the number of distinct chro-
maticities,” Jour. Opt. Soc. Amer., vol. 37, pp. 308-309; April, 1947.
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sorbs two or even three of the primaries.!®!? In this
respect, at least, color television should be less complex
to control and measure than color photography.

The desire to separate the problem of evaluating the
quality of color reproduction into two parts, tone re-
production and chromaticity reproduction, is under-
standable. If successful, it would greatly simplify the
questions. But the possibility should not be taken for
granted. The problem is not merely simplified; it is
changed, and perhaps changed so as to have little rele-
vance to practical color reproduction. Having recog-
nized this danger, we can proceed to examine two at-
tempts that have been made to evaluate color repro-
duction, both of which have been based on this sub-
division of the problem.

In Annex E of the Condon report,! Judd, Plaza, and
Balcom assumed that optimum tone reproduction re-
quires the luminances in the reproduction to be propor-
tional to the luminances in the original scene. For their
“index of color fidelity,” they took the factor of propor-
tionality to be such that white was perfectly repro-
duced. They then evaluated the errors of reproduction
of the luminances of other colors by subtracting the
corresponding Munsell values in the original scene and
in the reproduction. Munsell values specify perceptually
equal tone differences by equal numerical differences.
The method of Judd, Plaza, and Balcom! heavily
penalizes distortions of the ratios of greatly different
luminances, which tone reproduction studies have
shown to be relatively unimportant, and disregards
compressions of luminance contrasts (AB/B) which
have been found very objectionable, especially in par-
ticular portions of the tonal scale that are important in
the portrayal of the subject.

After considering many conceivable ways of evaluat-
ing the quality of tone reproduction in monochrome
pictures, Jones'® has tentatively suggested that it
should be evaluated in terms of departures of luminance
gradients from the optimum possible with available
materials, rather than in terms of discrepancies of
densities (or, presumably, Munsell values) from the
densities of the optimum possible reproduction. The
enormous amount of data he obtained on the optimum
possible tone reproductions of several hundred scenes
have not been studied completely, and no final conclu-
sions can yet be announced. It appears that the gradi-
ent should be approximately unity (that is, luminance
contrast, AB/B, should be reproduced practically un-
changed) in the central portion of the tonal scale.i? In
other portions of the tonal scale, the amount of the
reduction of the gradient (and therefore of luminance
contrast) that can be tolerated seems to be related in-
versely to the importance of such tones and contrasts
in the picture.’® These compressions are optimum in

18 D. L. MacAdam, “Subtractive color mixture and color photog-
raphy,” Jour. Opt. Soc. Amer., vol. 28, pp. 466—480; December, 1938.

1 D. L. MacAdam, “Physics in color photography,” Jour. Appl.
Phys., vol. 11, pp. 46-55; January, 1940.
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the sense that they make possible the best use of the
characteristics of the printing paper, which are dom-
inated by limited density scale and nonlincar character-
istic curves of the photographic materials. The key idea
in this discussion, the relative importance of contrasts in
various portions of the tone scale, is as yet undefined. A
suitable definition will have to be operational, in terms
of how “importance” is to be evaluated, based on
psychophysical studies of the results of judgments of
scenes.

No definition of optimum quality, nor rule for
evaluating particular reproductions, can be significant
or useful, no matter how simple, unless it takes into
account the ultimate limitations of the process and
psychophysical correlations based on quality judgments
of various compromises designed to get the most satis-
factory reproductions within those limitations. The
fundamental question is, “What is the best that can be
done under the circumstances?” Like the maximum
luminous efhciency (Fig. 3) of sources and maximum
luminous transmittances of filters, the answer to this
problem will probably include a specification of how to
get the best reproduction. That will necessarily specify
some such tone reproduction curve as B in Fig. 9.
To use any other curve, such as 4 or C, will result in
poorer reproduction. The first will fail because it ig-
nores the circumstance of limited luminance ratio of the
paper (or screen, or television tube). The second will
fail because it adopts too naive a compromise, exces-
sively reducing important contrasts for the sake of
equally prominent reproduction of unimportant con-
trasts. Finally, any realistic measure of the quality of
reproduction will be based on the smallness of depar-
tures of slight contrasts from those of the “best” re-
production, rather than on departures of density (or
Munsell value) from ideal or exact reproduction, such
as was assumed by Judd, Plaza, and Balcom.!

Like tone reproduction, chromaticity reproduction
can be evaluated in terms of discrepancies from the
norm. Again, two problems are, involved: How to
identify the norm, “the best that can be done under the
circumstances?” How to measure discrepancies of any
actual reproduction from the norm so as to yield a use-
ful figure of merit?

Judd, Plaza, and Balcom! assumed that exact colori-
metric reproduction was the norm, and measured the
discrepancies in Munsell units of hue and chroma. Hue
is the term used for the characteristic of color sensation
according to which red is most distinctively different
from green. Munsell hue is a com entional psycho-
physical evaluation of hue. Chroma refers to the char-
acteristic which differentiates highly saturated or pure
colors from colors of the same hue that are desaturated,
for example, by dilution with white or gray. To a fair
approximation, if chroma is constant, Munsell hue dif-
ferences of one unit are equally noticeable, regardless of
the particular hues. One unit of Munsell hue difference
1s approximately twice as noticeable at ten units of

l
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chroma as at five units of chroma, and others in propor-
tion to chroma. The complete one-hundred-step hue
scale at constant chroma can be represented by a circle,
(Fig. 10) and the chroma scales for various hues as radii
from gray at the center. Since the metrics of this “color
map” are approximately Euclidean, one hue step at
ten units of chroma is only slightly more noticeable
than one half a chroma step. However, Judd, Plaza,
and Balcom! considered hue errors about four times as
objectionable as equally noticeable chroma errors. In
their evaluation of the seriousness of chromaticity
errors, therefore, they penalized various reproductions
as much for unit errors of Munsell hue at chroma 10
as for two-unit chroma errors. They did not consider
that errors in some hues, such as bluish-green and
purples, are much less objectionable than equally
noticeable errors of hues of human sk n and other
familiar materials.

Having weighted all the hue and chroma errors ac-
cording to the principle described above, they averaged
them. In effect, this implies that all equally satisfactory
reproductions of the chromaticity C in Fig. 10 are
represented by points on a diamond-shaped boundary,
such as shown in Fig. 10. It also implies that ten small
errors are as serious as one error ten times their average,
thus repudiating the conventional least-squares prin-
ciple for minimizing errors. This procedure also ignores
the common finding that errors all in one direction
are less objectionable than equally great errors in di-
verse directions. :

et Y

s e

Fig. 10—Diagrammatic representation of Munsell hue circuit at 10

chroma, principal chroma scales and boundary of equally satis-

factory rcfrroductinn! of hue, YR; chroma, 10, according to form-
ula of Judd, Plaza, and Balcom.

Series of color prints have been made from well-
exposed color-separation negatives of several typical
scenes. The prints of each of these series differ in tone
reproduction, balance, and in other ways subject to
controlled variation. These series have been presented to
numerous judges, and their judgments have been com-
pared with results of measurements of various colors
in the prints. The various points in Fig. 11 represent

MacAdam: Quality of Color Reproduction
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Fig. 11—Chromaticities of forehead of original subject (square), of
best reproduction (cross), of reproductions accepted by 50 per
cent or more judges (solid dots), and of reproductions accepted by
Jess than 50 per cent of judges (open circles). These chromaticities
are based on the assumption of a 4000° K blackbody source of il-

lumination. Broken curve indicates an estimate of the region of

SO per cent or greater acceptance. The ellipse represents chrom-

;g:‘ijties just noticeably difterent from that of the subject’s fore-
the chromaticities of a spot on the forehead of a por-
trait of a young lady, as reproduced in a number of
prints, which exhibit variations of balance from too red
or yellow to too blue, and from too green to too pink.
Sufficiently small steps of variation were used so as to
obtain a number of satisfactory prints. These prints
were submitted to a number of judges who were asked
to accept or reject each on the basis of balance alone.
The print accepted by the most judges (83 per cent)
had the forehead color shown by the cross. The solid
dots represent the forehead colors in prints having 50
per cent or greater acceptance, and the open circles
show the forehead colors in prints accepted by less than
half the observers.

The broken curve in Fig. 11 encloses the probable
zone of 50 per cent or greater acceptance. The square
below this zone represents the actual color of the girl's
forehead, and all points on the ellipse drawn around it
represent colors all equally noticeably different from
the actual skin color.

Two conclusions are indicated by the diagram in Fig.
11. First, optimum reproduction of skin color is not
“exact” reproduction. The print represented by the
point closest to the square (“exact reproduction”) is
rejected almost unanimously as “beefy.” On the other
hand, when the print of highest acceptance is masked
and compared with the original subject, it scems quite
pale.

In the second place, the shape of the 50 per cent
acceptance zone is similar to the shape of the zone of
equally noticeable differences. This finding does not
support the decision of Judd, Plaza, and Balcom,! who
assumed four times greater tolerance for chroma errors
than for equally noticeable hue errors. Approximately
horizontal radii of the 50 per cent acceptance zone and
of the equal-noticeability ellipse represent chroma dif-
ferences. Vertical radii indicate hue differences.
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The discrepancy between “exact” reproduction and
preferred reproduction is partly due to distortions in-
herent in the process, such that a certain discrepancy
of a particular color is necessary to permit the best over-
all reproduction of all colors in the picture. But, as dis-
cussed in the case of monochrome reproduction, it must
also be due to differences of the conditions of observa-
tion, or of the observer and his attitudes when observing
pictures and when observing real objects. Certainly, no
such discrepancies should be introduced by a picture
window in your living room, nor by a mirror in your
dressing room. In such a case, we usually consicer that
we are looking at the “real thing.” Perhaps the farther
we get from that attitude, the greater the discrepancy
becomes. Perhaps wishful thinking is partly responsible,
with or without the acquiescence of fading memory.
Certainly,differences of adaptation must play some part,
but, for the ordinary range of adapting conditions
when viewing scenes and pictures, this cannot account
for more than a small fraction of the discrepancy shown
in Fig. 11. Whatever the causes, the discrepancy is real,
and is typical of the conditions under which photo-
graphic portraits are viewed. Since similar distortions
and conditions of observation are customary with
motion pictures and television, similar discrepancies
are likely to be necessary for best results with those
media. Face colors in 25 portraits of exhibition quality
have been measured. Ten of these were made with the
Kodak Flexichrome Process, in which every color is
completely and separately under the control of the
artist, so that no compromises are necessitated by
chromatic distortions of the process. Three others were
pastel portraits of children by two professional artists,
and two were oil paintings by a prominent contempo-
rary artist. The original subjects were not available
for spectrophotometric measurement, but the foreheads
of twelve more young people were measured, in order
to establish the approximate range of face colors. The
range of face colors in the portraits was entirely sepa-
rate from the range of natural face colors, and the
separation of the centers of those ranges is approxi-
mately the same as indicated in Fig. 11. Therefore, it
seems to be not only quixotic but fallacious to assume
exact reproduction to be the norm, or to measure
degradations from that basis.

Similar results have been obtained with other colors.
Fig. 11 should not be regarded as anything other than
indicative of the general nature of the results. The
directions and amounts of difierence between exact
reproduction and optimum reproduction are different
for every color tested. They must also be different, even
for a single color, for processes with essentially different
limitations and unavoidable distortions.

Although the 50 per cent acceptance boundary has
not exactly the same shape or orientation as the ellipse
of equal noticeability in Fig. 11, assumption of such a
similarity would be a fair first approximation, and use
of this assumption for the general case is suggested until
direct determinations are made of the 50 per cent ac-

PROCEEDINGS OF THE I.RE.
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ceptance boundaries for other representative colors.
Equal-noticeability ellipses found in a recent investiga-
tion?’ are shown in Fig. 12. Ellipses inferred from these
have been specified for all locations in the chromaticity
diagram by use of the three quantities, gn, 2g:,, g,
shown by the contour diagrams in Figs. 13 to 15.2
The equal-noticeability ellipse centered on any point
x, ¥ in the chromaticity diagram is defined by the

equation
gquz + 2g12AxAy + gnAyz = 1, (1)

The angle § which the major axis makes with the
horizontal axis is given by

tan 20 = 2g15/(g11 — g22). (2)

The value of 20 is to be chosen from the first two
quadrants (so as to make 0 less than 90°) when 2g,, is
negative. When 2g1, is positive, 0 is greater than 90°, and
therefore 20 should be chosen from the third or fourth
quadrants, depending on the sign of tan 26.

