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1) An optical pyrometer is used to take a tempera-
ture profile during an epitaxial growth operation.
(2) Masking slides are produced with a tolerance
equal to only a fraction of the width of a hai-. The
operator is mounting a pattern that will be photo-
graphed and reduced from several square feet to
about the size of a pinhead. As many as 150 copies
of this reduced pattern are reproduced on a single
plate about the size of a quarter. (3) A silicon waler,
which has been coated with a photosensitive material,
is exposed to light causing portions of the phato-
sensitive material to harden, and leaving the shaded
portions in a condition for further processing. (4)
Silicon dice, or chips, as small as 0.05 inch square are
mounted into transistor packages. (5) After mounting
and prio~ to encapsulation, integrated circuits are
checked for voltage current characteristics and for
proper connections.

Molecular Electronics—from Laboratory to Mass Production

Tiny electronic circuits, barely dis-
cernible to the eye, are now the focus of
attention in the $4-billion electronic com-
ponents industry in the United States.
This new art of molecular electronics,
also called integrated circuits, has reached
the initial stages of mass production.
Shown herearescenes froma new Westing-
house plant near Baltimore, which con-
solidates molecular electronic activities
that had beer carried on in laboratories
in several other locations. Because of the
cleanliness required in the manufacturing
process, the entire plant is practically one
large clean room. Employes in produc-
tion, engineering, and development areas
wear dust-free, lint-free white coats and

caps, giving most of the plant the look of
a hospital.

The new technology has brought abcut
major size and weight reductions in
electronic circuitry, greater relability
and improved performance. Complete
functions that normally require as many
as 50 electronic components can be per-
formed within a single tiny block ef solid
material. As many as 150 separate but
identical electronic circuits are made at
one time on a silicon wafer about the size
of a quarter. The circuits are then “diced”
and placed in individual packages.

At Westinghouse, integrated circuits
are manufactured by an “epitaxial dif-
fused planar process.” The starting ma-

terial is a silicon wafer 5 to 10 mils thick.
Additional layers of silicon-substrate are
formed on some of the blocks by a vapor
growth process. The wafer is then masked
with a layer of oxide,and transistor junc-
tions, diodes, and resistive and capaci-
tive areas are formed in the silicon sub-
strate by successively opening windows in
the oxide with photomasking techniques,
and driving impurities through these win-
dows by gaseous diffusion.

The silicon wafer is untouched by hand
from start to finish of the process. Be-
cause of the tiny size of circuits and the
high precision required, most of the man-
ufacturing processes require handling un-
der microscopes with high magnification.
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The UK-2/S-52

International Satellite Program

Emil W. Hymowitz, Project Manager, National Aeronautics and Space Administration,

Goddard Space Flight Center, Greenbell, Maryland.

Harold M. Watson, Project Manager, Air Arm Division,
Westinghouse Eleciric Corporation, Baltimore, Maryland.

This joint United States-United Kingdom
project will provide new information on
galactic noise, ozone distribution in the at-
mosphere, and the quantity and size of
micrometeoroids in space.

The S-52 satellite is the second of three scientific satel-
liles in the cooperalive international program being con-
ducted by the Uniled Kingdom and the United Slates.
British scientists in universily and government labora-
lories have designed and constructed the instrumeniation
for the S-52 experiments under the scientific direction of
the British National Commiltee for Space Research;
British scientists also will reduce and analyze all data
gathered from the spacecrafl. The Office of the Minister
for Science has overall administrative responsibility for
the U. K. program.

The Goddard Space Flight Center, for NASA, has over-
all U. S. responsibility for the program, including design,
developmenl, construction, and testing of the spacecraft as
well as the launching, tracking and data acquisition
phases. The Goddard Space Flight Center is also designing
and providing cerlain subsystems. GSFC has conlracted
to Westinghouse the design and manufacture of some of
the satellite subsystems, and the integration of all sub-
systems inlo an operating salellite. Westinghouse en-
gineers will also assist in environmental proof lesting of
compleled salellites.

Environmental lests of completed satellites are being per-
Sformed now by U. K. scientists, and by Westinghouse and
Goddard personnel al the Goddard Space Flight Center’s
environmenlal testing complex in Greenbell, Maryland.

The NASA Langley Research Cenler is responsible for
the launch vehicle system. Launching will take place at
Wallops Island, Virginia, during 1963 utilizing an Ad-
vanced Scoul vehicle.

The spacecraft structure will be a modified version of the
UK-1/8-51, with a diameter of approximately 23 inches
and a weight limit of 150 pounds. The structure is basically
two honeycomb decks coupled by a center tube to the sepa-
ration mechanism. The lower deck and appendages are
braced by several struts between the lower deck bottom
and the center tube. The outer shell of the satellite, made
of fiberglass, completes the structure support and serves as
the thermal coating surface and ground plane.

The unit will have a spin rate in orbit of 5 rpm after a
de-spin sequence from a spin of 160 rpm. The de-spin
mechanism consists of two weighted cables wrapped
around the outer skin of the satellite between the two
decks. When the weights are released, the unwrapping of
the cables causes the satellite (and fourth stage) to de-spin
from the initial spin rate of 160 rpm down to approximately
80 rpm. The erection of booms, paddles, and antenna de-
ployment further de-spins the satellite to the final spin rate
of approximately 5 rpm.

Experimental Program

The satellite will be launched into an orbit with an
apogee of approximately 800 nautical miles, a perigee of
approximately 150 miles, at an inclination of 51 degrees.
The purpose of the spacecraft is to carry instrumentation
for the three following experiments:

Galactic Noise—This experiment is designed to measure
the radio frequency signals generated by stars and galaxies
in the frequency range from 0.75 to 3.0 megacycles. This
information is of primary value to radio astronomers, who
have little information on galactic noise in this frequency
range because of the opacity of the ionosphere. The
galactic noise experiment will be furnished by the Mullard
Radio Astronomy Observatory, Cavendish Laboratory,
University of Cambridge, under the supervision of Dr. F.
Graham Smith.

Measurements will be made with a 130-foot dipole an-
tenna and two ferrite rod antennas. Immediately after
separation from the fourth stage vehicle, the 130-foot di-
pole antenna (65 feet on each side) will be deployed from a
drum through two booms on either side of the satellite.
Centrifugal force will pull the wire through the boom from




UK-2/8-52 FLIGHT 1 SATELLITE ({/eft} and the prototype lite, whieh will be orbited, is shown as it is about to go into the

satellite are shown being prepared for tests at the Goddard thermal vacuum ehamber for flight acceptance tests. The prota-
Space Flight Center at Greenbelt, Maryland. The Flight 1 satel- type is being readicd for an additional solar simulation test.
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the drum, which will be held at a constant speed by a
motor drive mechanism.

The two ferrite loops are mounted on diametrically op-
posite sides of the satellite and will be tuned to approx-
imately two megacycles. These antennas will provide
useful data even if the dipole antennas fail to deploy.

Galactic noise will be measured from both antennas as
the receiver sweeps repeatedly over the range of 0.70 to
3 megacycles.

Atmospheric Ozone—The second experiment will measure
vertical distribution of ozone in the upper atmosphere by
two techniques: a broadband method and spectrum scan-
ning method. Although ozone distribution in the lower
atmosphere is regularly probed by rocket soundings, little
data is available for the upper region. This information is
desired by meteorologists because it is believed to be re-
lated to the heat balance of the earth. The experiment is
supplied by the U. K. Air Ministry, Meteorological Office,
under the supervision of Dr. K. H. Stewart.

BASIC SATELLITE STRUCTURE (right) consists of a center
tube, an upper and lower deck, and strengthening struts on the
lower deck to support appendages.

ELECTRONIC EQUIPMENT for the satellite subsystems is
packaged in standardized delta packs (below), which are mounted
in frames on the lower deck (Fig. 1). Because of the high-density
packaging, and to gain reliability, submodules and delta pack
cards use welded terminal construction techniques. These three
packs comprise the telemetry encoder subsystem.

The broadband measurement method uses a simple
photocell with a spectral response of 1800 to 3500 ang-
stroms. In this region, most atmospheric attenuation is
due to ozone. Therefore, during satellite “‘sunrise” and
“sunset,” when the satellite is illuminated by sunlight
passing through the atmosphere, photocell output indi-
cates the amount of ozone present by virtue of the spectral
energy absorbed.

Because some attenuation is caused by dust and air
molecules, a second photocell is needed in the broadband
unit to determine this effect. The second photocell re-
sponse is 3600-4000 angstroms; output of this photocell is




DATA REDUCTION STAND

1-SELECTED-CHANNE! FREQUENCY PERIOD DATA

DECOMMUTATOR PROPER [16 OUTPUTS™ | CHANNEL SELECT SWITCH

QuTPUT OUTPUT
PERIOD OF FREQUENCY COUNTER PRINTER
CHANNEL IDENTIFICATION ) s \

Z ]

PHASE LOCK

MODE IDENTIFICATION

TELEMETRY RECEIVER INPUT SELECTOR l SEQUENCE IDENTIFICATION
(HIGH OR LOW SPEED CONTROL |, . 4 (¢ RESET
OF DECOMMUTATOR) -— > MODE RECOGNIZER > SEQUENCE
1 COUNT DECADES
e -_5‘ BLANK BURST ENVELOPE f
T | DECOMMUTATOR FRONT END 4.5 KC 1
SEQUENCE
5. R
— === ) |:—;5 15.4 KC PMS BAND FILTE 5 KC T
{ 4.5 KC
COMB 15.4 KC END OF SEQUENCE
SENSOR (HS) OR (LS
FILTER 5 KC . (HS}) (LS) cw
320 CPS 1 BURSTS o
1 BLANK/BURST o
SIMULATOR JENVELOPE SUBCOM INFORMATION

SATELLITE SUBSYSTEMS and the data reduction stand are

shown in this block diagram; the data reduction stand, for test-

used to correct the information obtained from the other
photocell, so that a true measure of ozone concentration
is obtained.

The spectrometer method of measuring ozone uses a
simple form of prism spectrometer to scan through the
solar spectrum in the 26504000 angstrom region. Scanning
is accomplished by satellite rotation. As the satellite
rotates, each of eight optical units in turn causes the solar
spectrum to scan across one of two photomultiplier units.
The shape of each of the pulses of light received by the
photomultipliers corresponds to the shape of the solar
spectrum as modified by ozone absorption.

Micrometeoroid Flux—The third experiment is designed
to measure the size and number of micrometeoroids in the
ionosphere. Micrometeoroids, ranging in size from a grain
of sand down to millionths of an inch, cause an eroding
effect on spacecraft. The information gained will be useful
in the design of future spacecraft and space stations. The
experiment will be supplied by the Nuffield Radio As-
tronomy Laboratories, University of Manchester, under
the supervision of Dr. R. C. Jennison.

Two pairs of micrometeoroid detectors will be used. One
pair are called instantaneous read-oul detectors and the
other pair, delayed read-out delectors.

The instantaneous read-out detectors (or IROD units)
determine the size and quantity of micrometeoroids by
measuring the light admitted through punctures in an
aluminum foil. The punctures are made by micrometeoroids
as they impact on the exposed foil, which is advanced
across the aperture of the IROD unit. The foil is coiled on
a spool and is advanced approximately 1/16 inch every
other orbit. Light admitted through the puncturesis sensed
by solar cells within the unit.

The delayed read-out detectors (or DROD units) are
primarily designed to measure the erosion effects of very
small micrometeoroids. In this case, the light admitted
through abrasions on a metalized Mylar surface is mea-
sured. The metallic coating on the Mylar is only about §

ing the satellite subsystems, is intercoupled to the satellite
through both umbilical connections and the r-f telemetry link.

microns thick. The Mylar is coiled on a spool and ad-
vanced across an aperture, similar to the IROD unit.