Half the length of the major axis of the equal-
noticeability ellipse is given by

a = (g22 + g1z cot §)~1/2; 3)
and half the length of the minor axis is given by
b= (gu — g12 Cot 0)_”2. (4)

Any chromaticity difference, Ax, Ay, that is likely
to be encountered as an error in color reproduction
by a reasonably satisfactory process may be specified
as a multiple (e) of the arbitrary unit of equal notice-
ability represented by the ellipses in Figs. 11 and 12
by use of the formula

9= (ggle2 + 281820y + g.Ay2)1 2, (5)

Silberstein? and MacAdam'” have shown how to use
such data as are represented by Figs. 13 to 15 to
compute the number of just-noticeably different chro-
maticities represented by any area of the chromaticity
diagram. Symbolically, this numbeg is proportional to
the surface integral

f (g11g22 — g12°)%dxdy.
8

For the triangular gamut of the C set of primaries,
shown in Fig. 4, the number of just-noticeably different
chromaticities is about five thousand. For the A set,
whose gamut is shown in Fig. 5, the number of just-
noticeably different chromaticities is about three
thousand. These numbers may be compared with seven-
teen thousand, an estimate of the total number of
just-noticeably different chromaticities, up to and in-
cluding spectrally pure colors.1?

P 54 MacAdam, “Visual sensitivities to color differences in
dayzlllght, Jour. Opt. Soc. Amer., vol. 32, pp. 247-274; May, 1942.
12. L. MacAdam, “Specification of small chromaticity differ-
cnc(;s, Jour. Opl_. Soc. Amer., vol. 33, pp. 18-26; January, 1943.
L. Silberstein, “Investigations on the intrinsic properties of the

(l:g!&l: domain, I1,” oy, Opt. Soc. Amer., vol. 33, pp. 1~10; January,
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MacAdam : Quality of Color Reproduction

| Adjustment of a process to reduce E to the smallest
lvalue employs the customary principle of least-
squares adjustment.
In order to use such a formula to obtain a figure of
merit for chromaticity reproduction, the optimum re-
productions (that is, the centers of the 50 per cent ac-
ceptance boundaries) will have to be determined for a
number of colors that are typical and important in
color pictures. The sizes and shapes of the acceptance
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boundaries will also be found during that psycho-
physical analysis, thus indicating the required modifi-
cations gu’, 2g12’, gz2’ of the metric coefficients.

Having considered the separated problems of how to
evaluate departures from optimum tone reproduction
and how to evaluate departures from optimum chroma-
ticity reproduction, it remains to consider how we can
combine such results so as to evaluate departures from
optimum color reproduction, which almost invariably
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Fig. 14 -Distribution of values of second metric coefficient in (5) for noticeability of chromaticity differences.

Numerical values shown should all be multiplied by 10,
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\gously to the way in which the original formula for the
Inoticeability of equiluminous chromaticity differences
has been generalized to measure the noticeability of
combined luminance and chromaticity differences.?®
The latter extension was accomplished by adding three
terms to the simpler formula:

e = (gnAx? + 2g1:A7Ay + g2Ay® + 2g2:0yA log B
+g3s (A log B)? + 2gi:A%A log B)Y2. (7)

The values of gu, - - -, g1s suitable for the measurement
of the noticeability of color differences were published
for a large number of typical colors.?® No interpolation
procedure has yet been published.

Since tone reproduction studies have shown that con-
trast reductions, rather than “errors” of luminance, are
significant, the use of a measure of this reduction in
place of A log B may be more appropriate in a formula

. for the figure of merit of color reproduction. Luminous
contrast reduction might be measured by 1—(AB,/B.)/
(ABo/By). To a good approximation, this is equal to
1—A log B,/A log Bo. If the slope of the reproduction
curve is denoted by M,, then 1— M, represents the
same approximation to the expression for luminous con-
trast reduction. This quantity has been studied by
Jones, as the most promising measure of loss of tone
reproduction.? If we adopt the symbol, AM =1— M,
then a conceivable formula with which to measure a
particular error of color reproduction is

¢ = (gu'Ax? + 2g1'AxAy + g22'Ay* + 2g2/AyAM
+ gaalA. 12 + 2g13’AxAM)”2. (8)

The g's in this formula may be expected to differ from
those in the formula for the noticeability of color dif-
ferences, because of the replacement of A log B by AM
and because the 50 per cent acceptance boundary in the
chromaticity diagram (Fig. 11) is different from the
ellipse of equal noticeability. It should also be noted
again that Ax and Ay should be measured from the
optimum reproduction, such as indicated in Fig. 11,
rather than from the chromaticity of the original. It is
also to be noted that the relative magnitudes of the
coefficients in the first and last groups of three terms
in (7) depend very much on the conditions of observa-
tion. For instance, the ratio of gs; to gu is fifty thousand
times as great when the observer’s task is to read small
letters that differ only slightly in color from their back-
ground, than when they are asked to rate various at-
tempted “matches” presented in the form of uniform
and nearly gray color-prints, 3 by 4 inches large,
mounted on white cards with unremovable, inch-wide
borders. This factor is the square of the ratio (225) of
the luminance contrasts equivalent to a prescribed chro-
matic contrast under the two circumstances.”

2 W, R. J. Brown and D, L. MacAdam, “Visual sensitivities to
combined chromaticity and luminance differences,” Jour. Opt. Soc.
Amer., vol. 39, pp. 808-834; October, 1949.

% L. A, Jones, “The evaluation of negative film speeds in terms of
print quality,” Jour. Frank. Inst., vol. 227, pp. 297-354, March, 1939;
alsoupB. 497-544, April, 1“939. a3 il _'

. L. MacAdam, “Color discrimination and the influence of

color contrast on visual acuity,” Revue d’Optique, vol. 28, pp. 161-173;
March, 1949.
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When a number of reproduction errors are to be
averaged, it will probably be necessary to weight them
according to their importance. To some extent these
weights will depend upon the subject matter of each
picture. The color of human skin will frequently be
weighted heavily, and other colors in accordance with
their familiarity, emotional associations, and frequency
of occurrence. Furthermore, those weights should prob-
ably depend upon the luminances of the colors, relative
to the tonal range of the scene. Certainly, optimum
rendering of the chromaticity as well as the luminance
of the face of a person in the deeply shadowed back-
ground of a scene is less important than for the faceof a
person in the brightly lighted foreground. It therefore
seems probable that the “importance” factors, which
were first suggested in the discussion of optimum tone
reproduction, should be applied not only to the terms
expressive of luminous contrast reproduction, but to all
terms alike. For this reason it was suggested that it is
probably inadvisable to subdivide the problem of spec-
ifying quality of color reproduction into two parts,
dealing separately with tone reproduction and chro-
maticity reproduction.

If all these conjectures are combined, a general form
can be suggested for the root-mean-square error of
color reproduction:

E = [ 3 Wigu'Ax® + 2g1'AxAy + gAY’

i1
1/2
4 2g2AyAM + gs/AM? + 2g13'AxAM),-/n:| .

For this evaluation, Ax and Ay should be measured from
the optimum reproduction. The contrast reduction
term,

AM =1 — A log B./A log Bo,

is primarily a function of B,. Any residual dependence

of AM on z, y is an indication of unstable balance of the”
system, although not necessarily a suitable measure of

balance.

Judging from analogous data on noticeability of color
differences, gu’, - - -, g3’ depend primarily on chro-
maticity for all comfortable reading levels of luminance
(above about one foot-lambert). The weights, W,
which could be combined with g/, - - -, gis’, require
separate investigation and will probably vary most
markedly with luminance B,.

A “figure of merit” for color reproduction can be de-
rived only by adoption of some arbitrary convention.
If g/, - - -, @12’ are based on the 50 per cent acceptance
boundary, as in Fig. 11, then an average error E equal
to 1 means that the picture would be rejected by 50 per
cent of the judges. To a first approximation, the percent-
age of judges who would reject a reproduction having
some other value of E would be proportional to the
ordinate of the probability integral, in which the usually
tabulated abscissa hx is 0.477 E. Thus, for E=2,
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hx=0.954, and it is to he expected that the reproduc-
tion would be rejected by about 82 per cent of the
judges. For £=0.5, it may be expected to be rejected
by about 26 per cent. This direct interpretation of E
is lost if a figure of merit of the form, 100(1 —E/C), sug-
gested by Judd, Plaza, and Balcom!is adopted, C being
some arbitrary constant, such as 30, in the instance
cited. If a figure of merit is desired, which shall be high
for the most satisfactory reproductions, and low but
never negative for the worst reproductions, perhaps the
percentage of judges accepting the reproduction will
serve. Thus, from these examples, the figure of merit
corresponding to E=1 would be F=50; for E=2, F
would be 18; and for E=0.5, F=74. For other values of
E, F can be computed easily by use of any table of the
probability integral.

Such an interpretation makes it evident that figures
of merit cannot be combined so as to predict the quality
of reproduction of a two-stage process, such as copying
or televising a color photograph. The errors of reproduc-
tion of each process are vectors, which may compensate
each other as well as accumulate. Furthermore, the
errors are not measured from an absolute base, but
from subjectively optimum reproductions. For these
and many other reasons, it seems futile to hope for a
figure of merit which can be multiplied, or combined in
any way, to predict the quality of reproduction of com-
bined processes. The figure of merit of a combined proc-
ess can be determined only by application of the prin-
ciples, and probably by use of the same formula as for
direct reproduction.

RETROSPECT AND PROSPECT

The evaluation of quality of color reproduction poses
many complex problems. The order in which they have
been investigated is an historical accident, arising from
the fact that black-and-white pictures were made first
and were important long before color photographs. The
additional complexity of the latter, not only the com-
plexity of their production but the complexity of their
appearance, further delayed investigations aimed at
evaluating their quality.

It is by no means certain that results of tone repro-
duction studies of black-and-white pictures can be
carried over, and merely supplemented by studies of
chromaticity reproduction. Optimum reproduction
needs to be identified. Since it depends upon the limita-
tions of the reproduction process, as well as upon human
vision and judgment, optimum reproduction will prob-
ably have to be determined for each process separately.

Projected photographic transparencies share many,
but not all, of the limitations of television. To the ex-
tent to which their limitations are equivalent, results
for one process can probably be applied to the other.
Prints on paper suffer from much more severe limita-
tions. Only the principles of investigation, not specific
results, can be expected to apply to motion pictures
and to television. Most of the tone reproduction studies
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have been made on reflection prints, and investigations

of quality of color photographs is almost entirely con-4

cerned with reflection prints. Perhaps this is because
the limitations of paper prints are so serious. Every
effort has to be made to get the best results possible
under the circumstances. However, it is only a matter
of time before the limitations inherent in motion pic-
tures and in television will force more systematic studies
of reproduction quality. For this reason, this account is
given of the principles of investigation which have been
used in tone reproduction studies of black-and-white
prints, and of the way in which the method seems to be
applicable to color photography.

This program may seem elaborate, but it does not
appear wise to base important decisions on less direct
evidence. The investigation of color quality may be ex-
pected to be easier, quicker, and more systematic and

May

complete in color television than in color photography, _

because changes in production variables can be made
more easily, with continuous gradations if desirable,
and reproducibly, by electronic controls. Different pic-
tures have to be made for color photography, and
photographic processing controls are less direct, less
convenient to change, and less reproducible than elec-
tronic controls. Each desired change requires a long
time in color photography, whereas most changes could
be made subject to nearly instantaneous control in
color television. The variety of tone reproduction
curves (transfer curves) obtainable with television
should be much greater than in photography, and a more
complete and systematic search for the optimum
quality of color reproduction should be possible.

The program is to vary the production controls in
systematic manners, measure the resulting color re-
production in the best way known (e.g., the I.C.I.
method at the present time), submit the reproductions
to visual judgment, and study the judgment data in
comparison with the measurements in order to find
significant correlations. The growing experience of such
studies of color photography is suggested as a guide.
Particular studies should be made of skin colors, gray
scales, and other crucial colors. If certain conditions
seem to be identified as giving optimum reproduction,
it would be very desirable to set them up and verify
the fact, or to find exceptions which can be used to
improve the concept of optimum. Deviations of meas-
ured characteristics of other reproductions should then
be computed, or directly measured, from the optimum.
Quality ratings, either directly reported by judges or
based on the proportion of judges who accept the re-
production as satisfactory, can then be correlated with
the deviations from optimum reproduction. Only in this
general fashion can we establish a method for assessing
various kinds of deviations and their combinations.

Preliminary estimates of optimum reproduction and
of seriousness of deviations may be based tentatively
on results of studies of noticeability of color differences
and on fragmentary results of studies of color photog-
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raphy. These estimates can be improved as various
. parts of the program are carried out. This beginning
offers a basis for growth. New results can be grafted
on these roots.

The formulas shown in this account are extremely
tentative. They are merely suggestive of the nature of
the problem, and of conceivable forms of the solution.
These may prove unnecessarily complex. They are suffi-
ciently definite in form to guide research, and yet they
are sufficiently flexible so that their accuracy can be
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improved with each increase of our knowledge. In this
sense they symbolize a program of research, and a goal.

CONCLUSIONS

One conclusion only can be stated with assurance:
that the successful index of quality of color reproduc-
tion will ultimately be established as a result of psycho-
physical analysis of judgments of picture quality, re-
ferred unambiguously to the pictures by measurements
of relevant optical quantities.

Flements of Thermionics”
W. E. DANFORTHTY
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The program of publication of valuable tutorial material in the PROCEEDINGs OF THE [.R.E. |
continues with the appearance of the paper here presented. Due to the basic nature of the subject
| matter herein described, this paper is, of necessity, somewhat more mathematical and theoretical
than most papers to be included in the tutorial papers series. However, it is felt that the inclusion
of a few such papers will, on the whole, make the series better rounded and of greater value to |
the readers of the PROCEEDINGs OF THE I.R.E.—The Editor.

Summary—Recent review papers'~® in this field have provided
those engaged in research on thermionic emission with critical re-
view material of an encyclopaedic nature. This article approaches
the matter from a different point of view, viz, that of the engineer or
research worker in some other field who wishes to acquaint himself
with the main experimental features and the principal theoretical
developments of the subject. Much the greater part is devoted to
the latter. An attempt is made, assuming only undergraduate mathe-
matics, to begin with a simple formulation of statistical mechanics
and proceed from there to certain relationships of landmark im-
portance. These include the Richardson equation which is of general
validity for all substances, the Schottky equation concerning effects
of electric field, and the Fowler equation for emission from a normal
impurity semiconductor which is the Richardson equation expressed
in terms of a particular semiconductor model. Certain results of
quantum mechanics are introduced where needed and no previous
mastery of this subject is required.

I. GENERAL EMPIRICAL CONSIDERATIONS
A. Space-Charge Limitation

T YHE FIRST CIRCUMSTANCE of which the
rJ[ reader should be reminded is that of space-

chayrge-limited and emission-limited cathodes. In
many applications, the emission actually used is much
smaller than that which the cathode would be capable
of supplying if higher anode voltages were applied.

* Decimal classification: R138. Original manuscript received
by the Institute, February 23, 1951; revised manuscript received,
March 9, 1951.

t Bartol Research Foundation, Swarthmore, Pa.

']. P. Blewett, “The properties of oxide coated cathodes,”
Jour. Appl. Phys., vol. 10, p. 668-679, October, 1939; also, pp. 831-
848, December, 1939.

2 A. S. Eisenstein, “Advances in Electronics,” vol. 1, p. 1, Academic
Press, New York, N. Y.

3 C. Herring and M. H. Nichols, “Thermionic emission,” Rev.
Mod. Phys., vol. 21, p. 185, April, 1949.

The electron density in the space immediately adjacent
to the emitting surface limits the electron emission to a
certain value. The thermionic emission in such a tube
is obviously determined by geometrical design con-
siderations. It is therefore not in the province of this
paper, which concerns itself with the ability of materials
to emit electrons.

Since, however, the thermionic emission is always
measured in a tube in which space-charge limitation
may be present under certain circumstances, care must
be taken to insure that results are properly interpreted.

In general, the “true thermionic emission” of a given
cathode surface is determined by interpretations of the
curve of emission current versus the anode volitage. Two
methods are commonly used for this purpose.

B. Method of Departure from the Two-Thirds Power Line

For those values of anode voltage V where the current
I is space-charge-limited it can be shown from straight-
forward electrodynamics that

I =avn (1)

where the constant of proportionality a can be readily
computed from the dimensions. A common procedure
consists in plotting 1?3 against V, which gives a straight
line passing through the origin. This relationship, how-
ever, assumes that the field at the surface of the cathode
is zero which is the mathematician’s way of saying that
more electrons are available for emission than the exist-
ing anode voltage demands. Therefore, when the anode
voltage is raised to the region where the demand for
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electrons exceeds the supply (and a field exists at the
cathode surface which tends to draw electrons away
from it) the curve falls away from the straight line as
shown in Fig. 1.

1273 _ __

b -~

\

Fig. 1—The two-thirds power plot. The true thermionic emission is
that value at which the curve leaves the straight line.

The value of current at the point where the curve
leaves the line represents the true value of electron emis-
sion of which the surface is capable, without the help of
externally applied electric fields. A disadvantage of this
method lies in the uncertainty, in an experimental
plot, of deciding just where the curve does leave the line.
For this reason another method is generally used where
precise values of emission are desired.

C. Method of Extrapolation of the High Field Equation

This method approaches the true value of emission
from above, so to speak, rather than from below as is
done using the two-thirds power law. High voltages,
known to be above the “knee” of Fig. 1, are applied.
For voltages sufficiently high to remove all space-
charge effects, the current is shown theoretically, in
Section 11B, to be related to the anode voltage as fol-
lows:

log I = log Io + b/V (2)

where I, is the true emission at zero field and V is the
anode voltage. In Fig. 2 is shown a plot, according to
(2) of actual experimental data. For high values of V
the curve becomes linear and may be extrapolated back
to zero V as shown by the dotted line.

This method removes the feeling of uncertainty, men-
tioned above, connected with the decision as to where

PROCEEDINGS OF THE I.R.E.
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the curve of Fig. 1 leaves the two-thirds power line.
The intersection of the dotted lines of Fig. 2 with the
axis of zero V yields a precise figure for I,. One is not
always sure, however, that this apparent precision, in
which the uncertainties of the former method are
avoided, may not be hiding other uncertainties of dif-

ferent natures.

Loc I

5 | VI/Z

Fig. 2——The Schottky plot. The true thermionic emission is given by
extrapolation of the straight line to zero voltage.

For determining thermionic constants of smooth-
surfaced pure metals at low values of emission current,
the extrapolation to V=0 yields accurate values. But in
cases where complex surfaces give rise to anomalous

. forms of I versus V and in all cases where high currents

are involved (which also, through space-charge effects,
complicate the I versus V relation), the determination,
to high accuracy, of the true (field-free) thermionic
emission is not a simple matter.

D. Pulsed Techniques

In the case of clean metals in good vacuum the
thermionic emission is an intrinsic property of the
metal itself; it is independent of time, a function of
temperature alone. With semiconductors, however, the
emission is a sensitive function of very small quantities
of “impurities” whose concentration may be altered by
the very process of drawing current. Hence, in general,
with this type of emitter, the emission is a function of
the time following application of the anode voltage.*

Thus, in order to determine the true thermionic emis-
sion of a semiconductor surface which has attained

* For brevity, the only form of decay treated here is that due to
change in the emitting power of the surface. Time effects, due to
capacitative eflects at a high resistance interface, which naturally
must occur especially in the region of short times, are omitted be-

;aé:-ls:e of their lack of bearing on the subject of thermionic emission,

i
4
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equilibrium at a given temperature with no current
flowing it is necessary to use oscillographic, or equiva-
lent, techniques which determine the value of emission
at the initial instant. The square microsecond pulses
delivered by World War 11 radar “modulators” are often
used for this purpose. The term “pulsed emission,”
which arose during the war period, means essentially
the true emission of the surface, (relatively) undis-
turbed by the drawing of current.

E. Decay and “dc”

In the period during and following the war, it was
customary to hear the phrases “pulsed emission” and
“dc emission” used as if they referred to more or less
unrelated properties of a cathode. And it was, indeed,
found that very little correlation could be said to exist,
considering observations under different circumstances

. with a given type of semiconductor cathode, between
data taken with one-microsecond pulses and “synchro-
scopes” on the one hand, and dc readings from ordinary
meters on the other.

The situation may be expressed as follows: The true
emission (undisturbed by the drawing of current) is
given by measurements with widely spaced pulses of
very short duration. When a constant anode voltage is
applied, however, and current starts to flow continu-
ously, various mechanisms go into action which change
the condition of activation of the emitting surface, and
the emission (in general) decreases with time. The rate
of this decrease (referred to as “decay”) and the total
amount of decrease before a new equilibrium value of
emission is attained, depend upon a multitude of special
circumstances. Some of these concern the inner workings
of the cathode material itself while many others have to
do with completely extraneous matters such as constitu-
tion of the anode, its state of electron bombardment,
and so forth.

After removal of the anode voltage there is, in gen-
eral, a return to an equilibrium condition capable of
increased emission. If a series of current-drawing pe-
riods are alternated with sufficiently long rest periods,
a steady state usually occurs where, during each rest
period, the emission will recover fully to its value at the
beginning of the preceding current-drawing period. This
phenomenon may be called “reversible decay.” The oc-
currence of “decay” which fails to recover in a short
time at the same temperature may be termed “deactiva-
tion” to distinguish it from the self-recovering phenom-
enon.

It is characteristic of a metal that no activation is re-
quired. Given a clean surface and a high degree of
vacuum, the number of electrons emitted per second

» will be a function of temperature alone. Clean metals
show no time variations.

Of the semiconductor emitters the BaSr oxide system
is by far the most efficient source of electrons at low
temperatures but is also the most critical as regards
activation and sensitivity to poisoning.

-
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Between BaSr oxide and the metals in this respect is
the thorium oxide system which, while requiring much
higher temperatures than the former, requires very lit-
tle attention to activation and is relatively insensitive
to poisoning.

1I. THEORETICAL DEVELOPMENTS
A. The Richardson Equation
1. General

Probably the most prominent single relation in the
field of thermionics is that which concerns the variation
of thermionic emission with temperature. This is
known as the Richardson equation and is written in the
form

I = AT #/*T 3)

where ¢ is a quantity usually thought of as the energy
required to remove an electron from the metal, k is the
gas constant per molecule (Boltzmann constant), T is
the absolute temperature, and A is a constant. If the
constant 4 be regarded as arbitrary, the law is reason-
ably well obeyed by nearly all emitters. The objective
of the material which immediately follows is to review
the bases from which the equation has been derived.

There are two approaches to the problem. At first
glance, the natural procedure would seem to be to con-
sider the electrons inside the solid and calculate the
number per second which bombard the surface (from
within) with sufficient energy to surmount the barrier ¢.
In spite of the straightforward character of this ap-
proach, it is given a secondary place in this paper in
favor of another method which, while logically more
roundabout, has the advantage of a validity which is
clearly independent of any assumptions regarding the
inner nature of the solid. After a rather complete exposi-
tion of the latter method, which we call the outside
derivation, a brief sketch of the inside derivation is
given.

2. The Outside Derivation

We proceed with that treatment in which one imag-
ines that the solid is emitting electrons into a space of
finite volume, the whole system being at a uniform
temperature. Equilibrium is established when the dens-
ity of electrons in the space is such that the number
striking the solid surface from without (per unit time)
is equal to the number emitted. Thus, if means are avail-
able for computing the equilibrium density, the number
emitted per second can readily be obtained by calcu-
lating, from simple kinetic theory, the rate of bombard-
ment of the surface from outside. The necessary com-
putation of the density outside is based on the principle
that the number of particles in the space will increase
to the point where the free energy per particle outside
(calculated from theory) is equal to that of a particle
inside (a constant remaining to be determined).
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Itis to be expected that this approach to the problem
of emission of electrons into a vacuum will at first seem
somewhat artificial. Admittedly the equilibrium picture
has, for thermionic emission, no physical reality, and is
to be regarded somewhat as a mathematical device. For
ordinary evaporation, the method is without artificiality.
The results obtained will apply as well to neutral mole-
cules as to electrons.