Satellite Subsystems

In addition to the instrumentation required for the three
experiments, several additional subsystems are required
to provide supporting functions in gathering and trans-
mitting experimental data to earth.

Programmer Subsystem— All systems within the satellite
are supervised by a programmer subsystem supplied by
GSFC, which issues commands for sequencing the various
events, such as: Commanding low- and high-speed en-
coders, advancing the foil in the micrometeoroid experi-
ment, gating encoder channels, providing a sunrise identifi-
cation signal, operating the tape recorder, initiating the
under-voltage cut-off signal, and one-year timer cutoff.
The one-year timer is required to shut off the satellite
transmitter at the conclusion of the space experiment and
free the carrier frequency band for other uses.

Telemelry Encoder Subsystem—This subsystem consists
of high- and low-speed encoders that accept experiment
output signals, commutate them, and convert them to a
frequency proportional to the value of each parameter
being measured in each of the experiments.

The output of the high-speed encoder modulates the
transmitter output directly; the output of the low-speed
encoder is recorded on a tape recorder, which plays back
the data at 48 times recorder speed for transmitting.

Transmitter-Receiver Subsystem—The telemetry system
of the S-52 uses a pulsed-frequency modulation system
(PFM). The transmitter relays the encoder output and
tape-recorded information (on command) to ground track-
ing stations. The satellite receiver monitors the ground
command to switch the tape-recorded data into “play-
back” through the transmitter. This subsystem was de-
signed by GSFC.

Power Supply Subsystem—The power supply subsystem
provides power to the various electronic packages at ten
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PROTOTYPE SATELLITE is shown during integration of subsystems. This unit will be exposed 1o all environmental tests.

levels of dc voltage and one level of ac voltage, in addition
to the basic battery bus voltage. Solar paddles are the
basic source of power, and they must supply the load and
charge the batteries during the daylight portion of the
orbit. During darkness, the batteries supply the load.

Four solar paddles are mounted on the ends of hinged
arms attached to the lower deck struts. Originally, P-on-N
type cells were selected, but because of the performance
degradation expected by the enhanced (artificial Van
Allen) radiation belt, a change was made to the more radi-
ation-resistant N-on-P cells.

Two battery packs are mounted on the lower deck.
Each pack contains 11 nickel-cadmium cells. The bat-
teries are highly reliable and intended to support a min-
imum satellite life of one year. Only one battery is opera-
tional; the second is a reserve unit.

Engineering a Satellite

The integration of all satellite system elements has been
by an orderly step-by-step procedure to insure that all
satellite components are operational and electrically and
physically compatible. A thorough testing procedure will
assure flight readiness.

Two structural satellite models, a prototype satellite,
and designated subsystems are being subjected to rigorous
qualification testing. The structural models, called the
engineering lesl unit and the dynamic lest unil, were used
in early structure tests. The dynamic test unit was built
to test the deployment of all appendages, which are tied
down to the outer casing of the Scout fourth stage during
launch and must be released to assume their natural orbit-
ing position. To test deployment, the dynamic test unit
was mounted on a spin-up fixture in a vacuum chamber
and actual de-spin sequence conditions were simulated.

The engineering test unit was exposed to various en-
vironmental conditions, such as vibration and accelera-
tion, to evaluate the structural integrity of the satellite.

The prototype satellite will be exposed to the same tests
as the structural models, plus thermal-vacuum, tempera-

ture, and humidity tests. The flight model satellite will be
exposed to thermal-vacuum and vibration tests of a level
commensurate with actual flight conditions.

Test Stand and Data Reduction Systems—Two test stand
and data reduction systems have been constructed for this
program. This unit couples into the satellite through um-
bilical connections, and through the r-f telemetry link.
The system permits satellite equipment to be completely
operated and evaluated. Data reduction is an important
provision of the unit, since it allows quick evaluation of
the data received from the satellite. A block diagram of the
principal elements of the satellite and the data reduction
stand and their intercoupling is shown in Fig. 2.

Reliability

Many man-years of engineering effort have gone into
the development of this small, scientific satellite. And this
effort is independent of that required for the launch ve-
hicle and associated launch facility.

Considerable experience has been gained in designs of
this type of satellite over the past five years; therefore, the
primary problems that plague the satellite designer are
those of selecting an optimum design for the desired satel-
lite lifetime—in this case, about one year. But the problem
of proving subsystem reliability is a difficult one. The re-
liability mechanism is not completely understood, and
even if it were, reliability probably could not be com-
pletely controelled. It is therefore desirable that: (1) De-
signs should be extremely conservative; (2) several models
of the final design should be placed on realistic life test as
early as possible; and (3) prototype models of the final
design should be subjected to considerable mechanical,
electrical, and environmental overtest to bring out poten-
tial modes of equipment failure. This is the pragmatic ap-
proach to reliability; reliability studies are useful in choos-
ing designs and components, but only rigorous testing pro-
vides confidence of trouble-free performance for  westingnouse
long periods of time. This has been the approach  ENGINEER
to the development of the S-52 satellite. Nov. 1963




Adjustable-Frequency Power Inverter

Systems for Industry

C. G. Helmick, Industrial Systems,
Westinghouse Electric Corporation, Pittsburgh, Pennsylvania.

K. Lipman, General Control Division,
Westinghouse Electric Corporation, Buffalo, New York.

Solid-state inverter systems maintain set fre-
quency with unexcelled accuracy. The one de-
scribed here also provides inherent service con-
tinuity and an output wave form with little
harmonic distortion.

Many process industries depend on adjustable-fre-
quency ac power for coordinated control of groups of sim-
ple and inexpensive ac motors over a wide speed range.
With the processes becoming increasingly complex and the
control requirements increasingly stringent, these in-
dustries have been looking for an adjustable-frequency
power supply that is simpler, more reliable, and more pre-
cise than the rotating frequency converters that have com-
monly been used.

In the production of man-made fibers, for example,
slight variations in motor speeds caused by line fluctua-
tions or load disturbances can spoil the product or cause it
to be downgraded. Variations only slightly greater can
break all the strands of yarn on a machine, causing several
hours of lost production. Even more serious, process ma-
terials may undergo irreversible chemical changes if the

1 DC BUS
AC PLANT RECTIFIER

SUPPLY

_———y

REGULATED DC

electrical system fails, resulting in very high loss due to
lost time and damaged equipment.

Reliable fixed-frequency inverters, with transistors or
controlled rectifiers as switching elements, were developed
some time ago for electronic applications. Improvements
in controlled rectifiers, such as large power-handling capa-
bility and extremely fast turn-on and turn-off time, then
stimulated much effort toward development of wide-range
adjustable-frequency inverters for motor drive systems.
The basic approach in most cases was to modify the con-
stant-frequency inverters that had been designed for elec-
tronic equipment.

However, a motor system is not at all like an electronic
load, so the initial marriage was not a good one. Most elec-
tronic loads are passive, while a motor load has a very real
and active counter emf. Furthermore, a motor invariably
operates with a lagging power factor, requiring the switch-
ing of large amounts of reactive current. To make matters
more difficult, loads can switch quickly from motoring
(demanding energy from the power source) to regenerating
(requiring the source to absorb energy). All of these factors
posed problems in building inverter drive systems.

Development engineers at the Aerospace Electrical
Division achieved a breakthrough in inverter technology
in 1961 with a system that provided harmonic neutraliza-

" ADJUSTABLE-FREQUENCY AC BUS

—— % 25...0

SYNCHRONOUS MOTORS

MASTER

POWER SUPPLY

A SINGLE-INVERTER SYSTEM operates from constant-
potential de power and supplies adjustable-frequency ac power to
the loads. If the loads are synchronous motors, all operate at

OSCILLATOR

exactly the same speed, and the speeds of all can be changed in
unison by changing frequency. The inverter’s output frequency
is controlled by a master oscillator.
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quire several groups of motors with independent speed control.
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the dec bus. The adjustable-frequency inverters can be operated
from a single dc power supply. A spare rectifier, spare inverter,
and emergency power supply can be included.
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SIX OR MORE IDENTICAL STAGES energized from a de
supply are used in the Accur/Con 200 power inverter system.
Each stage is a single-phase inverter producing a square-wave
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output. Each stage’s output wave is delayed by 30 degrees from
that of the preceding stage. The output of each stage is con-
nected to a transformer that has three secondary windings.

PHASE C

PHASE B

A THREE-PHASE WAVE IS PRODUCED by adding the out-
puts of the transformer secondaries. (a) Delaying the successive
outputs of the inverter stages as shown in Fig. 3 results in a series
of output voltages. (b) These voltages, transformed by the three
transformer secondaries in each stage, are combined by vector
addition to provide a three-phase output. Kach secondary winding

PHASE A

in a stage is connected in a different phase of the three-phase out-
put. (The windings are displaced here to illustrate their vector
relationships to each other.) (¢) The result is a balanced set of
three-phase voltages. Each phase’s voltage wave is a multistepped
wave approximating the ideal sine wave, with the major har-
monics cancelled by the transformer connections.




tion, an effect that will be described shortly. The system
appeared to offer great potential, so the General Control
Division set out to adapt the basic work to adjustable-
frequency inverters for the burgeoning process industries.
The design objectives included:

Precise frequency control with long-term stability;

Reliability, to avoid shutdown even with a component
failure;

Wide range of frequency control;

Simple voltage control to meet the requirements of
motors for constant volts per cps;

Output waveshape with minimum harmonic distortion;

Simple and reliable commutation, or switching, of the
controlled rectifiers under all conditions of operation;

Operation of several inverters from a single dc supply to
permit use of a single large rectifier for low unit cost;

Electrical isolation between power input and power out-
put and between inverters, for flexibility in safety
and grounding practices;

Ease of servicing, and simple trouble-shooting proce-
dures;

Flexibility of operation by manual control, remote con-
trol, automatic programming signals, or computer
commands;

High conversion efficiency and low operating cost;

Economical use of floor space.

The result is the Accur/Con 200 power inverter system
that is described in this article. First, however, consider
some ways in which inverter drive systems can be used in
industry.

Inverter Drive System Arrangements

Single-Inverler System—A system with a single ad-
justable-frequency power inverter is diagrammed in Fig. 1.
A simple unregulated rectifier provides constant-potential
dec power. The inverter switches the dc power to an ac out-
put at a frequency determined by the switching rate, which
is controlled by a separate master oscillator. Since the in-
verter is essentially a synchronous switch, it can switch
only at the rate determined by the master oscillator. This
master oscillator is isolated from the load and power sup-
ply, so it is not affected by load disturbances and power-
supply fluctuations.

The master oscillator is made precise by careful design
and by protection from temperature variations. Therefore,
the output frequency of the power inverter is also ex-
tremely constant, and all synchronous motors connected to
it operate at the same speed. The oscillator frequency is
adjusted to change inverter frequency and thereby change
motor speed.

No harm is done if the motors are overhauled by the
load and caused to regenerate power. The regenerated
power goes back smoothly through the inverter, which acts
as a rectifier in this direction. This energy must have a
place to go, however. With a single inverter supplied from
a single rectifier, some means such as a dynamic braking
resistor is provided to absorb the regenerated energy. Re-
generative control circuitry automatically connects the re-
sistor bank across the dc line during power feedback. It is
designed to make the most economical use of the resistor
bank by keeping it from bleeding power from the dc supply
under normal operating conditions.