We proceed to an outline of those statistical consider-
ations which lead to the formula for the free energy of a
gas. First, a brief digression into quantum principles is
necessary.

(@) Quantized energies. In a perfect gas confined to a
certain volume, whether or not the particles are thought
of as charged, modern theory says that a particle may
have only discrete energies. This 1s, of course, related
to the wave nature of the particles. A single particle is
represented by a standing wave between reflecting walls.
Since the amplitude of the wave must be zero at the
walls, only certain discrete wavelengths are allowable.
Therefore, since the energy of the particle bears relation
to the wavelength (and not to the amplitude), only dis-
crete energy values are permitted.

One of the basic relationships of quantum mechanics
is the following

)

where p is the momentum of a free particle, \ is the cor-
responding wavelength, and % is Planck’s constant. Us-
ing this, the kinetic energy (e) of a free particle may be

written
1 h? i h? ' h’)
e —
21)1()\,2 YL W

where \;, \,, and X\, refer to wavelengths in the three
co-ordinate directions, analogous to the three com-
ponents of momentum. Then writing, as necessitated
by the finite length I of the box (assumed cubical for
convenience) \; =2//K. the energy becomes

(5)

h2

= ’8mV‘2.3 (K=2 35 Ku2 + Kzz)

€ (6)
where K., K,, and K, may be any integers.

The dependence on 1 may be puzzling at first. Why,
one asks, should the kinetic energy of a free particle de-
pend upon the size of the box in which it s confined?
Actually, it doesn't. Considering the brief derivation of
(6) one sees that if V is altered, the K's must also be
altered in such a way as to keep € constant. (The symbol
V is carried through the analysis until the point is
reached where it is divided into the total number of
particles, forming the number per unit volume.)

(b) The energy distribution.’ In order to compute the

¢ The statistical formulation in this section utilizes in the main,”

the approach of J. E. Mayer and M. G. Mayer, “Statistical Mechan-
ics,” John Wiley and Sons, Inc., New York, N. Y.; 1949

frec energy of N particles in the gas it is necessary to
know how they are distributed in energy. We must
seck, in other words, the function f(e) such that f(e)Ae
is the number of particles having energies between € and
e+Ae. Equation (6) defines, for a given volume, a set of
discrete energy levels. In order to derive the continuous
function f(e), it is necessary to postulate that the Ae’s are
sufficiently large so that each includes a large number
of the discrete energy levels.

The problem is now, given a set of energy regions,
(Ae€)s, (Ae)z, and so on, to determine the correspond-
ing set of numbers of particles N,, N, and so on, which
will most probably be found in these regions. The par-
ticular set of N’'s which will actually be found is as-
sumed to be that set having the largest number of in-
ternal arrangements, i.e., possible ways of occurring by
chance. We therefore compute the number of internal
arrangements associated with a given set of N's and
then seek that particular set for which the number of
arrangements is a maximum.

We first compute the number of arrangements of N
particles in the region (de);. The total number of pos
sible arrangements for the whole set of N’s is then the
product of the numbers of arrangements for the several
individual regions. In computing the number of possible
arrangements of electrons among energy levels we again
encounter properties of electrons which are nonclassical
and concerning which we accept the following quantum
mechanical results:

(1) No meaning can be ascribed to individuality of
particles, i.e., to the interchange of two particles.
Given a certain arrangement of particles among
energy levels, there is no meaning in obtaining
another arrangement by an interchange of energy
values among the particles.

(2) Only one particle can occupy a given energy
level .6
(3) Each discrete energy value defined by (6) has

associated with it two energy levels; i.e., in a
given system, the number” of electrons which
may assume a given value of energy is equal to or
less than two. This is a result of considerations
concerning electron spin, quantum mechanically
formulated.

Now letting C; represent the number of levels in the
region (Ae);, the number of wavs in which N, electrons
can be arranged among the C; levels is, assuming (1)
and (2) above given by

C;!
NMNC; — N))!
I now Q is the total number of arrangements possible
throughout the whole set of Nj's, we have

()

¢ This principle is actually not essential to the derivation on ac-
count of the high dilution of the gas outside the metal, but is included
for completeness since it has primary importance in discussions con-
cerning the electrons inside a metal.

-
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Now the distribution (i.e. the set of N;'s) we are look-

ing for is the one which will give the largest possible

value of £, consistent of course with the conditions that

©)

3. N;= N total number of particles

and

Zé,'N,'=E

J

total energy of gas, (10)
where ¢; is the energy value of the region (Ae);.

Proceeding to maximize @, we transform (8) into a
form which is more convenient to handle by taking the
‘logarithm and by introducing Stirling’s formula for the
factorial.’

Using the method of undetermined muitipliers, the
maximum value of log , consistent with (9) and (10)
also being true, is given by solving for N; the equation

d
——-|:10g9+aZNj+ﬁZGij:l=0. (11)
dNi i i
The above operation is easily carried out and one ob-
tains, for the equation from which the most probable set
of N;'s may be computed

N, 1

—— 12
C,’ eatbei 4o 1, ( )

This (with the constants a and 8 as yet undetermined)
is the Fermi-Dirac formula for the probability that a
given energy level will be occupied by an electron.

Before proceeding further with the calculation of the
free energy of the gas, which is a thermodynamic con-
cept, one must interpret the foregoing statistical con-
cepts in thermodynamic terms.

(c) Thermodynamic inlerpretation of the statistical
quantities. It is necessary to assign thermodynamic
meanings to €2, «, and B. For brevity, a proof of this
matter will not be presented but it will be merely stated
that a consistent scheme can be set up if one makes the
following assignments

klog @ =S entropy (13)
NkTa = ¥ free energy (E — T5) of the system
of N particles (14)
1
B = s (15)

Verification of these relationships can be effected by
setting up an equation for d.S based on (13) and (8), and
comparing the result with standard forms of the first
and second laws of thermodynamics.

Once these analogies are established, (12) can be

7 The approximate relation n!=(n/e)~ is, for values of n en-
countered here, sufficiently accurate to be considered, for all prac-
tical purposes, exact.
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summed over all states and set equal to NV, giving an
equation in which the number of electrons per unit vol-
ume of gas is expressed as a function of the free energy.
At this stage of the derivation it is convenient to in-
troduce an approximation which can be justified by ex-
amination in the light of end resuits. The demonstration
of the thermodynamic correspondences and the devel-
opments which follow are greatly simplified by the fact
that, for the cases considered, the quantity eatbejis very
large compared to unity. As a result of these considera-
tions the energy distribution in the gas at equilibrium
can be written
N;
b = c(l‘ ;) kT

J

(10)

where

gy
u= 7; the free energy per particle.
I

(17)

(d) Evaluation of the Summation. To complete the en-
ergy distribution (16) the quantities C; and E; must be
put into forms which will permit the summing over all
energy regions.

Using (6), our quantum mechanical expressions for
the energy of a gas particle in terms of integral quantum
numbers, the desired equation can be written as fol-
lows

3 Cie 1 DG WK 8mv?Y = N (18)
i
in which we have put
K=K2+ K2+ K2 (19)

The quantity K; is the value of K associated with the
jth energy region whose width in terms of K is now
written as (AK);. In order to evaluate the sum by a
process of integration, the number C; of levels included
in each (AK); must be computed. Remembering the
doubling of levels on account of spin, one sees that any
set of three integral quantities K., K,, and K, corre-
sponds to two levels. If one imagines these quantities
plotted on rectangular axes, a given value of K will rep-
resent the radius of a sphere in the & space. Reflection
will show that the number of sets of K., K,, and K, in-
cluded in the energy region AK at K; will be given by
the volume of a spherical shell of radius K; and thick-
ness AK. Since only positive values of the K’s are con-
sidered the volume to be used will be one eighth of the
total shell. Thus we have,

C; = (¥rKfAK = (2) —’2'- K ?AK. (20)

Substituting this in (18) and writing the sum as an in-
tegral we have

(2 ; eulﬂf K2V RSV K = N, 2n
(1]
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whence we have after integration,

(21rka>"‘/2
B(——1") coner

h?

yp =

(22)

where N/V has been replaced by », the number of elec-
trons per unit volume of the gas, and u has been re-
placed by ¢’, the free energy per particle in the metal,
referred to a zero outside the metal. Since there is no
net flow of electrons across the boundary in either di-
rection, the free energies in the metal and in the gas,
referred to the sanmie zero, must be equal (i.e., u=9¢"). If
one imagines the gas as having been removed, ¢’ is seen
to be the negative of the work involved in removing an
electron from the metal. The customary “work func-
tion” ¢ is seen to be equal to —¢'.

Now introducing the kinetic theory relation between
the number of particles per unit volume and the number
hitting unit area of any surface per second,

kT \ 12
o ( )
27m

and writing I=ne where e is the electronic charge, we
have from (22), the Richardson equation

(23)

4rme

I= (24)

2,—$/ kT
= (kT)% :

It should be realized that this equation has been de-
rived with no detailed knowledge of matters inside the
solid. All we have said about the inside of the solid is
that the internal free energy per electron is equal to a
number ¢ whose value remains to be assigned, either
empirically or by additional theoretical developments.

The “whole story” of the material, both in regard to the
work required to get an electron out, and also in re-
gard to the density, and so forth, of the electrons inside,
is included in ¢, the so-called work function.

It should be noticed also that the derivation just com-
pleted does not completely define the temperature variation
of the emission. For, as far as anything has been said, the
free energy per electron (¢) might itself be strongly
temperature dependent. For clean metals, however, it
i1s a fact that emission data are reasonably well fitted by
(24) with ¢ held constant. And theoretical arguments
can be advanced to show that, in the case of metals, the
temperature variation of ¢ is slight.

3. Brief Sketch of the Inside Derivation

In this treatment one assumes that the electrons in a
material may be considered as a perfect gas in a volu me
V. Using some of the developments of the preceding
section, in which the classical momenta P Py and P,
are represented by the quantum numbers X, K,, and
K., one sees that the number of electrons having mo-
menta in the range dK, dK, dK, may be written as

2dK .dK ,dK,
lmn kT 4 q

(25)
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In this expression, u’ is the free energy per electron
within the solid referred to a zero inside, and it is only

Mayll

through u’ that any specific properties of the solid, |

such as density of electrons, appear. This expression is
integrated from K.=K." to K.= o where K., corre-
sponds to that value of x momentum for which, if the y
and z momenta were zero, the energy of the particle
would equal u+¢ where, as before, ¢ is the free energy
referred to outside. Integrations with respect to K, and
K, are taken from 0 to « and the Richardson equation
is obtained.

Consideration of the above will show that, even
though the calculation is ostensibly “from inside” one
has actually used no detailed knowledge of the interior.
Just as in the outside derivation, one ends with all the
properties of the solid expressed in ¢, the free energy per
particle referred to outside. It may be further remarked

that, although the Fermi-Dirac distribution is used to _

write (25), the Fermi-Dirac form is never needed since
e—u is always sufficiently large that the 1 in the denom-
inator can be ignored.

4. Application to Metals: the Reflection Coefficient

As stated above, the Richardson equation does not
define the temperature variation of the emission unless
further knowledge is available regarding the tempera-
ture dependence of ¢. Also, from the foregoing consid-
erations, it follows that if ¢ is independent of tempera-
ture, the value which one would find experimentally for
4 should be the theoretical value which is 120.4 amp
/emideg?.

In Table I, which lists values of 4 and ¢ for several

TABLE I*

Element l 4 l' A
Caesium 1.81 162
Barium 2.11 60
Zirconium 4.12 330
Hafnium 3.53 14.5
Thorium 3.38 | 70
Tantalum 4.1 N 60
Molybdenum 4.15 35
Tungsten 4.54 60~100
Rhenium Srsl 200
Nickel 5.03 1380
Palladium 4.99 | 60
Platinum 5.40 [ 170
* R. H. Fowler, Mechanics,” The Macmillan Co.,

“Statistical
New York, N. Y.; 1936.

metals, one sees that the experimental values of 4 show
considerable variation from substance to substance al-
though, except rhenium and nickel, they are of the right
order of magnitude.

Of the substances listed, the greatest theoretical in-
terest is attached to tantalum (4 =60), molybdenum
(4 =55), and tungsten (4 =60-100) because, owing to
their high melting points, they are the metals which
can be most effectively cleaned by flashing to high tem-
peratures. It is to take account of this discrepancy be-
tween these values and 4 = 120 that the reflection coef-
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lﬁcient, along with certain other considerations relative
Ito the temperature variation of ¢, is introduced.

In the “outside” or equilibrium derivation, it is pos-
sible that not every electron which impinges upon the
surface of the solid will enter. If the over-all fraction
thus reflected is represented by 7, the 4 factor must be
multiplied by 1 —7.

In the “inside” derivation it is possible that not every
electron which impinges upon the surface barrier from
within will escape, even though its X-associated energy
exceed ¢. Again, if the average number thus reflected is
» times the total number impinging, the A constant
must be multiplied by 1 —r.

One might well ask whether the first r, referring to
reflection from outside in the equilibrium derivation,
should necessarily be the same quantity as the second 7
which pertains to an electron attempting to escape from

_inside. Remembering that the inside derivation is based
upon a model of a number of free electrons in a box
whose “walls” consist of a potential barrier, it appears
reasonable that an electron of a given energy should
have the same probability of reflection from within as
from without, and a quantum-mechanical calculation
shows that the two reflection coefficients are equal.

B. Effects of Applied Electric Field

As stated in Section 14, the usual procedures for meas-
uring thermionic emission involve means for assuring
that the electric field at the cathode surface is essentially

zero. The Richardson equation which has been derived

is not limited to the case of zero field, however. The
work function ¢ is the free energy per particle, regard-
less of whether or not an accelerating field exists. The
problem at hand is to compute the effect of the accel-
erating field on ¢.

To do this one must go into the theory of the work
function to some extent. Ideally, one would set up a
mathematical model and then investigate how the pres-
ence of the electric field would affect the calculated
value of ¢. Actually, the complete calculation of ¢ is
not feasible, but it turns out that, for the magnitude
of electric field encountered in practice, a partial theory
of ¢ suffices.

In formulating this problem it is convenient to choose
the zero inside the material instead of outside. Referring
to Fig. 3, we take the zero at an energy difference ¢ be-
low the field-free value outside. We then consider ¢ di-
vided into two parts:

é. = the energy of an electron at x =g referred to the
zero inside

and
¢:=the energy difference between x=a and x = «.

The distance x=a is chosen sufficiently far from the
surface that all short range forces are negligibly small.
Thus the energy ¢: can be attributed entirely to the
image force atiraction between the electron and the
metal.
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In other words, one has split up ¢ into a very compli-
cated part ¢, which is due to several kinds of difficult-
to-evaluate forces, and a simple part ¢ which is entirely
due to image force. Happily, it turns out that the ap-
plication of electric field of practical magnitude alters
¢; in an easily calculable manner, and has negligible ef-
fect upon ¢s.

v
gk s g pie
A=

2; \
¥
V_g/,
]
e B(x)
Do
Va

Fig. 3—Diagram illustrating Schottky effect. The field-free work
function ¢ is reduced to the field-dependent work { unction ¢(X).

Referring to Fig. 3, Vi represents the energy of the
particle as a function of x, in the absence of the field.
Vs, the straight line, gives the energy component due
to the field X. V; is the resultant and has amaximum
whose height ¢(X) is the field-dependent work function,
the quantity we are seeking.

With the above as preliminary, the calculation of
#(X) is straightforward. From electrostatics, the at-
tractive force on an electron in the region x>a is €’/4x’
whence, in the same region,

0 e2
V1=¢o—fz z;;dx (26)
where ¢, is the field-free value of ¢.
This becomes on integrating
e?
Vi=¢o——* (27)
4x

Now Ve, the potential component due to the applied
field is simply —eXx, hence we have for the resultant,

2

€
Va= L) — e eXx. (28)
4x

Finding the maximum value of Vjin the usual man-
ner, one has
S(X) = ¢o — VX &2

Substituting this expression for ¢(X) into the Richard-
son (24), one obtains

(29)

B 32V X
I = ATZe%I"T-e‘ 2\/Xlk’l"

(30)
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or, representing A 1% ¢/*T by ], the field-free emis-
sion, one has the Schottky equation in a customary

form:
1

AL eemv';?/w

I (31)

When measurements are made of the thermionic
emission from clean metals in the presence of accu-
rately known electric fields it is found that (31) is quite
well obeyed, and experiments of this type have yielded
satisfactory values of the electronic charge e.

It should be mentioned here, however, that this phe-
nomenon is one in which the wave nature of the elec-
trons plays a distinctive part and a quantum mechanical
calculation of the effect yields a more complicated ex-
pression which differs from (31) to an extent which can
be experimentally verified.

Measurements of field efiects on complex surfaces,
such as semiconductor emitters, tend to follow the /X
dependence with fair accuracy but, when log I/1, is
plotted against 4/ X, the slopes will yield incorrect val-
ues of temperature. In general, the variation with /X
will be more rapid than the equation predicts. Several
factors may be invoked to account for this discrepancy,
one of the most discussed being the “patch theory.” If
a surface is a mosaic of patches of different values of ¢
local fields will be present, which are attractive for the
patches of low ¢. When an external field is applied the
resultant effect of the applied and local fields is such as
to account for the phenomena in a semiquantitative
manner. Also with a semiconductor the image force ex-
pression may itself be more complex, may involve the
dielectric constant, etc.

C. Electron Emission from Semiconductors

1. General Remarks Concerning Meltals and Semicon-
ductors

From Section 114 it is evident that derivation of the
Richardson equation requires no detailed knowledge of
the nature of the material. It is only necessary to specify
that the removal of n electrons from the solid will
change the free.energy of the solid by an amount n¢.
This statement, and the derived form of the Richardson
equation, are as applicable to semiconductors as to
metals. The difference lies in the temperature depend-
ence of ¢.

Empirically, as the name indicates, a semiconductor
differs from a metal principally in having a much smaller
value of electrical conductivity. A further difference lies
in the fact that the conductance of a semiconductor in-
creases as the temperature increases while that of a
metal is comparatively constant and indeed decreases.
These properties of semiconductors are explained by a
theoretical picture in which the “band structure” plays
an important part. This matter, which may be mathe-
matically justified on quantum mechanical grounds,
will now be qualitatively described.

As stated earlier, many properties of a metal can be
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explained by the model in which a number of electrons
are confined, in the manner of a gas, to a certain vol-
ume. The electrons concerned may have any value of
energy from zero upwards.® With semiconductors this is
not the case.

Quantum mechanical considerations, dealing with the
nature of electrons in crystals, require that “gaps” exist
in the energy scale. No electrons may have energy val-
ues within a gap. Thus, instead of having the closely
spaced energy levels distributed throughout the whole
range we find them confined to specific regions known as
“bands.” The theory tells us further that a band in
which all levels are occupied by electrons cannot con-
tribute to conduction. Only a partially filled band can
so contribute. In the case of metals, referred to above,
one is speaking of the uppermost band, which, for met-
als, is only partially filled by a number of electrons
which does not vary with temperature. For semicon-
ductors the population of the uppermost band varies
with temperature and the band is empty at zero tem-
perature.

In the simplest model of a semiconductor one has, as
shown in Fig. 4, two bands of allowed energy. The

ENERGY OF
ELECTRON AT REST
IN OUTER SPACE

2

s

IMPURIT Y
OR DONOR
CENTERS

p—X

b m e e
)

e —— - —

T,

Fig. 4—Simplest model for conductivity and thermionic
emission of semiconductor.

FILLED
BAND

lower one is called the “filled band” and has all possible
energy states occupied by electrons. The upper band is
sufficiently high in the energy scale so that, at zero
temperature, none of its levels are occupied. Thus at
zero temperature no electrons are present which can
take part in conduction and the semiconductor is an
insulator.

At higher temperatures, however, the thermal en-
ergy results in some electrons being excited to levels in

L SlrlClI]\ speaking, this is not a continuum but consists of a very
arge number of closely spaced levels as defined by (6).
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the unfilled band and some conductivity appears. Be-

‘tause of this circumstance, the unfilled band is com-

'monly referred to in the literature as the “conduction

‘band.” The electrons in the conduction band are those

‘which take part in thermionic emission.

In reality, it appears, however, that in most cases so
far studied the filled band is so far below the conduc-
tion band that practically no electrons are excited to
the conduction band by ordinary operating tempera-
tures. The fact that a semiconductor conducts as much
as it does is due to the presence of “impurities” which
disturb the level diagram of the pure substance and
may cause the presence of allowed levels at some point
not too far below the conduction band. Centers capable
of supplying electrons, whether resulting from impuri-
ties or other circumstances, are commonly referred to
as donors.

. The so-called impurities may be substances foreign
to the semiconductor, or, if the semiconductor is a com-
pound, the additional substance may be an excess of
either elementary component of the compound.

The process by which the impurity is added is called
“activation.” This process applies not only to conduc-
tion as explained above but, since it is the electrons in
the conduction band which take part in thermionic
emission, the same type of activation is required to
make a semiconductor emit.’

2. Plan of the Calculation

As stated above the Richardson equation (24) ap-
plies to any class of substance. The fact that ¢, in gen-
eral, varies with T, means that the equation is of little
use in the form of (24) unless further knowledge of ¢(T)
is available.

In metals, it can be shown that ¢, the free energy per
electron, changes very little with temperature. Thus
when ¢ is assumed constant, the equation fits the emis-
sion data reasonably well and the experimental value
of A agrees approximately with the theoretical value.

With semiconductors the distribution of the elec-
trons among the bands varies strongly with tempera-
ture, and therefore the free energy ¢ will also show
marked variation. This theoretical circumstance is re-
flected in the fact that, although semiconductors also
show reasonable agreement with (24) with a constant
¢, the value of A may be wrong by many orders of mag-
nitude.

Our plan, therefore, is to carry out a line of theoreti-
cal argument which will give ¢(T) for the simplest im-
purity semiconductor model and to substitute the ex-
pression for ¢(T) in the general Richardson equation
(24).

,ﬁ In doing this, it is pictured that only the electrons in

the conduction band are taking part in the thermionic

? This statement may be found, in the future, to have certain
exceptions, Although it is true without question in the case of alkaline
earth oxides and o% thorium oxide at low temperatures, it remains a
possibility that thorium oxide at the highest operating temperature
may not require the presence of impurities.
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emission. The first subject of computation is therefore
the number of electrons in the conduction band. These
are then considered as an ideal gas confined to a given
volume and the free energy is computed, referred to the
bottomn of the conduction band as zero. Letting this
quantity be u(T), and letting x be the energy of the
bottom of the conduction band referred to a zero out-
side the crystal, it is seen that the desired ¢(T) is equal
to x —u(T)-

The presence of impurities in the lattice can give rise
to conduction, and affect the thermionic emission, by
other specific processes than that which is here chosen.
For example, the presence of vacant impurity centers
whose energy is only slightly above the filled band may
cause conduction by relieving that band of a few of its
electrons. For the calculation of ¢ all such possibilities
must be taken into account. In the present paper we
restrict ourselves to one particular picture.

3. Number of Electrons in the Conduction Band

Referring to Fig. 4 we assume the existence of N
impurity centers, each of which is capable of supplying
one electron to the conduction band. We then make a
provisional assumption that » of these N available elec-
trons are in the conduction band, and we calculate the
thermodynamic potential'®

P U TS BV, (32)

which will be a function of #. The value of n correspond-
ing to equilibrium will then be that value for which

=l
—) =on
on T

The quantity U in the above expression is the total en-
ergy of the system.

To compute the TS term, we again use the relation
S=Fk log @ (13) where © is the number of possible ar-
rangements of the electrons. We then write

Q=9

(33)

(34)

where

Q' =number of arrangements of the n electrons in
the conduction band

Q’’=number of ways in which these n electrons can
be taken from the N impurity centers.

To compute @' we write'?

U nu

log @ =
. 4T kT

(35)

10 Choice of the thermodynamic potential in this form leads to the

customary expression for the number in the conduction band. Using
the form ¥ = U—TS introduces a factor of ¢!/? in the same expres-
sion.
1 The reader may wish to compare the derivation which follows
for the density of electrons in the conduction band with that outlined
by N. F. Mott and R. W. Gurney, “Electronic Processes in lonic
Crystals,” Clarendon Press, Oxford, England, pp. 156-160; 1941.