Multi-Inverter Systems— For somie processes, several in-
verters can be operated advantageously from a single dc
bus as diagrammed in Fig. 2. Each group of motors is sup-
plied from its own inverter and master oscillator, so each
group can be controlled independently. An additional ad-
vantage is that a single large rectifier can be used for all
inverters in the plant, thereby reducing the unit cost of the
dc supply.

Also, a single stand-by power supply on the dc bus can
provide continuity of power during momentary ac power
interruptions. This stand-by source may be a station bat-
tery or motor-generator set. Without it, dc voltage would
be lost if ac power were interrupted momentarily. The ad-
justable-frequency voltages produced by the several inver-
ters would then decay rapidly, limited only by the energy-
storage capabilities of the circuit elements. (In general,
this is 5 to 10 cycles of 60-cycle power.) Restoration of ac
power could cause sufficient inrush current to blow all the
protective fuses in the inverters.

Another advantage of a multi-inverter system is that it
can utilize regenerated power. Suppose, for example, that
the motors of one section in Fig. 2, say a tension holdback
section, are overhauled by the load and caused to regen-
erate power. The power goes back through the inverter to
the dc bus, where it helps carry the load on the rectifier.

The Accur/Con 200 Inverter System

Design—The Accur/Con 200 system is an inverter com-
posed of a number of identical stages, typically six, con-
nected to a dc supply as shown in Fig. 3. Each stage is a
basic single-phase inverter, producing a square-wave sin-
gle-phase output voltage. The output of each stage is con-
nected directly to a single-phase transformer that has three
secondary windings.

The problem is to construct a balanced three-phase set
of voltages from the six single-phase outputs of the inverter
stages. This is accomplished partly by proper timing and
phasing of the switching signals applied to each power
stage. These signals are supplied by a logic system that
distributes the pulses from the master oscillator to cause
the silicon controlled rectifiers to conduct in the desired
sequence and for the proper length of time. For example,
if stage 1 is considered as a reference, then the logic signals
applied to stage 2 are delayed by 30 degrees, those applied
to stage 3 by 60 degrees, and so on. The result is a series
of output voltages (Fig. 4).

The rest of the solution lies in connecting the transfor-
mer secondaries in a manner that produces a harmonic-
neutralized three-phase output voltage.

The transformer for each stage has three secondary
windings with different turns ratios, chosen to provide a
large amount of harmenic cancellation.! Each of these
secondaries is connected in a different phase of the three-
phase output—one in phase 4, one in phase B, and one in
phase C. The three sets of secondary windings produce a
balanced three-phase output. Total three-phase capacity is
approximately six times the kva rating of a single stage.

Output Wave Shape and Harmonic Distorlion—Since any
static inverter is basically a synchronous switch, the wave
shape that is produced is a series of steps instead of a pure

1“Static Inverter with Neutralization of Harmonics,” A. Kernick, J. L. Roof,
T. M. Heinrich, AI EE Transactions, 61-891, 1962,
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sine wave. The difference between such a stepped wave and
a pure sine wave lies in the amount and kind of harmonic
distortion that is present in the inverter output. A simple
three-phase bridge inverter, for example, produces an out-
put wave form containing harmonics totalling 40 to 50 per-
cent distortion.

The Accur/Con inverter, because of its harmonic-neu-
tralizing transformer connections, has a total distortion of
approximately 15 percent with no filtering. More impor-
tant, the first uncancelled harmonic is the eleventh, which
is higher than most motor loads respond to. In fact, the
only uncancelled harmonics (H) are those expressed by the
simple formula:

= 2kN + 1,
where N = number of stagesand 2 = 1,2,3...

Thus, for a standard six-stage inverter, the only har-
monics present are the 11th, 13th, 23rd, 25th, 35th, 37th,
and so on.

The concern over harmonic distortion in wave shapes
is far from academic. For one thing, harmonic distortion
is useless energy and produces excessive motor heating.
Also, motor stability problems are caused by harmonic
distortion, especially by the lower harmonics. Filtering
reduces distortion, but its effectiveness is limited in sys-
tems that must operate at different frequencies. Elimina-
tion of harmonics, as in the Accur/Con 200 system, strikes
directly at the cause of the problem.

Conlinuity of Operation—Perhaps the most important
single requirement of a power inverter for the continuous-
process industries is continuity of operation. Loss of opera-
tion for only a few seconds can cause thousands of dollars
loss in critical processes. For this reason, a component
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failure must not cause the inverter system to shut down.

Ordinary inverter systems are basically three-phase
bridge inverters, arranged in different ways. In such in-
verters, failure of a single controlled rectifier, diode, or fuse
instantly causes single-phasing and immediate shutdown
under all normal load conditions.

The Accur/Con system is no! basically a three-phase
bridge inverter but rather a group of single-phase bridge
inverters with transformer interconnection to produce a
three-phase output. The significance of this, for reliability,
is that loss of one controlled rectifier, diode, or fuse causes
at worst the loss of one of the six stages. It doesn’l destroy
the three-phase oulpul, but merely increases distortion and
reduces the total system capacity. Therefore, the system
can be shut down in an orderly manner or the load trans-
ferred to a spare inverter.

Servicing is simple, since indicating lights immediately
tell which stage is in trouble. A straightforward checklist
of go or no-go points can then be checked to locate the
failed component.

Voltage Control—For successful adjustable-frequency
motor operation, power must be supplied at essentially
constant volts per cps. For example, a 220-volt 60-cps
motor must be operated at 330 volts for 90-cps use, at
110 volts for 30-cps use, and so on. The same principle is
true for transformers and other devices operating by mag-
netic induction.

Instead of speaking of volts per cps, the inverter de-
signer speaks of volt-seconds per cycle, which is dimen-
sionally the same. His reason is that volt-seconds are seen
graphically as the area under the voltage wave. Supplying
the motor requirements then is a matter of maintaining
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CONSTANT VOLT-SECONDS PER CYCLE are required l)y
motors and other electromagnetic loads. This kind of output is
achieved by pulse-width modulation. (a) In operation at 100 cps
and 300 volts, for example, the magnetic flux in a half cycle is 300
volts X 0.005 second, or 1.5 volt-seconds. (b) If only the frequency
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were changed to 50 cps, the flux in a half cycle would be increased
to 3 volt-seconds. (¢) Reducing pulse width restricts the flux at
50 cps to 1.5 volt-seconds per half cycle. Pulse width is controlled
by a logic circuit that automatically determines the proper pulse
turn-on and turn-off times.




this area constant, regardless of the frequency of the in-
verter output.

For example, operation at 100 cps and 30 cps is shown
in Fig. 5. The volt-second area of a half cycle at 100 cps
is 1.5. If only the frequency were changed to 50 cps, the
wave shape would be as shown in Fig. 5b, and the volt-
second area would be 3. This would be totally unsatisfac-
tory for magnetic devices. If, however, the wave form at
50 cps is made to look like that illustrated in Fig. Sc, then
the volt-second area is again 1.5 as required.

Such a wave shape is achieved by delaying the output
pulse turn-on and advancing the pulse turn-off, as directed
by the logic signals. A simple but effective logic circuit
makes this control an inherent characteristic of the inver-
ter, greatly simplifying precise voltage regulation. The
resulting pulse width is the same at all frequencies, assur-
ing optimum performance of motors, transformers, and
other devices supplied by the inverter.

Power and Frequency Ratings— Accur/Con 200 ratings
presently range from 25 kva through 1000 kva. The 100-
kva rating of the unit shown in the photograph is achieved
with medium-power controlled rectifiers. Larger power rat-
ings are produced by using more stages, by using a stage
with larger controlled rectifiers, or both.

The addition of stages has several advantages. Total
harmonic content is further reduced and the first uncan-
celled harmonic is made even higher. Perhaps more impor-
tant, the stages are interchangeable, so a single spare stage
can be used for several inverters.

The use of larger controlled rectifiers will require a dif-
ferent stage design because of thermal limitations. Pres-
ently, normal forced-air cooling over aluminum heat sinks

AN ACCUR/CON 200 power inverter with doors and safety
covers removed. The left cabinet section houses the main dc
power supply; the middle one, the master oscillator (top) and
logic section (center). The double séction at right contains the in-
verter stages, one of which has been removed. The unit shown
here has a rating of 100 kva continuous, with peak capacity of
150 kva for 10 seconds. The peak rating is necessary for motor
starting requirements.

is adequate. In the future, heat sinks for controlled recti-
fiers of higher power may be cooled by refrigerated air,
water jacketing, or other methods.

The unit shown in the photograph has a frequency range
of 90 to 15 cps. The range can be extended steplessly down
to three cps, but with higher harmonic content. This is an
extremely wide frequency range for inverters. Most other
types are limited to ranges of about two to one, and switch-
ing of capacitors or transformers must be used to extend
the range another two to one.

The wide range of stepless frequency adjustment has
many process advantages. Machines that require thread-
ing can be run at very low speeds, for example, and then
accelerated smoothly to normal production speed. Also,
starting at low frequency permits use of an inverter sized
strictly for running requirements. Inrush current due to
linestarting of ac motors at running frequency would re-
quire a much larger inverter.

Applications

Accur/Con inverter systems are by no means limited to
precision speed-control applications in the man-made fiber
industry. They are basically simple, static, highly reliable,
highly efficient, and highly flexible adjustable-frequency
systems, and they retain those characteristics regardless of
their use.

A few of the other drive applications possible are for
synchronized conveyors in assembly lines, automatic
warehousing systems, and similar operations; runout
tables in metalworking lines; plastic-film processing lines
(casting, coating, stretching, and other operations); paper
processing lines (coaters, slitters, smaller sectional ma-
chines, and other equipment); high-speed printing presses;
and programmed acceleration and speed control for
the electric powered vehicles that are used in modern
rapid-transit systems.

Even though an adjustable-frequency system is more
expensive than a single-motor adjustable-speed drive, in-
verters sometimes can be justified even for single motors.
Nuclear power plants, for example, have canned-rotor
pumps, with the drive motor located inside the coolant
loop where water flows directly through the airgap. Since
brushes, sliprings, and commutators are obviously unsuit-
able for this kind of service, adjustable-frequency power is
used to control the motor speed. Simple squirrel-cage
motors with adjustable-frequency control also solve haz-
ardous-atmosphere prablems, and they can operate at high
speeds that would make brushes impractical for continuous
service.

The first cost of inverters in systems requiring close
speed control is competitive with that of rotating conver-
sion equipment in most ratings. Installation cost is con-
siderably less, as is the floor space requirement. Energy
cost is substantially less because of the inverter’s high con-
version efficiency at all speeds and loads. Preventive main-
tenance consists only of such routines as cleaning air
filters and checking fans, and simple trouble-shooting tech-
niques make servicing fast and inexpensive. Investment
in spare parts is less, both in money and in storage space.
These advantages and the unmatched perform-  westinghouse
ance will bring static inverter systems into [NG“I[[H
greatly increased use in industry. Nov. 1963
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The Lightning Prestrike Theory

S. B. Griscom, Consulting Engineer, Electric Utility Engineering,
Westinghouse Electric Corporation, East Pittsburgh, Pennsylvania.

The prestrike theory, first introduced in 1958,
proposes a mechanism that accounts for the be-
havior of the lightning stroke. However, field
evidence is extremely difficult to obtain, and
the disappointingly small amount of data gath-
ered to date has not been sufficient to evaluate
the theory. Results of laboratory tests by other
investigators do tend to support the theory.

Electric power systems and equipment have a high
degree of immunity to damage or service interruptions
from lightning. This accomplishment is the result of con-
tinuing efforts in the collection of laboratory and field data
and in theoretical analysis. But, in spite of this effort,
some of the most fundamental aspects of lightning are still
unexplained, or at least controversial. For example, while
many theories have been advanced, the process by which
clouds become thunderclouds is not yet established; or,
after a cloud becomes a thundercloud, how a leader stroke
is launched; or, after a leader stroke is launched, by what
mechanism it advances toward earth.