12 This expression may be understood by considering that k log Q'
is the entropy of the electrons in the conduction band whence, from
the definition of free energy, nu =u —kT log Q.
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where, as before, U is the total energy of the system.
The quantity g4 may now be evaluated in a manner
analogous to (18)-(22), except that the summation is
equated to n and the expression for the energy must
contain the width £ of the forbidden region. (The origin
of energy is taken at the impurity levels.) In line with
this, we write, analogous to (21)

m ; % 2,2 1
3., e()l—l’.)lka KZe—h K*|8mkTV® dK n (36)
0

whence

I 2emkT\¥? V /&
N A R
kT h? n kT

which, with (35), completes the computation of &'.
The computation of '’ is relatively simple, involving
as it does only the formula for the number of combina-
tions of IV things taken » at a time. Thus we have
N1
(A =—N = ’ (38)
n!(N — n)!
whence it may be shown, using Stirling's formula, that

log @’ = Nlog N — nlogn — (N — n) log (N — n) (39)

i) N n
log @ = log ) 40)
an n

To proceed with the formulation of (32) we may now
write, observing that pv =nki,

and

2emkTN\%* V
F = nkT log 2( ) nl
h? n
+ nkT 4+ kT log 9”. (41)

Differentiating this with respect to » and equating to
zero, we have

1w’ 21rka>3/'-’
" 2 E A:?"

N-—n : h? a2

It may now be assumed that for practical cases n<<AN,
so that (42) may be written

2rmkTN\Y4
v 2’101 2( ) ~l:12k1" (43)

h?

where v is the number of electrons, per unit volume, in
the conduction band, and n, is the number of impurity
centers per unit volume.

As suggested earlier, the particular expression which
one obtains for the number in the conduction band
and for the quantity ¢, will depend upon the particular
model which one chooses as most nearly representing
the state of affairs within the material. The above as-
sumption that the number of available electrons is the
same as the number of centers in which they may be
located is somewhat arbitrary and is subject to verifica-

l
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tion for the material at hand. Another one of many‘,
possible situations might be that a number of Fhe centers T
are vacant even at zero temperature. In this case the |
number of impurity centers (N) and the number of ||
electrons (N., say) are different. Then, instead of (38),}
one has
L
" !

? (n+ N — NN, — n)! (44)
whence one obtains, instead of (43), and again assuming
71<<Na

N, 2rmkT\3?
. ( ) ¢ EIRT, (45)
N - N h?

4. The Emission Formula

We refer again to Fig. 5 which is the diagram perti-
nent to electron emission from the simplest model of T
semiconductor.

1000 T T T
-136
s 800 i 2
w
2
< 28
v o
I
- 600 -124 3
J N
z i P
3 20 ¢
W w
[ -8
5 400 —Hi6 =
<
(1]
[+ 4
= —i12
o
T
200} s
-4
1 L L
1400 1600 1800 2000

TEMPERATURE °C

Fig. 5—Rate of evaporation and thermionic emission of thorium
oxide, both as function of temperature.

As before, the work function, or ¢ in the Richardson
equation (24), is conceived as the free energy per elec-
tron referred to a zero outside. This is seen in the dia-
gram to be the resultant of x, the energy of the bottom
of the conduction band referred to outside and u, the
free energy of an electron in the conduction band re-
ferred to the bottom of the band. Positive values of U

are drawn upwards; actually u will be negative, as
shown.

One then writes
¢p=x—up (46)

and the Richardson equation is accordingly written in
the form

AT xIT . guliT, (47)
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The evaluation of the factor e“/*T involves the sum
ver all states of the electron gas in the conduction band
‘ind can proceed in the same manner as that by which
1'22) was derived. Starting with (18), but equating the
sum to n, we obtain

v ht a2
PAYTY ( { )
2 \2mmkT
where » is the number of electrons per unit volume in
the conduction band. Putting (48) in (47) and using

(43) for », the Fowler equation for the thermionic emis-
sion from the simplest semiconductor is obtained

(48)

h?

3/4
l=.lT’no”?( - -) e (XHEIDIAT,
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It seems worth repeating that this is not a different
equation from the usual Richardson equation (24). It
is the same equation with the ¢ replaced by a particular
temperature-dependent form. The following points are
of interest. Writing the equation in the following form
in which it might be immediately compared with a
specific set of data,

Tois o TSIg=P1XT (50)
one observes that:
(a) The quantity b is independent of temperature.
(b) The temperature no longer appears in the coefh-
cient as T2, but as T.%¢
(c) The a is no longer a combination of universal
constants, but now involves a constant of the ma-
terial, namely, the density of impurity centers.
When one makes the usual “Richardson Plot”

1 Y )
log I/T? versus-i; for semiconductors, one obtains a

reasonably good straight line and is tempted to con-
clude that this indicates a “work function” independent
of temperature. The above considerations show that this
is only justified if the theoretical A is obtained. With
semiconductors the value of the constant slope cor-
responds to a combination of energy level values of the
material but does not mean a constant “work function.”

ITI. SOME APPLICATIONS OF THE FORMULAS
' A. The BaSr Oxisde Emilter
1. General Remarks

By far the most commonly used semiconductor emit-
| ter is a mixture of barium oxide and strontium oxide in
the form of a thin coating on a metal base. Since these
! oxides react with the atmosphere, such a cathode is
. usually made by applying the materials in the form of
. the carbonates, and subsequently decomposing the
& carbonates in the vacuum by heating.
As is well known, such a system, with proper pre-
liminary treatment known as “activation,” will at red
' heat yield values of emission for which a pure metal
- such as tungsten would require white heat and therefore
' many times as much heating power.

D Sn—
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Although the BaSr oxide emitter has found wide-
spread practical application for many decades, the ac-
tual value of emission of which a given cathode is capa-
ble at a given temperature is a highly variable matter.
On the simplest theoretical picture, the emission is pro-
portional to the square root of the number of impurity
centers (1) and the latter quantity is by no means well
defined. It is (in this picture) the function of the ac-
tivation process to produce the impurity centers. This is
thought at present to be the liberation of free barium or
strontium atoms in the lattice and the number of centers
produced can vary over wide limits depending upon (a)
the constitution of the coating, (b) the nature of the
base metal, (c) the precise schedule of heat treatment
and current drawing, and (d) various “poisoning” or
deactivating circumstances which may be present such
as gas liberated from the anode, imperfect vacuum, and
the like.

in addition to variations of the number of impurity
centers, other circumstances may cause the emission to
vary, still referring to the simplest picture. At least as
important as variations of ne are variations of x, the
clectron affinity, i.e., the difference of potential energy
between the bottom of the conduction band and a point
just outside the crystal.

1f, for example, a layer of atoms is deposited on the
surface in such a manner that negative charges tend to
be inward and positive charges outward, an electron will
gain energy as it passes outwards. The effect of such a
double laver of charge will be to reduce x and increase
the emission. Such surface conditions may vary with
considerable rapidity and may be constantly changing
during the life of a tube.

Thus, unlike a metal whose emission, under good
vacuum conditions, is a rather definite quantity, the
emission of an “oxide cathode” is not well defined. In
the majority of practical applications this is not serious,
however, because, the material being such a good emit-
ter, there is always more emission than is being de-
manded. In other words the majority of electron tubes
operate in the space-charge-limited state in which, as
in a receiving tube, the cathode might be ready to yield
emission of the order of 1 ampere while only a few milli-
amperes are demanded. Under such conditions wide
variations of the cathode’s emitting power may be tak-
ing place with the user being completely ignorant of
them.

In regard to the theory of emission, these vagaries of
the oxide cathode have of course retarded development
of precise theoretical explanations.

2. “Pulsed” Emission and Decay

Previous to World War II all cathodes were generally
evaluated under dc or sinusoidal ac conditions. A good
oxide cathode might provide as much as 1 amp/cm? at
1,100°K, although the design figures for high-vacuum
operation were generally less.

During the war, however, there appeared the pulsed
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magnetron in which emission was called for in pulses of
very short duration, of the order of one microsecond.
To their own surprise, as well as that of everyone else,
tube engineers began speaking in terms of 10, 20, and
50 amp/ecm?. Under laboratory conditions, emissions as
high as 150 amp/cm?, space-charge limited, were oh-
served.

Thus it was discovered that the emitting power of the
BaSr oxide system varied more rapidly with time than
had been previously supposed. After application of
anode voltage, the emission would fall very rapidly with
time according to a function which, when approximately
represented by a sum of exponentials

] = [0 + [.e’”" + [QC"”” (51)

would have a large component with a time constant (r)
as small as 10~? seconds. Furthermore, the amounts of
the various decay components (i.e., the relative values
of Iy, I, and I,) will themselves vary with time in a
complicated manner.

To account for these decay effects on the basis of the
simplest picture, we again consider possible variations
of no and x. One seeks possible mechanisms whereby n,
and/or x, and therefore the electron emission, are
altered by the passage of electron current.

According to the most widely held view at the mo-
ment, the impurity centers are free barium atoms and
are generated either by the reducing action of the base
metal or by electrolysis by the passage of current. 1}is-
sociation of the material by the high temperature alone
is found to be improbable on the basis of energy con-
siderations. Diminution of the barium concentration
will occur by evaporation and by diffusion in the electric
field. The concentration n, which exists at a given time
will be the result of a complex dynamic equilibrium
among the above factors, probably also involving others
which have not been mentioned.

Several aspects of ionic conduction, loosely included
above in the word electrolysis, have a bearing on cath-
ode behavior. As everyone knows who has activated
oxide cathodes, a coating which initially has reached its
apparent upper limit of emission as produced by
thermal treatment alone, will always attain a higher
state of activation when a large current is drawn. This
is thought of as the liberation of barium at the base
metal and subsequent diffusion of neutral atoms back
into the coating. During this process oxygen should
pass to the surface and escape and such evolution of
oxygen from a cathode being activated may be ob-
served. In this aspect, the ionic conduction assists in the
initial activation of a cathode and passage of current,
instead of causing decay, actually increases the emit-
ting power of a cathode. Oscillograms taken with a fresh
unseasoned cathode will often show examples of “nega-
tive decay,” presumably from this cause.

In sofar, however, as the barium exists in the mate-
rial as ions, rather than as neutral atoms, one might
expect transient reduction of 7o by the sweeping out of
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ions by the electric field which accompanies the passage
of current of high density.

An approximate calculation shows that such effects
might occur with sufficient rapidity to account even for
decay occurring in microseconds. Measurements on well
activated coatings of about 3X10-* cm thickness show
resistances across unit area of the order of magnitude of
1 ohm-cm?, or specific resistances of about 300 ohm-cm.
Thus a current of 10 amp/cm? will give rise to a field
of 3,000 volts/cm in the coating. Values of mobilities of
the barium ions are not known, but investigations of
other materials suggest a value of the order of 1 cm/sec
per volt/cm. Thus the velocity of an ion might be 3,000
cm/sec which, in a time of 1 microsecond, would result
in a displacement of 3X10~* cm, which happens for-
tuitously to be the assumed thickness of the entire coat-
ing. Thus a significant fraction of ionic impurity centers
might be swept out of a coating in times of the order of
microseconds. lowever, whether the impurity centers
may indeed Le considered as ionic is made subject to
serious doubt by consideration of the low value of ionic
conductivity of the coating.

Explanation of decay on the basis of changes of x are
easy to suggest qualitatively although, quantitatively,
the picture is still incomplete. Anything which alters
the character and population of the surface layer of
atoms and the layers immediately behind it is a candi-
date. Among these, one has surface changes originating
from inside, such as diffusion of barium away {rom the
surface and of oxygen onto the surface, and those caused
from outside as, for example, material from the anode,
liberated by the electron bombardment, ionized and
carried forcibly to the cathode surface. Since the transit
time of ions may be of the order of 10~7 seconds, one
sees that even the latter process may occur with suffi-
cient rapidity to contribute to microsecond decay.

B. Application of the Emission Equation

We turn now to a discussion of equation (49) in (rela-
tion to “oxide” cathodes. As implied above, the complete
picture of this emitting system has not been attained
and we shall not, in this paper, enter into the details of
the most recent attempts.

One of the most valuable of experiments in establish-
ing the truth of the barium-impurity theory are meas-
urements by chemical means of the amount of free
barium in an activated cathode coating. This is accom-
plished by exposing the activated coating to water vapor
and measuring the amount of hvdrogen generated by
reaction with the free barium. Values of the order of
10"* barium atoms per cm?® are obtained with 3X10' a
probable figure for highly activated coatings.