The prestrike theory'? to be described is concerned
mostly with the last-named phenomenon and attempts to
explain the step-by-step advance of the leader stroke.

Dielectric Strength of Air

A good starting point for studying lightning is the
breakdown strength of air as obtained in laboratory tests,
shown in Fig. 1. The curve covers a tremendous range and
consequently omits details of some side effects. With uni-
form field electrodes (usually sphere gaps with a separation
less than half their diameter), the dielectric strength of air
varies from about 50 000 to 25 000 volts per cm over a 1-to-
1000 variation in electrode separation. Thus, with uniform

field electrodes, the dielectric strength of air is commonly
taken to be about 30 000 volts per cm. Uniform field elec-
trodes have shown little change in breakdown strength
with the rate of rise of the test voltage.

With collinear-rod electrodes, dielectric strength varies
from about 20000 to 6000 volts per cm for gap-length
ratios of 1 to 200, as also shown in Fig. 1. However, if the
customary square-cut rod gaps were tested down to ex-
tremely small separations, they would probably show
breakdown strengths of about those obtained with uniform
field electrodes (as indicated by the dashed curve to the
left of the full-line curve in Fig. 1).

Laboratory dielectric tests of air extend to gap lengths of
only 15 to 20 feet, whereas lightning strokes span 10 000
feet and more, not counting the zig-zag and oblique paths.
Cloud potentials are known to be in the range of 25 million
to 150 million volts.® Therefore, if the same measure of air
dielectric strength is used for lightning strokes as for
laboratory tests (the average obtained by dividing voltage
difference by gap length), an absurdly low value of 150
volts per cm is obtained. These circumstances—the dif-
ference between uniform field electrodes, collinear-rod
electrodes, and cloud-to-ground discharges—suggest the
possibility that the dielectric strength of air remains con-
stant, but that different phenomena or regimes are en-
countered as gap width and length are changed. These
regimes can be classified as follows:

Regime 1—Uniform field electrodes;

Regime 2—Nonuniform field electrodes with moderate

spacings;

Regime 3—Nonuniform field electrodes with extra long

spacings.

Actually, all of these regimes have been known for 30
years or more, but not so classified. For example, cloud-to-
ground discharges are known to be a series of spark steps
averaging about 70 feet in length (Schonland and others*),

*When a specific identification is not given here, Lhe work is identified in refer-
ences [ or 2.




1 100 000 r- I
| |
UNIFORM |FIELD I |
30 000 — ELECTRODIES 1 L
b3 L | |
g S~ COLLINEAR ROD ! I
& 3 ELECTRODES } lL
@ 10 000
= S | |
: = 5 15
T | ~ e MEDIAN
e w
O 3000 | = [\S
& ol o1\
& 2y el \
Wi
: {iih
> r 4
§ 1000 5 £l
~ <] |
< < ot
& ol < |
= 300 <1 2l
T
ol |
51 | 8l
100 =1 =1
0003 001 0.03 0.1 0.3 ) 3 10 30 100 300 1000 3000 10 000

LENGTH OF SPARK GAP—FEET

IMPULSE STRENGTH of air changes markedly for long spark gaps, suggesting a radical change in breakdown phenomena.

rather than a single continuous spark traversing the entire
gap from cloud to ground.

Space Charge and Plasma Channels

Further discussion of the breakdown phenomena will
require extensive use of two basic concepts—space charge
and plasma channel.

Space Charge—True space charge is most properly de-
fined as a gathering of electrons or protons in a vacuum. But
as used here, the term means a predominance of negative or
positive ions in air. In a typical electrified cloud cell, com-
paratively few molecules are charged despite the enormous
total energy. Uncharged air molecules outnumber charged
molecules by approximately ten million-billion to one.
Borrowing an artifice often used by physicists, if one air
molecule of a thundercloud is imagined to be the size of a
marble, the next nearest molecule is about four inches
away; but the distance between molecules bearing charges
of like sign is about 12 miles! This large relative spacing of
charged molecules probably explains why many electrified
clouds do not cause lightning strokes; and why it is difficult
to provoke lightning strokes from charged clouds by trail-
ing grounded wires from balloons or rockets. Therefore, for
present purposes, space charge is loosely defined as a
volume of air space wherein a small fraction of the mole-
cules are ionized at one dominant polarity. The dielectric
strength of such an air volume on a uniform field basis is
practically the same as ordinary air.

Plasma Channel—A plasma channel in air is well known
to electrical engineers as a spark or arc. This channel of
fairly good conductivity is made up of nonorbital electrons
and positive nuclei. In this discussion, plasma channels
result from intense local electric field gradients that forc-
ibly detach electrons from their atomic nuclei and acceler-
ate them to such high velocities that collisions with neutral
atoms eject additional electrons, thereby elongating and
heating the channel. Again, the definition is approximate,
to shorten the description of complicated phenomena.

VOLTAGE APPLIED TO POINT ELECTRODE

CURRENT OUT OF POINT ELECTRODE
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VOLTAGE-TIME CURVES (a) of applied voltage ABCD and
for impulse flashover A BCE of a point-to-plane air gap. (b) Cur-
rent-time curve M of carrent into the point electrode when no
flashover occurs, or (1o a different current scale) MNOPQ when a
flashover occurs at time tc.
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Laboratory Data on Flashover

The impulse flashover characteristic of spark gaps or
insulation is usually given by time-lag curves. An open-
circuit impulse voltage shaped like A BCD (Fig. 2a) is pro-
duced by a surge generator and applied to a rod-to-plane
gap. With large gap separations, a corona burst current will
be drawn by the point electrode from the surge generator,
whether the gap actually flashes over or not, provided the
electric field intensity at the point electrode exceeds the
30 000-volts-per-cm dielectric strength of air. Special tech-
niques are necessary to record this corona burst current,
such as those of Park and Cones (1956), and Stekolnikov
and Shkilev? (1962), since corona burst currents are weakly
luminous and difficult to photograph.

A typical corona burst current pip is shown at M, Fig.
2b. These pips have sometimes been described as prebreak-
down currents, or predischarge currents. However, gap
breakdown is not a requisite for such current pips, which
are principally due to the displacement or capacitive pro-
jection of charge into the gap space. The thermal or radiant
energy component in a corona burst current pip is ex-
tremely small, as evidenced by the extreme difficulty in
photographing them in the laboratory. A “predischarge
current’’ cannot exist because current must be the result of
charge movement. With special setups, corona bursts can
be photographed, even when the applied voltage is less
than 10 percent of that required for gap breakdown. The
volume enclosed in the photographic envelope of the im-
pulse corona burst contains space charge, and for impulse
voltages well below flashover, the charge will drift slowly
to the grounded plane.

Flashover conditions can also be described with Fig. 2.
In a so-called “critical” flashover, the voltage wave will be
as shown by A BCE. A corona burst occurs between 4 and
B (Fig. 2a) and results in a much larger pip at M (Fig. 2b)
than in the no-flashover case. True flashover starts at C, at
a time /c. Customary practice ignores the voltage at time
lc, and the flashover is designated by the crest voltage at
B, a time-lag of /¢, and gap separation s. This procedure
imputes a dielectric strength of Vg/s for air under the test
conditions. While useful for engineering purposes, this pro-
cedure tends to give an erroneous concept of the physical
nature of spark breakdown wherein, according to Fig. 1,
the dielectric strength of air appears to vary from 50 000 to

150 volts per cm, with 6000 volts per cm—the average,

minimum strength in laboratory tests—seemingly of espe-
cial significance.

Further shown in Fig. 2b are current pips N, O, P, and
finally an abrupt rise at Q to an eventual crest that is lim-
ited by the internal impedance of the surge generator. The
process that occurs between time zero and time /¢ is quite
complicated. Park and Cones suggested an explanation
that applies to part of the phenomena. The prestrike
theory outlines a complete mechanism that applies to the
long spark of lightning. Stekolnikov and Shkilevd have
presented the best photographic and current-time data
thus far available on long laboratory sparks, obtained by
simultaneous use of an image intensifier and a synchronized
optical shutter. They report a corona burst envelope radius
of about 100 cm, with 1700 kv applied. This indicates an
average gradient at the outermost parts of the corona en-
velope of 19 000 volts per cm. With this average gradient,

the maximum gradient could well be 30 000 volts per cm
or more. They also state, ‘. . . the negative (space) charge,
carried by the impulse corona and the stepped leader into
the gap, decreases the potential gradient in the vicinity of
the high-voltage electrode and impedes the development of
the leader from this electrode.” This is one of the elements
of the prestrike theory.

The Prestrike Theory

A pictograph of a lightning leader in one of its many
pauses in its descent from a thundercloud to ground is
shown in Fig. 3. If vastly reduced in size, Fig. 3 is the
corona burst just discussed in connection with laboratory
impulse tests of collinear-rod gaps or rod-to-plane gaps.
The leader core is a plasma channel extending from the
thundercloud to the leader core tip.

The condition represented by Fig. 3 is quasi-stable. The
electric field. intensity within most of the leader head is
quite low by virtue of the integrated effect of the surround-
ing space charge. The leader core tip is an exception, be-
cause it and its forked branches have small radii of curva-
ture. There will, therefore, be intermittent glow-type
corona discharges from the branches of the leader core tip
into the nearby space charge regions. These discharges are
self-limiting, and the total current is small, being the
corona loss current of the leader head as a whole. Any one
leader core branch is of small diameter and rapidly cools
and becomes nonconducting as it recedes toward the main
leader core.

Instability of the leader head comes about from condi-
tions on its irregular perimeter rather than near the leader
core. The calculated vertical component of electric field for
a smoothed outline of the leader head of Fig. 3 is shown in
Fig. Sc. The average gradient for the smoothed outline is
about 24 000 volts per cm, but gradients are much higher at
protruding irregularities and much lower in the valleys
between protuberances.

The stepping mechanism of the prestrike theory is illus-
trated in Fig. 4. Some details of the formation of the
lightning leader head cannot be covered here. Skilling and
Dykes, Park and Cones, and references 1 and 4 all present
data or arguments indicating that impulsive charges can be
projected into air space by a process that does not involve
bright photographic tracks or bridging of a gap by chan-
nels of high conductivity. These references may be con-
sulted for further information.

Only three protuberances are shown in the sequence of
Fig. 4; an actual lightning leader head is three-dimensional,
and many protuberances may progress simultaneously, but
at varying rates. In Fig. 4, protuberance O was arbitrarily
chosen to be the most active. The total time from Fig. 4a to
4e is about 50 microseconds according to Schonland and
his associates. A rough timetable of the stages of Fig. 4 is
given below:

Fig. Time (Microseconds)
4a 0
4b 35
4c 45
4d 49
4e S0

At the instant illustrated by Fig. 4e, the highly conduct-
ing leader core plasma channel is suddenly connected to the



good conductivity plasma channel developing from the
embryo leader head O. Previous to the junction of these
two plasma channels, the amplitude of current in each is
rather small; the junction results in a heavy pulse of cur-
rent in both channels and produces a sudden enlargement
of the new leader head of space charge at O. The current
pulse is estimated to have an average crest value of 12 000

TO CLOUD BASE
12 000 FEET

SMOOTHED OUTLINE
OF LEADER HEAD

TO EARTH
1000 FEET

LIGHTNING LEADER AND LEADER HEAD according to
prestrike theory are shown in this three-dimensional pictograph.