In regard to the quantity X+ L£/2,one may find values
between 1 and 2 electron volts and may consider 1.2 as
a propable value for pulsed (i.e., “undecayed”) emission.

Using the above values in (49) one finds I=27
amp/cm® at 1,100°K, a reasonable value for a moder-
ately good oxide cathode.
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In regard to values of x and E, conductivity studies'
yield values of E in the neighborhood of 0.7 e volts
which requires a x of about 0.85 ¢ volts to be consistent
with the above value of x+E/2.

C. The Thorium Oxide Emaiiter

1. General Remarks

.

While not competing with BaSr oxide in ability to
yield high emission at low temperature, the thorium
oxide cathode is useful in certain high-power applica-
tions where greater ruggedness is required. This rugged-
ness has two aspects: (1) the material is more refractory;
it offers greater resistance to arcing and sparking; in
the case of magnetrons it will absorb more back-bom-
bardment without damage; and (2) greater stability of
activation results in the following advantages: (a) the
initial processing is less critical; (b) the cathode is rela-

"tively immune to poisoning; (c) it is operable in poor
vacuum; (d) the emission decays more slowly, permit-
ting longer pulses; and (e) larger values of stable dc are
available.

Although the much greater heater power required by
thoria is a serious disadvantage for applications such as
receiver tubes, it is less objectionable in the power field.
In fact, as regards magnetron application, the require-
ment to dissipate back-bombardment makes it advan-
tageous to operate cathodes at higher temperatures than
BaSr oxide will permit.

The high values of dc emission, 2-3 amps/cm?, which .

are readily available with fresh cathodes have not al-
ways given the life which would be desired. Considerable
disparity exists among results to date and efforts are
being made to appraise the relative importance of elec-
trolysis and ion bombardment in the erosion effects ob-
served when thoria emitters are used for high dc and in
very high duty cycle applications.

2. Relation of Emission to Evaporalion

The usefulness of any substance as an emitter is obvi-
ously related to its vapor pressure-versus-temperature
characteristic. It is necessary that, at the temperature
which is required for the desired electron emission, the
rate of evaporation of the material be not excessive. The
reason tungsten is a better thermionic emitter than, say,
copper, is not that it has a lower work function (for
indeed its work function is higher). It is a better emitter
because it can be heated, without excessive evapora-
tion, to those temperatures where superior emission is
available.

Considering emitting materials in general, a large
number, indeed a majority, must be rejected on these

& grounds, namely, that as the temperature is raised, ob-

13 Writing the conductivity ¢ as ¢ =vev where v is the density of
electrons in the conduction band, ¢ the electronic charge, and v the
mobility, the temperature dependence of the conductivity will be the
same function as », (43) or (45), etc. The quantity E is obtained from
the slope of the straight line obtained by plotting log ¢ versus 1/T.
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jectionable evaporation appears hefore the desired emis-
sion is available.

Among the refractory compounds, thorium oxide has
a relatively good relationship between emission and
evaporation although, in some applications, the evapo-
ration will be a limiting factor. In Fig. 5 the thermionic
emission, and the life per mil thickness due to evapora-
tion, are plotted on the same diagram, both as a function
of temperature. One sees that, at approximately 1,800°
C, the thermionic emission has become 14 amps/cm?
while the material is evaporating at such a rate that one
mil thickness disappears in about 350 hours.

3. Stability of Activation

The relative stability of activation which renders
thorium oxide less sensitive to various poisoning influ-
ences is not understood. On the simple picture one
would look for reasons why the “impurity centers” of
thorium oxide have less affinity than those of barium
oxide for the particles of any substance which could
render them ineffective. Specifically, if, as seems proba-
ble, the impurity or donor centers are thorium in the
former case, and barium in the latter, oxygen would be
a potent deactivator in both cases. Why, other things
being held constant, the rate of elimination of barium
donors by a given oxygen concentration should be more
rapid than that of thorium donors has not been estab-
lished. As regards deactivation through increase of x,
one again sees no reason why barium-oxide should be
more susceptible than thorium oxide. Again one would
have to assume different affinity for surface films,
and /or different effectiveness of such films as regards
altering x. One plausible speculation in this connection
involves the fact that thorium oxide, since it operates
at the higher temperature of 1,600° C, probably carries
a less dense and less complex surface film than does
BaSr oxide at 800° C. This is born out by observations
that the emission from thoria at lower temperatures
(1,200°, say) is more susceptible to poisoning than is the
1,600° emission.

Like BaSr oxide, a thorium oxide cathode will show
current decay which recovers during an off period. But
the rate is much less with the latter compound, the
shortest time constants being of the order of tenths of
seconds instead of 10~ seconds as observed with BaSr
oxide.

4. Application of the Semiconductor Equations

As with BaSr oxide, the simple semiconductor theory
shows some success as a first approximation. Taking the
experimental values x+(E/2)=2.5 e volts, and I=14
amps/cm? at 2,073°K one computes, using (49),a value
of 2X 10" for the density of donor centers.

As yet no direct chemical measurement of 7o, based
on the free thorium hypothesis, has been made. Studies
of the electrical conductivity as a function of tempera-
ture yield values for no of the order of 10" or 10" but
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further work is required before quantitative verification
can be said to be achieved.

During activation, the value of E/2 as determined
from conductivity falls from approximately 3 volts to
about 0.5 volt. In thermionic emission experiments
values of x4 (E/2), over a range of activation estimated
as similar, have been found to be 4.5 volts to 2.5 volts,
suggesting a value of x in the range of 1.5 to 2.0 volts.

D. Other Semiconductor Emitters

In addition to thorium oxide, numerous other mate-
rials have been investigated in the attempt to find a
cathode material which will be more rugged that BaSr
oxide and, at the same time, require less heater power
than tungsten or tantalum.

The emission from several such materials is shown in
Fig. 6 plotted against temperature. Curves for thorium
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Fig. 6—Thermionic emission of several refractory compounds as
function of temperature. A curve for tungsten is included for com-
parison.

oxide and for tungsten are included for comparison. To
appraise the usefulness of any of these emitters at the
present time would be premature. It would be surpris-
ing, however, if interesting developments did not arise
among this group of materials in the near future.

IV. ELECTRON EMISSION FROM THIN FILMs oN METALS
A. General

In the case of emission from a metal one visualizes an
ideal gas of electrons confined within a potential barrier
whose height is a characteristic of the pure metal.

In the semiconductor picture, the same electron gas
model is visualized, where, however, the concentration
of electrons is not constant but varies with temperature.

In both cases one has a potential barrier which has,
ideally, a definite value for the pure substance, but
which is subject to alteration by adsorption of a layer
of foreign material. We refer in this section to two in-
stances in which the reduction of barrier height by a
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layer of foreign material is the basis of emitters of prac- |

tical importance.

B. The Thoriated Tungsten Emiltler
From the viewpoint of practical importance, the thori-

ated tungsten emitter should be near the beginning of |

this paper rather than near the end. Consisting of
tungsten on which is formed a layer of metallic thorium,
one atom thick more or less, it yields good emission at
temperatures considerably lower than those required for
pure tungsten. Emission values are similar to those with
thorium oxide. Its advantage over barium oxide is
mainly due to greater freedom from arcing and sparking
in high voltage applications.

\When tungsten which contains one or two per cent of
thorium oxide is flashed at a very high temperature,
(2,500° C), some of the oxide is reduced. If the material
is then held in the neighborhood of 1,800° C for an ap-
proximate length of time, metallic thorium diffuses out
of the bulk material and forms a monomolecular layer
on the surface. This has the effect of reducing the poten-
tial barrier at the surface and therefore the value of ¢,
the free energy per electron. To minimize evaporation
of the thorium layer, operation of the cathode is at a
temperature below that used to form the layer.

If the general Richardson equation (24) is used for
thoriated tungsten, and log //T? is plotted against //T
in the customary manner, a reasonably good straight
line is obtained but the value of 4 is much less than the
theoretical, being approximately 3 instead of 120. One
has, therefore, cither to postulate a reflection coefficient
of 97.5 per cent, or take what seems a more probable
alternative and assume that the reduction of the work
function by the thorium layer is itself a function of tem-
perature. If, for example, one postulates that the work
function of tungsten ¢y is reduced by an amount which
decreases linearly with temperature, i.e., if one writes
(24) in the form

I = A T2e—low—(6—al) kT (52)

one will have

7 Ade a/ K2~ (dw—é9) [ kT 53
in which & may be assigned to give the observed value
f’f Ae 'K 1t seems plausible that, as the temperature
is raised, the ¢ should tend to approach the higher value
characteristic of pure tungsten.

Values of the constant exponent ¢w —¢o are very
nearly the same as values of x+E/2 found for bulk
thoria and the magnitude of emission is similar.

' One weakness of thoriated tungsten which has limited
Its use arises from its thin-film nature. Its emission de-
.pends.upon the maintenance of the film and therefore
1s subject to rapid deterioration by positive ion bom-
bardment. Treatment of the material in carbonaceous
vapors, presumably converting the film to thorium car-

.
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bide, increases markedly the resistance to ion bomard-
- ment. It also increases the temperature at which the
cathode may be operated without too rapid evaporation
of the film, and hence augments the available electron
emission.

C. The Porous Tungsten-Barium Oxide Emaitler

Very recently a successful emitter has been developed
in which the emitting body is porous tungsten, prepared
by powder-metallurgy methods, through which barium
oxide is permitted to diffuse from inside. The emitting
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surface is thought to be mainly metallic barium on
tungsten. The body is operated at temperatures up to
1,200° C at which very large emission values are re-
ported.

Technically speaking, it seems probable that this type
of development opens an important field of application
where very high emission densities are required. It is
too early, at present, to give a final appraisal of the
evaporation problems which may be associated with
this emitter. The matter is undergoing study in several
laboratories.

Reliability in Miniature and Subminiature Tubes’

p. T. WEEKS{t, SENIOR MEMBER, IRE

Summary—The meaning of the term “reiiability” as applied to
electron tubes is discussed, and the thesis is developed that relia-
bility is a function not pnly of tube design and quality but also of the
relationship between tube ratings and the operating conditions and
requirements. Specific features of the miniature and subminiature
tubes are discussed with respect to factors affecting tube reliability,
such as mechanical ruggedness, operating temperature, emission
stability, and life. General comments are made on the over-all effect
of reduction in tube size on life and reliability.

THE MEANING OF TUBE RELIABILITY

T IS APPROPRIATE in any discussion of tube
1[ reliability to consider what the term reliability

should be expected to cover. It would seem to be
axiomatic that the term has significance only with refer-
ence to some specified or implied standard of per-
formance and of operating conditions. This is a point
that seems to have been very much underemphasized
in recent discussions of the subject.

The electric motor has been cited as a device having
the reliability that is needed in radio tubes. It should be
pointed out that an individual motor is reliable only
when operated under the service conditions for which
it was designed and rated. Now, a radio tube is a much
more complicated device than a motor and is in-
herently more vulnerable to failure from a variety of
causes. However, reliability of the same order is a
worthwhile goal for tube designers and manufacturers
to work toward and it is one they can come close to
reaching, provided operating conditions and perform-
ance requirements are properly related to the tube
ratings. A number of instances can be cited of tube ap-
plications where tube reliability of this order has been
regularly experienced.

® Decimal classification: R331. Original manuscript received by
the Institute, November 6, 1950. Presented, New York IRE Section
Mecting, New York, N. Y., October 4, 1950.
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In the great majority of military and commercial
applications there is a surprising dearth of reliable spe-
cific information as to the tube defects causing equip-
ment failure. In one class of application, commercial air-
lines, some fairly dependable figures obtained recently
indicate that out of the one per cent of tubes that failed
prematurely in service, three quarters developed me-
chanical faults, shorts, opens, glass faults, and one
quarter were found to have electrical faults. These were
specially designed and controlled tubes made in regular
production and they were operated under conditions
that were normal for aviation service, that is, with
wide variations in supply voltages and moderately
severe shock and vibration.

Mechanical defects are tangible and amenable to
fairly definite corrective measures. Failure due to these
defects can be reduced to a vanishingly small figure at
the expense of systematically improved techniques and
controls in manufacture. In other words, a high degree
of mechanical reliability is definitely achievable.

Reliability in electrical characteristics and per-
formance is a more elusive problem. Basic and practical
research gives promise of pointing the way to improved
materials and improved controls in materials and proc-
essing techniques. At the same time, a high degree of
reliability in electrical performance has been obtained
in many applications with existing tube types under
favorable operating conditions.

This brings up the whole question of the relation be-
tween operating conditions and tube ratings. In any
mechanical structure where reliability is required, it is
the universal practice of the designer to introduce a con-
siderable factor of safety in accordance with accepted
standards for the material and the application. In the
electrical aspects of electronic equipment this factor of
safety frequently seems to be reduced very close to
unity, or sometimes to less. It has been suggested that
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this condition results from the tendency for the radio
cequipment designer to revert to his original amateur
habits when he deals with radio tubes. Actually, there
are other more reasonable causes for this situation.

One is the inherently low power efficiency of thermi-
onic tubes in terms of the ratio of output to total input
including cathode heating power plus B power. Coupled
with this is the relatively high cost of the power supply
in terms of space and weight. This is particularly the
case in many military applications.

Another factor is the frequent practice of making the
equipment performance dependent on some very critical
tube characteristic or one that has not been, or per
haps can not be, adequately controlled in tube manu
facture.

Now these nonconservative practices have frequently
resulted from the ingenuity of the equipment design
engineer in devising new tube functions and attributes
and operating conditions, and they have had a very
healthy influence in expanding the tube ratings and
fields of usefulness. However, during the period that
these new operating conditions are in the experimental
or pioneering stage they involve an appreciable degree of
unreliability. They do not become appropriate for
equipment with severe reliability requirements until the
tube manufacturing techniques and controls have been
developed to the point that the tubes can be conserva-
tively rated for these particular conditions and char-
acteristics.

These comments might be summarized by saying that
so far as electrical performance is concerned, tube reli-
ability i1s a function not alone of tube quality but also
of operating conditions and circuit requirements and
their relation to the tube ratings. A similar statement
holds for reliability, with respect both to life and to
mechanical failures. We have reached an era of highly
specialized tubes. Reliability must be recognized as an
equally highly specialized tube attribute.

SrECIFIC FEATURES OF MINIATURE AND SUBMINIATURE
TuBEs AND THEIR EFFECT ON RELIABILITY

Most of the factors affecting tube quality are en-
countered in varying degree in tubes of whatever size
and shape. Those factors that are different in impor-
tance or magnitude in the miniature and subminiature
tubes as compared to larger receiving tubes will now be
discussed.

Fig. 1 shows outlines of typical bantam, miniature,
and subminiature tubes. The diameters are roughly in
the ratios of 3 to 2 to 1. The reductions in length are
proportionately much less. They are chiefly in the elec-
trode-to-seal distance. An important difference is in the
base and lead arrangement. The bantam has a separate
base, supporting contact pins to which are connected
flexible leads from the stem. In the miniature, stiff
contact pins are supported directly by the glass stem.
In the subminiature, the leads are supported directly by
the stem but are tlexible. In the miniature and sub-
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miniature the exhaust tip is exposed; in the bantam it is

covered by the base.
Since the miniature and subminiature tubes differ
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Fig. 1—Typical dimensions.

from other types primarily in the matter of size, we will
look first at what effects these differences in size have
on some of the major design features and the factors
affecting mechanical properties.

Table I lists comparative values of important dimen
sions for typical tubes of the bantam, miniature, and
subminiature sizes. There are, of course, a variety of
dimensions among the many individual tube types in
each class. The figures shown are from the more com-
monly used types and are intended merely to be repre-
sentative and not inclusive of all extreme cases.

TABLE 1
RELATIVE DIMENSIONS

T-9 T-5% T-3
Bulb Diameter 1.125" 0.687° |  0.375"
Ratios 3.0 1.8 t 1
Bulb Length 2.4 | 155" 1.25"
Ratios 1.9 1, 52'S 1
Spacer-to-Spacer 0.95" i7 070"

(1.25- ) | (1.26-0.36") | (0.62°-0.36"

Cathode-to-Bulb 0.57" 0.29" 0.13"
Ratios 4.1 ! 22 1
Spa(_:cr<to~5eal 70.93" 0.31" 0.19"
Ratios 1.9 1.6 1

It will be noted that percentagewise the reduction in
length has been less than the reduction in diameter, and
that in some of the important dimensions the subminia-
ture is closer to the miniature than the latter is to the
l)gxltarll. This is notably the case with the spacer-to-seal
dm.lension. ‘This has an important effect on tube proc-
essing, as will be discussed later. Attention is also called
to the small absolute value of the cathode-to-bulb
dimension in the subminiature. Into this space of about
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one-eighth inch have to be fitted from one to three grids
- and a plate, plus any shielding or other structural parts.

The spacer-to-spacer dimension is typically low in
the subminiature. There are two basic reasons for this.
The subminiature line does not include counterparts of
the high-wattage types and it is made up mainly of
tubes designed for high-frequency use where a short
structure has important electrical advantages. Similar
short structures are also used in the newer miniature
tubes for the same electrical reasons, even where there
is no mechanical need for them. The present subminia-
ture designs have resulted from two simultaneous, but
independent trends in application requirements: the
need for smaller size, and the need for improved high-
frequency performance.

It is a well-known rule that the basic electrical con-
stants of a tube are maintained if the electrode dimen-
sions are all scaled down in size proportionately. In a
general sense, the same applies to the mechanical char-
acteristics affecting ability to withstand shock and
vibration. The ruggedness characteristics are apt to be
improved by the scaling-down process. The ratios of
strength to mass and moment in the grids and other
parts of the structure are greater in the miniature and
subminiature tubes than in the larger tubes. This was
found to be the case in the early development of the
proximity fuze tubes where the basic parts of the com-
mercial subminiature hearing aid tubes were found to
have adequate strength to withstand the extreme ac-
celerations of that application. The low center of grav-
ity of the mount, the short spacer-to-spacer distance,
and the short space between grid rods are all inherently
favorable for ruggedness with respect to shock. Even
with the fine grid wire and close spacings of the high
Gm types typical of the later miniature and the sub-
miniature tubes, this inherent ability of the parts to
withstand shock is still retained.

In the scaling-down operation one is apt to run into
some dimensions that can not be scaled proportionately,
and some that can be reduced below certain mini-
mum values only with great difficulty. The distance
between electrode supports, the dimensional tolerances
of the holes in the mica spacers and of other parts, the
length of rods extending beyond the spacers, and the
space required between rods and tabs for welding are
examples of these. These are items that add to the diffi-
culty and cost of design, assembly, and control.
However, it has been found possible to obtain adequate
control and general freedom from mechanical troubles in
the field in well-established types, such as hearing aid
tubes, where millions in daily use bear witness to this.

In respect to the mechanical aspects of the glass
structure, the miniature and particularly the subminia-
ture tubes, because of small absolute size and mass, are
inherently less subject to such defects as breakage by
impact or handling and cracks due to glass strain. Here
again, field experience with millions of tubes is notably
favorable.
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There is one feature of the external structure in which
the miniature and the subminiature differ distinctly
from the bantam. This is the type of lead. In the ban-
tam tube flexible leads are soldered to base pins that
are rigidly attached to the bulb by means of the base
shell. This means that the lead is protected from han-
dling and bending and can exert no strain on the glass
structure. Of course, there are offsetting chances of
basing and soldering defects. In the miniature tube the
contact pins are rigid and supported only by the glass
button. Any distortion or bending of the pin results mn
strain on the glass and, because of the rigid nature of
glass, this will result in glass breakage if carried beyond
a certain point. Serious field trouble from this source
was encountered in the early years of miniature produc-
tion. Careful control of the glass-working operations at
stem making and sealing and careful control of the
stifiness of the pins and proper design of the sockets
have combined to reduce the glass breakage from this
source to a low level.

The subminiature differs from the miniature in hav-
ing small-diameter flexible leads rather than stiff pins.
This is inherently a much safer combination. Here again,
field experience of many years with millions of hearing
aids with both solder-in and plug-in connections has
demonstrated that there need be no serious trouble from
this source. The button stem that permits a sharp
right-angled bend of the lead at the point where it is
sealed into the glass may represent a more severe con-
dition than is present in the pinch-press seal, such as is
used in most hearing aid tubes. Any weakening of the
wire by overheating in stem making or sealing or by
corrosion in the cleaning and tinning operation will, of
course, aggravate the situation, but these conditions
can be controlled so as to leave the wire in good con-
dition. The composition of the lead wire itself is favor-
able to resistance to breakage by flexure and only re-
peated extreme flexure of the wire at a very sharp
radius will cause breakage. This is apparently another
situation in which recognition by the user of the in-
herent limitations of the tube in this respect and the ad-
herence to suitable and practical techniques in connect-
ing the tube in the equipment will minimize this type of
failure.

A major reduction in tube size obviously introduces
many problems in connection with wattage rating, bulb
temperature, and quality factors involving emission,
gas, and life. Table II lists comparative figures pertinent
to these problems. Two items stand out conspicuously:
the large percentage reduction in bulb surface area in
the smaller tubes, and the large increase in permitted
wattage per square inch of bulb area or, in other words,
permitted bulb temperature.

There are some absolute limits on the permissible
glass temperature, one being the softening point of the
glass and another the point at which appreciable con-
ductivity begins. Below these limits is an indefinite
region in which varying kinds and degrees of trouble
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TABLE 11
BuLB TEMPERATURE FACTORS

T-9 T-5% | T-3
Bulb Area (square inches) 10.5 4.1 147
Ratios 6.1 2.4 1
Maximum Watts Dissipa- 18.7 16.8 7.8
tion
Ratios 2.4 2052 1
Watts per Square Inch 1.78 3.4 4.0
(averaged over area) 0.44 0.85 1
Ratios
Maximum Bulb
temperature —C° 160 255 280
(23° C ambient)

may be encountered, particularly from the evolution of
gas and deleterious products from the glass itself, or
even from the getter deposited on it. In addition, there
are the accompanying effects from the higher tem-
perature of tube parts due to high bulb temperature.
Within this region, the tube design itself and the
processing techniques employed in manufacture, par-
ticularly at exhaust, are important factors in determin-
ing what maximum figure for wattage dissipation, or
bulb temperature, is consistent with good tube quality
and life. The maximum glass temperature at any point
has commonly been taken as the crucial item. The loca-
tion and extent of the hot areas are also of importance.
In actual practice there has been a continual trend to-
ward higher bulb temperatures. However, the develop-
ment and control of manufacturing techniques and
practices have progressed in step with this trend so that,
in general, the tube quality and life have been main
tained.

The wattage and temperature figures shown in Table
II for the T-5% class of tube apply specifically to the
6AQS. This tube exceeds the bounds of what had
formerly been considered safe dissipation and bulb
temperature. This temperature level represents ap-
proximately the upper safe limit for the present state of
the art. The military services have sponsored several
development projects involving studies of ways and
means for increasing the permissible operating tempera-
ture. Progress in this direction is to be expected, par-
ticularly in the subminiatures, wlere the requirements
are most severe. It may involve major changes in ma-
terials and techniques.

In Fig. 2 are shown curves relating maximum bulb
temperature to average bulb dissipation. The data on
which these curves are based were taken on a particular
T-3 bulb and heater arrangement. As with all figures
relating to the bulb temperature of radio tubes, these
values should be used with caution. The temperature
figures obtained or applicable in any individual case are
affected to a marked degree by such factors as the details
of the method of measurement, the surroundings, the
heat loss through the leads, and the distribution of heat
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over the bulb area. The values here apply only to a
particular situation, where lecad conduction, for in-
stance, was relatively low, but they may be useful in
indicating approximate values likely to be encountered
and the relative effects of high ambient temperatures.

In practice we have found with the 5702 subminiature
series that life test at an ambient of 160°C and maxi-
mum bulb temperature of 250°C results in no appreci-
able deterioration of characteristics over a period of
several hundred hours at least. One manufacturer has
published ratings on a special line of subminiature tubes
indicating at 70 per cent reduction in life for a bulb
temperature of 250°C as compared to 160°C.! As indi-
cated earlier, time and manufacturing and operating
experience are required in determining the permissible
limits and the degree of hazard involved in operating
close to these limits. In any case, operation at lower and
more conventional temperatures is to be recommended
in cases where extreme reduction of volume is not essen-
tial and long life and reliability are the prime require-
ments.
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