100 FEET

amperes. The pulse of current is drawn from the leader core
previously established, but since it had cooled in the 49-
microsecond time between Fig. 4a and 4d, a considerable
amount of energy is required to re-establish good conduc-
tivity, and the dissipation of this energy results in a sud-
den, momentary increase in temperature of the channel.
The channel extension to the new leader head (Fig. 4e) is

LEADER CORE
PLASMA CHANNEL

SMOOTHED QUTLINE
OF LEADER CORONA ENVELOPE

BRANCHES OF
LEADER CORE TIP

LEADER HEAD
(SPACE CHARGE)

The dots represent negatively charged air molecules and their
spacing is an approximate indication of distribution of charge.
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brilliantly luminous. The channel above the junction point
is progressively re-illuminated at an appreciable fraction of
the velocity of light. The zigs and zags of the path prior to
Fig. 4a (see Fig. Sa) are reproduced as the pulse of current
proceeds toward the cloud, progressively extracting charge
from the established channel and the cloud to support each
new extension.

Although the sequence shown in Fig. 4 primarily illus-
trates the step mechanism described in the prestrike
theory, another effect is also accounted for—the branching
or forking of lightning strokes. It is well known that except
for strokes to high objects, lightning branches always
diverge as earth is approached. Branching is readily ex-
plained by the stepping mechanism just described. Suppose
that protuberances N and P in Fig. 4a were larger than O.
Then plasma channels from those protuberances would
reach the leader core without much mutual interference
and would not need to do so simultaneously to produce a
branching pair of new steps. Thus, the prestrike theory
provides an explanation for this branching process, and
also explains why branches are apt to make rather obtuse
angles with each other.

The average concentration of charged molecules in the
leader head is greater than in the thundercloud by perhaps
8000 times per unit volume. Even so, in the expanded scale
described earlier, where a molecule is represented by a
marble, molecules of like electric sign would be nearly a
mile apart.

A system of plasma channels is shown withdrawing
charge from the cloud in Fig. 5a. The average current flow
is about 1000 amperes. The electric gradient within the
leader, shown in Fig. 5c, is quite low except near the ex-
tremities. This is why the prestrike theory predicts that
leader steps come by a process in which the breakdown of
air in a leader head progresses from its periphery to the
leader core, rather than from the leader core outward (as
proposed in other theories). Direct photography of the
natural lightning process has not yet been accomplished.
However, the work of Stekolnikov and Shkilev?® has shown
this process to be true for long laboratory sparks. Their
investigations have shown the formation of a corona burst
at a pointed cathode, followed by a period in which there
was virtually no luminosity and finally followed by a
luminous positive charge from the plate electrode (anode),
which traveled into the corona burst and eventually caused
electrical breakdown.

Stekolnikov’s tests show a mechanism similar to Fig. 4,
although he used metallic electrodes and spark distances
only 1/7 of the average step in natural lightning.

Field Testing a Theory

With a given physical theory, it should be possible to
devise proof tests. But lightning stroke measurements are
difficult because the stroke current or a replica thereof usu-
ally must be made to flow through the recording device.
The average incidence of lightning is thought to be about
10 strokes per square mile per year. Therefore, a given
instrument connected to a moderately high tower (say 100
feet) is extremely unlikely to get struck. Increasing tower
height increases the probability of getting struck, but a
higher tower is apt to change the character of the lightning
stroke current.

One requirement in a lightning-recording instrument is
the ability to record fast rates of change of current. Other
requirements are low instrument cost, low installation cost,
and reliability. A reasonable balance of these requirements
has been obtained in the kine-klydonograph.® About 80 of
these instruments have been installed on five electric power
systems for several years. The rate of data collection has
been disappointingly low, whether from an unusually low
incidence of lightning, or otherwise. The data obtained is
the joint property of all of the collaborating companies, and
since a joint publication has not been made, detailed re-
sults cannot be given here. However, it can be stated that
the lightning prestrike mechanism described has not been
contradicted.

One of the characteristics of the lightning stroke de-
scribed in reference 1 predicts a particularly high rate of
rise of current during the first component of the stroke.
The kine-klydonograph does not contain specific means to
identify the sequence of the components, but if a sufficient
number and variety of records are obtained, it is possible in
some instances to deduce which component occurred first.

Cathode-ray oscillographs permit the time sequences of
lightning stroke components to be determined, and at-
tempts have been made to use them on transmission line
towers for a good many years. So far as known, there have
been no satisfactory CRO records obtained for strokes to
low objects.

Installations of cathode-ray oscillographs to record
strokes to tall objects have been made and operated inter-
mittently during the last 25 years. They have important
advantages compared with near-ground-level installations.
They can yield as many as 50 stroke records per year. With
a single installation, it is feasible to use refined instruments,
and equipment can operate almost continuously.

Although much valuable information has been and is
being collected by high-spire cathode-ray oscillograph
installations, the applicability of this data to near-ground-
level conditions must be considered carefully. One ques-
tionable aspect is the time to crest of the first stroke of a
downwardly traveling leader. A high spire emits corona
due to the thundercloud, and this emission may occur for
several minutes prior to a stroke, and total a large fraction
of a coulomb. When a leader stroke approaches the high-
spire, the charge emission will be copious. Furthermore, in
the few milliseconds before the stroke, the low mobility of
the space charge will cause the spire to be closely sur-
rounded by the space charge. Therefore, when the leader
swerves toward the spire, it will first meet the space charge
cloud around the recording tower. There will be a period
during which the leader head space charge is neutralized or
dissipated by the space charge around the high spire. This
process is in space and results in a comparatively slow rate
of rise of current in the high-spire tower as measured by the
oscillograph.

A further effect that might cause a low rate of current
buildup in an initial stroke is the time required to build up
conductivity in the soil, if it should be dry or rocky, since
this requires the progressive propagation of spark paths in
the soil.

Neither of the above effects is present to significant de-
grees during subsequent discharges of multiple strokes, or
for strokes to transmission lines of moderate height.




STEPPING MECHANISM by which the quasi-stable leader
head gradually becomes unstable, and finally erupts and adds a
new extension or step to the previous leader core:

(a) The leader head is in quasi-stable form, with extra long
protuberances at IV, O, and P. (b) These protuberances have be-
come unstable due to ionization of air outside the protuberance
and the withdrawal of charge from the protuberance, caused by
plasma channels eating into the space charge and conductively
carrying it into the three embryo leader heads. (c) Additional
growth of the embryo leader heads. (d) A new situation is intro-

o

duced when the plasma channels supplying the rapidly enlarging
embryo leader O have merged with those previously feeding P;
space charge is withdrawn from P and fed down into O. (e) The
plasma channels feeding embryo leader head O have eaten their
way to the leader core. This electrical junction is probably as-
sisted by a sudden spurt of the original leader core toward the
boring plasma channels from O. This process adds a brilliantly
illuminated length of about 70 feet to the original leader from
cloud to earth. The lowest part of (e) becomes stage (a) in the
development of the next step.
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Lightning Stroke Current

In this abbreviated description of the prestrike theory,
the nature of the lightning leader stroke and the process
accounting for the step-by-step progress of the leader from
cloud to ground has been emphasized. The stepping
mechanism accounts for the lightning spark across a very
large air gap.

The lightning leader stroke removes electric charge from
a diffusely charged cloud and deposits it around the leader
core in the form of a corona envelope about 20 feet in
diameter, but dependent upon the cloud potential. The
process compresses the volumetric charge density by a
ratio of about 50 000 to 1 compared to the density within
the cloud. Consequently, when the leader head and then
the leader core strike earth, or a transmission line, large
currents can flow. The path of the leader stroke, with all its
zigs and zags and branches is re-illuminated with great
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LEADER STROKE (a) progresses step-by-step earthward from
thundercloud. Air space potential (b) calculated for a typical
leader head poised 1000 feet above earth. Vertical component of
electric gradient (c) calculated for this same leader head. Note that
the gradient is greatest external to the head and least near the tip
of the leader core.

brilliance, the effect starting at the struck point and travel-
ing upward toward the cloud.

From Schonland’s work, the column of intense lumi-
nosity and the neutralizing electric charge, called the
return siroke, is known to move upward at a velocity of
about 0.3 to 0.1 the velocity of light.

With this knowledge and deducible information on the
amount of space charge around the leader core, stroke
current can be calculated. For example, if a leader has a
charge of 200 microcoulombs per foot and a charge collec-
tion rate of 0.2 the velocity of light (0.2X984 feet per
microsecond), the current will be:

I=AQ/At
_ 200X 1076X0.2 X984
N 10—
=39 000 amperes

This particular value of current is somewhat above the
median value of lightning current as obtained by magnetic
link recorders, although there is some suspicion that these
statistics may be “loaded” with low-current readings re-
sulting from power-frequency fault currents rather than
lightning stroke currents.

Since the leader head is first to contact earth, and since it
carries a much greater charge per unit of length than the
leader, the prestrike theory concludes that a ‘“‘spike” of
current will precede the principal return stroke current
just calculated.

A New Theory

Natural lightning has been studied continuously since
the days of Benjamin Franklin. In this time, more than a
dozen theories have been proposed to explain its mecha-
nisms, most of which have since been disproved by experi-
ments or counter arguments.

At present, the prestrike theory is the only theory that
satisfactorily explains: 1) The zig-zag steps of the stroke
path; 2) the uniform pause of 50 microseconds between
each step in the leader stroke; 3) the average length of 70
feet for each zig-zag step; 4) the process by which branch-
ing or forking takes place; 5) the obtuse angles between
steps and between branches and the main stroke path; and
6) a correlation between Boys camera photographs and the
electrical processes of the stroke. The prestrike theory also
accounts for certain time-lag phenomena that occur during
the breakdown of air gaps subjected to impulse voltages.

The prestrike theory described here in a sim-  westingnhouse
plified manner is not yet established, but field  ENGINEER
testing is in progress toward that end. Nov. 1963
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Improvements in

Photovoltaic Energy Converters

K. S. Tarneja, Senior Engineer, and R. K. Riel, Manager, Special Products Engineering Department, Semiconductor Division,

Westinghouse Electric Cor poration, Youngwood, Pennsylvania.

Solar cells are practical devices for converting
radiant energy from the sun into useful electrical
energy, and constant improvement is making
these photovoltaic energy converters more effi-
cient and more reliable. One major development
is the large-area solar cell made from silicon
sheet material.

Photovoltaic energy converters, commonly called solar
cells, have been applied in terrestrial devices for many
years. More recently, they have come to be used in large
numbers as power supplies in earth satellites and other
space vehicles; in fact, almost everything that is shot into
space presently has its electric power supplied by solar
cell panels. This is because the sun’s energy is free in outer
space and, at present, the solar cell is the most efficient
device for converting this free solar radiation to useful
electric power.

The importance of efficient and reliable power supplies
in outer-space applications has added considerable impetus
to the development work being done on solar cells. The
main objectives have been improvement of the cells’ power
output, protection against radiation damage, and cost
reduction.

Most of the development effort in this country has been
in fabrication and design improvements in silicon semi-
conductor solar cells. The reasons are that the semicon-
ductor devices are more highly developed than other types
of photovoltaic energy converters, growth and fabrication
techniques are more advanced with silicon than with some
other semiconductor materials, and silicon is less expensive
than other semiconductor materials. Other approaches are

*The authors wish to acknowledge the work of H. A. Wehrli and S. N. Dermatis
in growing silicon sheet material for the large-area solar cells described in this
article, of M. S. Shaikh and V. A. Rossi in fabricating the cells, of R. D. Lamb
in making the efficiency measurements, and of P. F. Piltman for solar-cell
application studies. Much of the work described here was supported by the
U. S. Air Force Aeronautical Systems Division, Wright-Patterson Air Force
Base, Dayton, Ohio.

being investigated, however, including new materials such
as gallium arsenide and new designs such as large-area
thin-film cells. Perhaps the most advanced program is the
development by Westinghouse of large-area solar cells on
silicon sheet material* This approach will be described
after a brief explanation of what semiconductor solar cells
are and how they work.

Solar Cell Principles

Silicon is located in group IV of the periodic table of the
elements; in a theoretically perfect crystal, each atom’s
four valence electrons form covalent bonds with four
neighboring atoms. That is, the two electrons in each bond
are shared equally by two atoms. However, heat, light, or
an applied electric field can excite an electron from the
valence energy band to the conduction band, thus break-
ing a covalent bond. This removal of an electron from its
normal place in the crystal structure simultaneously leaves
an empty place, called a hole, in the structure. The process
is known as pair production, the “pair” being an electron
and a hole.

The electron is free to move about in the crystal. The
hole, too, can be thought of as free to move, since an
electron from an adjacent bond can move into it and thus
in effect cause the hole to move to the location formerly
occupied by that electron. Since the atom that gave up the
electron now has a net positive charge, the hole itself can
be thought of as a positive charge moving about in the
silicon crystal.

The single-crystal silicon used in semiconductor devices
is either N type or P type. It is made so by ‘“‘doping”’ —
introducing into the crystal a very small amount of another
element. N-type material is formed by doping with ele-
ments from group V of the periodic table, such as phos-
phorus. The atoms of these elements have five valence
electrons. Since only four valence electrons are needed for
the bonds with silicon atoms, one electron of each phos-
phorus atom in the crystal is free to move about. N-type
material thus has an excess of electrons in its crystal
structure.

P-type silicon is made by introducing an element from
group III of the periodic table, such as boron. The atoms
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of these elements have only three valence electrons, so
each one can bond itself to only three silicon atoms by
sharing electrons. The result is a deficiency of one electron
(a hole) in a bond between the boron atom and an adjacent
silicon atom. P-type material thus has an excess of holes.

In N-type material, the free electrons (most of them
produced by doping, a few by pair production) greatly
outnumber the holes (produced by pair production).
Therefore, the electrons are called majority carriers and
the holes minority carriers. In P-type material, the situa-
tion is reversed.

The basis of the semiconductor solar cell is the P-N
junction, a region in a single crystal of semiconductor ma-
terial at which a P-type layer and an N-type layer come
together. The starting material is a crystal wafer that was
doped while it was being grown to make it either P or N
type. One face of this wafer is exposed to a vaporized
dopant of the opposite type, which diffuses into the silicon
to a depth of about half a micron and in sufficient quantity
to overpower the original doping and change the material
to the opposite type. The result is a piece of silicon with a
P-N or N-P junction about half a micron below the surface
of one face.

A cell made by diffusing a P-type dopant into an N-type
silicon wafer is sketched in Fig. 1a. (This is the configura-
tion assumed in the discussion that follows.) A soldered
contact at the wafer’s base forms the negative contact,
and a grid structure soldered to the top surface is the posi-
tive contact.

The action of this cell when exposed to light is dia-
grammed in Fig. 1b. Light falling on the surface is ab-
sorbed rapidly as it penetrates the silicon. Part of this
absorbed radiant energy disrupts covalent atomic bonds
in the crystal, producing electrons and holes in pairs. For
silicon cells, this requires an energy of about 1.12 electron
volts, which excludes the usefulness of any radiation of
wave lengths longer than 1.2 microns.

The minority carriers of the hole-electron pairs wander
about in the region of their generation until they either
recombine with majority carriers or cross the junction. The
only useful carriers are those that go across the junction.
They cause the crystal to become biased, with the P-type
region positive and the N-type region negative. The bias
causes a useful current to flow when the two regions are
connected by a conductor. It also biases the junction in the
forward direction so that it carries current.

The conversion efficiency () of a solar cell is repre-
sented by the relationship:

_ Pmax

TAXN

where P . =maximum power delivered by the cell, in
milliwatts,

A =cell area, in square centimeters, and
N =solar energy density incident per second,
expressed as number of suns.

n

(On earth one “sun” is light intensity equal to 100
milliwatts per square centimeter, while in outer space
it is about 140 milliwatts per square centimeter.) Theo-
retically, a silicon solar cell should have a conversion
efficiency of about 21 percent, but a number of practical
limitations reduce the actual efficiency.! The main limita-

Solar Cell Relationships

The solar cell circuit is represented schematically
in the figure. I is generated current, I is current
flow through the junction, Rgy is shunt resistance
(the internal resistance of the N-type layer), Igy is
current flow in the shunt resistance, Rger is series
resistance (the internal resistance of the P-type
layer), Ry, is load resistance, and I is current flow
through the load.

The basic relationships that can be manipulated
in solar-cell design are represented by the following
equations:

I=Ic—1Io [expB(V+IRgu)—1]—V+IRger/Rsn
Voc=1/81nlg/Io

Ve=KT/Q In Ps/Px

ITsc=1Ig (1—Rger/Rsu)

Io=[QPx (Dp/7p) }+ QN p(Dn/7x) ¥ Xarea,

where Voc=open-circuit voltage

B=Q/AKT

I =generated current

Io=reverse saturation current

V =voltage developed acrass the load
Vy =built-in voltage

I gc =short-circuit current

Py, Pp=equilibrium density of holes in the N
region and the P region

Np=equilibrium density of electrons in the P
region

Dp, 7p=diffusion constant and lifetime of holes in
the N region

Dy, v =diffusion constant and lifetime of elec-
trons in the P region

Rser =series resistance

Rgu=effective shunt resistance.
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tions on the efficiency of the solar cell are reflection losses,
incomplete collection of the pairs of holes and electrons,
and series resistance losses.

Development

Much development effort has been aimed at finding ways
of collecting as many of the generated pairs as possible by
increasing the probability that they will diffuse across the
junction. One way of doing this is by chemical surface
treatment to remove surface damage caused by cutting
and lapping. Such damage tends to trap the minority car-
riers, increasing the probability of their recombination.
Another way is by making the diffused layer shallow so
that minority carriers generated in it do not have to travel
far to cross the junction.

The equations in Solar Cell Relationships, p. 180, suggest

1 a LIGHT

P-N JUNCTION

P-TYPE SILICON

POSITIVE

CONTACT
N-TYPE SILICON

NEGATIVE

B ¥ MICRON
CONTACT ~~_~" M

A SEMICONDUCTOR SOLAR CELL consists essentially of
a thin wafer of single-crystal semiconductor material with con-
tacts at top and bottom. (a) In this example, the silicon base
material is of N type, and a thin top layer of P type has been
formed by diffusion. () Light disrupts atomic bonds in the solar

other measures that can be taken to maximize conversion
efficiency. For one thing, use of high-lifetime material
results in high current production. (“Lifetime” is the
average time interval between generation and recombina-
tion of minority carriers; the longer it is, the better are the
chances of minority carriers surviving long enough to cross
the junction.) Lifetime is an inherent quality of a semi-
conductor material. It varies directly with the material’s
resistivity, so experimentation is employed to find optimum
compromises betweer: high lifetime and low resistivity.

Open-circuit voltage can be maximized by increasing
the built-in potential; that is, both sides of the cell should
be heavily doped.

Series resistance, which is the internal resistance of the
diffused layer in the cell, is reduced by using a diffusion
process that produces a high concentration of carriers at
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cell crystal to form pairs of holes and electrons. Some of the
holes in the N-type region and electrons in the P-type region
move across the junction. This creates a bias in the crystal that
produces a useful extermal current when the two regions are
connected by a conductor.

2a

THE FIRST SILICON-SHEET SOLAR CELLS (a) were pro-
duced on short lengths of the material. (b) Typical voltage-
current characteristics of one such cell. The intensity of the
tungsten light source used for the measurements was 80 milli-
watts per sq cm (0.8 sun). The largest rectangle that can be
inscribed under the curve determines the maximum power
delivered by the cell (85 milliwatts, for this one). With an active
area of 8.2 8q em, the cell’s conversion efficiency is 13 percent.
This efficiency is comparable to that of conventional cells.
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the surface of the material. It is also reduced by using grid
contacts instead of point contacts for the surface terminals.
Grid contacts consist of a metal bus bar and grid soldered
to the top surface of the cell, as shown in Fig. 1. The grids
reduce the distance that minority carriers have to travel
in the top layer to get to the contact. This offsets the re-
sistance-increasing effect of making the top layer very
shallow, a measure that we have seen is taken to maximize
the probability of minority carriers in the top layer dif-
fusing across the junction.

Additional improvement has been made in the silicon
solar cell by improving its spectral response to sunlight.
When a cell is placed in sunlight with the P-type layer
exposed, the output current comes from electrons and
holes generated within a diffusion length on both sides of
the junction. (“Diffusion length” is the average distance
minority carriers diffuse between generation and recom-
bination.) The long wave lengths of light penetrate more
deeply than do the short wave lengths. Consequently, the
long-wave-length part of the spectral response is due to
diffusion of holes in the N-type base material to the junc-

tion, where they are collected. The short-wave-length part
of the spectral response is due to collection of electrons
from the P-type region.

Unfortunately, the high temperature of the diffusion
process used to form the junction produces imperfections
in the crystal lattice and thereby lowers the lifetimes of
minority carriers in the P-type region. This reduces the
probability of carriers from that region reaching the junc-
tion. However, present-day techniques allow such close
control of diffusion that an extremely shallow diffusion
depth can be obtained—about half a micron. This allows
more carriers generated in the P-type region to reach the
junction, so the contribution from light in the short-wave-
length part of the spectrum is greater. This approach has
to be coupled with grid contacting and removal of the
surface defects.

Solar cells used in outer space are subjected to radiation,
which is most intense in the Van Allen belt and during
solar flares. The Van Allen belt consists of both protons
and electrons, while solar flares produce fluxes of protons
predominantly. Both types of radiation inflict damage that

THE GREAT INCREASE IN AREA gained by using silicon
sheet material (a) is illustrated by comparing one of the new
cells (bottom) with a conventional cell (top). The former mea-
sures 1 by 30 by 0.05 ¢m, while the latter measures only 1 by 2 by
0.05 em. This large area reduces material waste in cell fabrication
and also reduces the number of fabrication processes required.
(b) This experimental solar-cell panel is made from 12 large-area
cells, each measuring 1 by 30 by 0.05 cm. Use of large-area cells
requires far fewer connections than would be needed in a panel
made up of the conventional small cells. This improves reliability
and reduces weight and volume.
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tunnel diodes to key on and off in a push-pull, out-of-phase se-
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output of the secondary winding can be rectified by a full-wave
bridge, if desired, to change it back to dc power.



reduces conversion efficiency. The basic effect of radiation
damage is a decrease in a cell’s short-circuit current (cur-
rent obtainable with zero load) caused by reduction of the
lifetime in the base region.?

Radiation damage has been reduced by applying quartz
windows and organic films that shield the cells against
radiation. Also, solar cells fabricated by diffusing phos-
phorus into P-type silicon are more resistant to radiation
damage than the conventional P-N type.®

Thus, intensive research and development efforts have
greatly improved the silicon solar cell. Evaluations in test
facilities that simulate outer space show that cells of the
present design have a maximum conversion efficiency of
about 13 percent in outer space. Further efforts to increase
efficiency, reliability, and radiation resistance and to
reduce cost are in progress at several locations. The im-
mediate approach at Westinghouse to fulfill present re-
quirements, reduce cost, and improve reliability is to use
silicon sheet material.»56

Silicon-Sheet Solar Cells

The standard procedure in making silicon solar cells has
been to grow silicon single crystals about an inch in diam-
eter and then slice these bars into wafers 0.025 inch thick.
The wafers are diced into 1- by 2-cm blanks, which are
lapped to remove surface damage, cleaned, and etched.
The wafers are then diffused, contacts are applied, and the
cells are tested.

Silicon sheet material, on the other hand, is grown from
the melt as a single-crystal ribbon of the desired thickness.
Sawing, dicing, and lapping are not required, so the num-
ber of fabricating operations needed to produce a given
light-collecting area is greatly reduced. So is the amount
of material waste. Because the cells are much larger in
area than the conventional cells, far fewer connections are
required to produce a panel with a given power output;
this improves the panel’s reliability and reduces its weight
and volume.

Silicon sheet is material that has solidified, under con-
trolled conditions, between dendrites (long narrow crys-
tals). The key to sheet growth is a proper seed crystal.
This seed is inserted into the melt and a button allowed to
form on it. Two “wings” form on the button, and pulling
is then started. A dendrite grows on each wing, with the
space between the dendrites filled by silicon sheet. The
degree of supercooling and the pulling rate control the
thickness of the material. The dendrites on the edges con-
trol the width and also support the sheet.?

The length of the sheet that can be grown is limited
only by practical considerations such as available work
space. The sheet can be wound on a reel as it is formed, if
desired. The dendrites are removed from the two edges of
the sheet, and the material is then ready for fabrication
of solar cells.

Most present silicon-sheet solar cells are of the P-on-N
variety made by diffusing boron into N-type material.
Phosphorus diffusion into P-type material is also used.

The first cells made from sheet material were prepared
on small lengths of the sheet (Fig. 2). Typical conversion
efficiency was 13 percent. This is comparable to the
efficiency of conventional cells as determined by labora-
tory measurements with a standard tungsten light source.”

The principal improvement achieved with this develop-
ment is, of course, the tremendous increase in the area of
the cell. It is difficult to fully appreciate this improvement
until the two types are compared directly as in Fig. 3a.
The conventional cell’s active area is 1.8 sq cm, while the
silicon-sheet cell in this photograph has an active area of
25 sq cm. (The active area of a cell is somewhat smaller
than the actual area because the grid and bus bar cover
part of the surface.)

Conversion efficiency of the large-area cells is now nine
percent. Much higher efficiencies can be expected because
the cells’ open-circuit voltage is good (580 millivolts) and
their current output should be increased considerably by
improvements in diffusing and processing techniques.
Also, processing and fabricating costs should decrease as
manufacturing techniques are refined.

Experimental power-producing panels have been made
by assembling a number of the large-area silicon-sheet
solar cells (Fig. 3b).

Applications

Semiconductor solar cells are used in large numbers to
provide power in outer space. The cells are inherently low-
voltage devices, so for space (and many terrestrial) appli-
cations the first step in using their power output is raising
the voltage. The only known approach is to convert the dc
output to ac power and raise the voltage with a trans-
former. The power can then be rectified back to dc power,
if desired.

One way of accomplishing this energy conversion is
diagrammed in Fig. 4. With inputs of 150 to 170 millivolts,
this circuit has produced an output of 20 volts peak to zero,
or 40 volts peak to peak.

On earth, solar cells serve such uses as powering remote
telephone lines, police call boxes along the highways, radio
transmitters, and electronic navigation beacons. They
have also been used to power transistor radios and elec-
tric clocks and as photocells for various types of instru-
mentation. The cells can be used as the sensing elements
of tachometers, and they are also useful as temperature
sensors because their power output decreases as tempera-
ture increases. Many other uses will be economi-  Westinghouse
cally feasible as continued development and ENG‘N[EH
volume production decrease the cost of the cells.  Nov. 1963
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RESEARCH AND DEVELOPMENT

96-Kmc Millimeter Wave Maser

An operating 96-kilomegacycle (10%) millimeter wave
maser with a pump frequency of only 65 kmc was first
demonstrated in December 1961 at the Westinghouse Air
Arm Division.

The unit was built under contract to the Thermionics
Branch of the Air Force’s Electronic Technology Labora-
tory, Aeronautical Systems Division, Wright-Patterson
Air Force Base. This maser development is part of an in-
vestigation by the Thermionics Branch into the feasibility
and power limitations of high-frequency coherent micro-
wave amplifiers. This was the first time that microwave
amplification by maser principles had been achieved at
this high a microwave frequency, and also the first time
that low-frequency pumping had been achieved with so
large a ratio between signal and pump.

Pumping Frequency

A fundamental limitation of the conventional three-
level maser is the need for pumping power at a frequency
that must exceed the operating frequency. The reason for
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THREE-LEVEL MASER uses active atoms at three energy
levels. Energy level diagram is shown in (a). Pumping energy at

this can be shown by a brief review of maser operation.

By the rules of quantum theory, atoms can have only
certain definite paramagnetic-spin energy levels, as de-
termined by the spin configurations of the electrons in
the shell of the atom. Therefore, an atom can change
energy levels only by emitting or absorbing energy in
quantum amounts,

Eg—El=h‘D

where E; and E, are permitted energy levels, » is frequency
of the applied electromagnetic field, and % is Planck’s
conslant.

A typical three-level maser employs active atoms with
three energy levels, as shown in Fig. 1. Normally, most
of the atoms will be in the lowest energy (ground) state.
To achieve populalion inversion, necessary for maser op-
eration, atoms must be “pumped” to a higher (excited)
energy state by applying an electromagnetic field of
frequency:

vy = (Es — E))/h,

CAVITY RESONATOR
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frequency vy is applied to produce population inversion in cavity
(b), so that input signal at frequency vg is amplified.




SPACED-COIL SOLENOID is 3.75 inches long, has a 2.5-inch
inside diameter and a 4.5-inch outside diameter. The iron-doped
rutile maser with its orienting mechanism can be seen inside the
superconducting solenoid.

where 7, is the pumping frequency. The atoms fall back
to a lower energy level, E,, giving up excess energy, usually
in the form of heat. If pumping is sufficient to produce
population inversion of level E; over E;, an electromag-
netic signal field of the proper frequency,

ve = (B2 — En)/h,

will cause more atoms to release energy than to absorb
energy, and the signal field is amplified (hence the name
MASER —Microwave Amplification by Stimulated Emis-
sion of Radiation). Since (E; — E,) is always greater than
(E; — E,), pumping frequency v, must always be higher
than signal frequency ve. Therefore, the maximum operat-
ing frequency of such an amplifier is limited by the avail-
ability of high-frequency microwave oscillators.

The first specific proposal for a method of pumping at
lower frequency than the signal frequency was made by
the Westinghouse Research Laboratories; this instigated
further development work at the Air Arm Division, and
resulted in the 96-kmc maser, developed by W. E. Hughes.
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FIVE-LEVEL MASER has energy levels arranged so that pump-
ing frequency vp produces a population inversion of Es over E;.

ENERGY LEVELS of Fe®*" in TiO; are a function of magnetic
field. The crystal is positioned so that it is on a paramagnetic
resonance at both signal and pump frequencies.!

s Wa |

In this new maser, five paramagnetic-spin energy levels
are employed to obtain inversion. Pump frequency is con-
siderably lower than signal frequency, so that the operat-
ing frequency is no lenger so restricted by pump source
availability.

Operation of the five-level maser is demonstrated in
Fig. 2. Atoms are pumped from the lowest to the highest
energy level in two equal steps, E; to E;, and F; to Es.
Since these are equal-energy transitions, pumping can be
accomplished with a single pumping frequency. To assist
in obtaining the desired population inversion of Es over
E,, atoms are also pumped from E, to E,, a transition
which is again made equal to the other pumping tran-
sitions so that the same pumping frequency can be used.
If signal energy is now applied

Vs = (E5 - E‘l)/hv

amplification can be obtained for a signal frequency
higher than pumping frequency.
Obviously, the key to successful operation of such a
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MASER OPERATION has been demonstrated on this two-frequency (65- and 96-kilomegacycle) millimeter wave spectrometer.

five-level maser is the arrangement of the energy levels
(Es — Ey = Es — E3; = E; — E;) so that a single pump-
ing frequency can pump three transitions simultaneously.
This is accomplished by controlling another parameter, a
magnetic field that surrounds the maser crystal. This field
is used to control the paramagnetic spin energy levels of
the maser material.

In the maser demonstrated, the material is the iron ion
Fe#, in a host of TiO; (rutile). The energy levels of this
maser material, plotted as a function of magnetic field for
a particular orientation® of the crystal, are shown in Fig. 3.
For the crystal orientation selected, a field of 7350 gauss
produces the desired equal-energy transitions for a pump-
ing frequency of 65.2 kmc.

Superconducting Solenoid

A low-temperature environment is required for low
noise level maser operation; high-field uniformity is re-
quired to obtain maximum gain and bandwidth. Both of
these requirements can be satisfied by the recently devel-
oped superconducting solenoid. The niobium-zirconium
superconducting solenoid used in this maser system was
designed and built by Westinghouse Cryogenic Systems
and produces an 8000-gauss field with a field homogeneity
of 2 parts in 10 000. The solenoid consists of a pair of coils
as shown in the photograph. The spacing between the coil
pairs provides radial access to the magnetic field. The
solenoid weighs approximately five pounds and is equipped
with a persistent-current switch for operation in the per-
sistent-current mode. During this mode of operation, the
superconducting solenoid does not require any external
power since the niobium-zirconium wire has zero resistance
at liquid helium temperature. In contrast, a conventional

1“Maser Operation at 96 Kmc with Pump at 65 Kmc,” W. E. Hughes
Proceedings of the IRE, Vol. 50, No. 7, July 1962.

8000-gauss electromagnet would weigh approximately 1200
pounds and would require a continuous power input of
three kilowatts.

The resonant cavity consists ef a single crystal of iron-
doped rutile, 0.05 inches in diameter and 0.049 inches
long. Because of the high dielectric constant and low loss
tangent of rutile, the material itself can be used as the
resonant cavity. Both the cavity and the superconducting
solenoid are immersed in a liquid helium bath at a temper-
ature of 4.2 degrees K.

At least 10 db amplification has been demonstrated
with the 96-kmc maser. Continued development is ex-
pected to yield higher gain with noise figures of less than
2 db—a 16 to 18 db noise figure improvement over existing
conventional receiver techniques.

Millimeter Wave Radar

The new maser system is not presently ready for oper-
ational use, since hardware development is needed before
it can be put into actual equipment. However, maser
operation has been demonstrated in a two-frequency (65-
and 96-kmc) spectrometer, shown diagrammatically in
Fig. 4.

One example of the possible advantages of extremely
high signal frequencies now made possible is in the field
of doppler radar. Here, higher frequencies can provide a
considerable improvement in the detection of slow-moving
objects. For example, with 10-kmc radar frequencies, a
target must be moving at about 33 knots to provide a
doppler-frequency shift of 1 kc; however, if radar fre-
quency is raised from 10 kmc to 100 kmc, the target need
only be moving at 3.3 knots to provide the 1-kc doppler
frequency. Other possible applications for the  wesingnouse
new millimeter wave maser are in radiometry  ENGINEER
and space communications. Nov. 1963




A Selective Load Shedding System

G. D. Rockefeller, Relay-Instrument Division,
Westinghouse Electric Corporation, Newark, New Jersey.

This selective load shedding relay system pre-
selects expendable feeders for tripping should a
tie line or generator be lost, so that proper
balance is maintained between remaining local
system capacity and remaining loads.

Industrial, municipal, and small utility power systems
often depend on a larger electric utility to supply a high
percentage of their load. Power is usually supplied to the
smaller system over a single transmission line. If this tie
line is lost, the smaller system cannot generate sufficient
power to carry its full load. In the past, overload on local
generation has been prevented by applying underfrequen-
cy relays to trip preselected feeders. However, this method
is not completely satisfactory because during heavy load
periods, insufficient load may be tripped; and during light-
er load periods, too much load may be tripped.

To overcome these shortcomings, a more selective load-
shedding system has been developed. This new relay sys-
tem (Type SLS) monitors all sources of power and ex-
pendable loads, and automatically selects the proper feeder
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loads to drop if the remote supply is lost. Shedding is in-
stantaneous when an overload occurs. Immediate action
prevents the loss of local generation and avoids costly
service interruptions to the more important loads.

SLS System Logic

A simplified logic diagram of the monitoring procedure
used by the SLS relay system is shown in Fig. 1. Basically,
the procedure consists of continuously adjusting load to be
dropped so that power required from the remote source in
excess of the load selected for shedding is balanced by
excess local capacity.

Excess local capacity is found by comparing local gen-
erated power with rated local generation capacity; the dif-
ference is the excess generation capability. Boiler capacity
must also be considered, since boilers in industrial systems
usually supply steam to both plant processes and steam
turbines. Therefore, the boiler’s ability to pick up addi-
tional load is also a limiting factor, and the lesser of the two
—additional generator or boiler cipability—determines
how much additional load the local system can pick up if
remote power is lost.

Power requirements of the local system in excess of load
selected for dropping is found by comparing incoming
power with load selected for shedding. The difference must

MINIMUM SELECTOR

POWER \ e /
~ GENERATION
CAPACITY

EXCESS BOILER CAPACITY

RATED LOCAL
GENERATION CAPABILITY
POWER

EXCESS LOCAL CAPACITY

EXCESS OF REMOTE POWER

SUPPLIED FROM
REMOTE SOURCE

LOGIC DIAGRAM of the selective load shedding system demon-
strates the monitoring procedure that is used by the system for
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POWER SUPPLY IS LOST BE SELECTED FOR DROPPING
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e

determining how many expendable loads should be selected for
dropping in case of a tie-line outage.
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equal excess local capacity. If excess local capacity is in-
sufficient to handle excess power requirements, more load
must be selected for dropping; if excess local capacity
exceeds excess power requirements, load selected for drop-
ping can be reduced.

SLS relay system operation is accomplished with three
major components: (1) Sensing circuitry, which includes
watt transducers, potentiometers, and a minimum voltage
selector, provides “raise” and “lower” signals; (2) the SLS
relay acts upon reception of raise or lower signals to select
feeders to be dropped; (3) protective relays initiate instan-
taneous tripping of the selected feeders when tie-line power
is lost. A typical power system shown in Fig. 2 illustrates
the application of the SLS relay system.

Sensing Circuits

Sensing circuits compare the various analog signals (pro-
portional to power flaws) to determine whether a raise or
lower signal is transmitted to the SLS relay amplifier. Gen-
erator and boiler capabilities are set on potentiometers.
Generator potentiometers (one for each generator) are ad-
justed so that the total signal is proportional to the total
megawatt rating of generators on the line; the difference
between this signal and the generator load measured by
watt transducers provides an analog signal proportional
to the additional load that the generators can pick up.

The boiler potentiometer is set for the boiler’s capacity
to immediately pick up additional load. The lower of the
two quantities—additional load that the generators can
pick up, or additional load that the boiler can handle—
becomes the additional load capability of local generation,
should the tie to the remote power supply be lost.

At the final adder, this additional load capability signal
is compared with a signal proportional to the difference
between incoming tie line power and feeder loads selected
for dropping. (Only selected feeder transducers are ener-
gized to provide a signal.)

If additional load capability is less than tie-line excess
power, a raise signal is sent to the SLS relay, causing it to
select an additional feeder to trip; the selected feeder’s
transducer is simultaneously energized, which increases
the selected feeder circuit signal, and reduces the excess
tie-line power signal applied to the final adder. If this ac-
tion balances the inputs to the final adder, no additional
feeders are set to trip.

If tie-line flow is reduced by a reduction in feeder loads,
inputs to the final adder become unbalanced; the genera-
tion capability signal is now greater, causing the final
adder to send a lower signal to the SLS relay. The relay in
turn drops out the trip circuit of the last feeder to be picked
up for shedding. This feeder’s transducer is de-energized,
causing the tie-line excess power signal to increase. If the
increase is sufficient to balance the final adder, no further
raise or lower signal is sent to the SLS relay.

SLS Relay

The order in which feeders are selected to trip by the SLS
relay is preset by means of pushbuttons on a priority se-
lector switch (Fig. 3). The SLS amplifier measures the error
signal from the final adder circuitry. The relay increases or
decreases the feeder circuits to be dropped in the desired
sequence until the final adder circuitry is balanced. The

SLS relay sets a feeder for shedding by closing a series
contact in the feeder breaker trip circuit (Fig. 2). If a
protective relay then energizes the lockout relay, the series
contacts in the feeder breaker trip circuit controlled by
the lockout relay are closed, but only those feeders that
have been preselected to trip by the SLS relay are tripped.

A situation may arise where the utility tie line is supply-
ing more power than local generators can pick up even if
all feeders under control of the SLS system are set to be
shed. In this case the SLS relay activates an annunciator
to warn the operator so that he can take appropriate steps,
such as starting up arother local generator or preparing a
feeder that is not programmed in the selective load shed-
ding system for tripping.

Protective Relay Trip Circuits

The tripping signal to the lockout relay comes from out-
side the SLS relay system. The signal can be provided
through underfrequency or reverse-power relays monitor-
ing the tie line. Or if desired, the signal can be provided
through auxiliary contacts on the tie breaker.

A typical group of protective relays used to initiate trip-
ping of the tie-line circuit breaker are shown in Fig. 2.
Any of these protective relays will not only trip the tie-line
breaker but will also energize the lockout relay.

If the tie-line breaker does not trip but the tie line is
de-energized by breakers on the remote utility system, the
reverse-power relay and the underfrequency relay will trip
the local tie-line breaker and the lockout relay. Also, if the
tie-line breaker should be tripped mfanually in error or in-
tentionally, a breaker auxiliary switch contact will energize
the lockout relay.

Generator Outage Safeguard

The SLS relay system can remain in service after the
utility tie line has been opened to protect against the loss
of the largest generator. A generator outage safeguard po-
tentiometer is switched into the sensing circuitry to replace
the function of the tie-line watt transducer. This potenti-
ometer is set for the name-plate rating of the largest gener-
ator in service, so that feeders are programmed to shed suf-
ficient load upon loss of this generator.

Conclusions

An accurate and instantaneous method for shedding
loads on both large and small utility systems is needed.
The problem for the large utility is more complex because
of the distances between loads to be shed and generation
sources. If a large system is overloaded, underfrequency
relays selectively shed loads, determined by how much
the frequency drops. On smaller systems, such as in-
dustrial plants or municipal utilities] the location of loads
near generation facilities eases the ptoblem. Feeder loads,
generation, and tie-line power can be easily measured, and
this information sent to a central location for analysis by
the SLS relay system. Where measurement points are re-
mote, inputs may be obtained through telemetering re-
ceivers. If breaker locations are remote, transfer-trip func-
tions can be used over pilot channels. With the use of
telemetering and transfer-trip schemes, the op-  wesinghouse
erating principles of the SLS relay may also be  ENGINEER
applicable to larger electric utility systems. Nov. 1963
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Technology in Progress

Test Method Checks Brazed Joints
In Electrical Conductors

Brazing is a widely used method for joining electrical
conductors, but until recently there has been no simple and
convenient way of accurately determining the quality of a
brazed joint. Now, however, a convenient shop method has
been devised for nondestructive testing.

An ac voltage is applied to the brazed conductor through
two sets of probes. One set bridges the brazed joint; the
other set spans an equal distance on the conductor itself.
The voltage drops across the pairs are differentially com-
pared, and a meter indicates the net difference. The
equipment can be made small enough to be carried easily,
so the technique is suitable for many quality-control checks.

The new method was devised by transformer engineers,
and they have determined experimentally what constitutes
a sound brazed joint. In hundreds of tests, the device has
been able to detect joints that were poorly bonded for a
variety of reasons, ranging from insufficient temperature
to too short a brazing time. Efforts to fool the machine by
offering it joints with deliberately concealed defects have
invariably failed.

The result of this experimentation is an easily used
method for checking the quality of brazed joints. Although
the measurements are electrical, the result is a good indica-
tion of the mechanical strength as well as the conductivity
of the joint. .

Fast Infrared Lenses
Designed by New Method

Infrared sensing and viewing systems have become in-
creasingly important for industrial, scientific, and military
applications. Such systems can ‘“‘see’” much that is not
directly visible by collecting the invisible heat waves ra-
diated by every object in the universe above the tempera-
ture of absolute zero.

A major technical problem has been provision of good
lenses for collecting and focusing infrared rays. Infrared
lenses have been limited by low speed, bulkiness, and poor
image quality. Now, to a large extent, these limitations
can be overcome by a lens design method that employs a
computer to optimize the design variables for a specific
lens system.

The method has been used to produce a compact, high-
speed, high-resolution infrared lens system. The new sys-
tem is rated at £/0.75, considerably faster than the typical
speed of f/1.5 for previous lenses. It is designed for imaging
of infrared radiation with wave lengths from 8 to 12 mi-
crons, the so-called far infrared part of the spectrum. This

range is of special interest because radiation in it can pass
through the earth’s atmosphere without being absorbed.
Consequently, it constitutes a window for such uses as in-
frared mapping of the earth’s surface by a satellite and
infrared communication with space vehicles.

The lens system has three elements. Two are made of
germanium, which is transparent to infrared. The third,
located between the other two, is made of a synthetic in-
organic material known as Irtran-2.

The lens system was designed by feeding its optical re-
quirements into an electronic computer that was pro-
grammed for optical design by a technique devised at
Massachusetts Institute of Technology. Essentially, the
computer program instructs the machine to vary the phys-
ical changes that can be made in a lens system—such as
lens curvatures and spacings—and compare the images
that would result with those that would be produced by an
ideal lens system. By this trial and comparison, conducted
at very high speed, the computer determines the lens struc-
ture that will have the best performance and the fewest
optical defects. .

70-Kmc Traveling-Wave Maser
Uses Superconducting Magnet

A traveling-wave maser has been built to operate at 70
kilomegacycles (10° cycles per second), a frequency twice
that of any previous traveling-wave maser. The maser’s
pumping frequency is 118 kilomegacycles, and gains of
more than 20 decibels at 10-megacycle band-width have
been achieved. The device will be used to study advanced
radiometers, radar, and communications equipment.

Temperatures approaching absolute zero are required for
high-frequency amplification with low noise, so the iron-
doped rutile (titanium dioxide) maser element is cooled by
liquid helium to 4.2 degrees K. This is in the temperature
range at which superconducting magnets operate, so such
a magnet is used to produce the applied field.

The niobium-zirconium superconducting magnet pro-
duces a 5000-gauss field having a deviation of less than one
gauss perpendicular to the 1.5-inch length of the maser
element. It weighs approximately three pounds and has a
switch for disconnecting the battery power supply to oper-
ate in the persistent mode. (In this mode of operation, the
magnet operates without any external power supply since
the wire has no resistance.)

The magnet was conservatively designed in that nearly
twice the required field can be obtained with useable uni-
formity. The same basic magnet can be extended in length
to accommodate rutile elements up to a foot long. The
magnet proper fits into a cylinder 3.5 inches in diameter.




THE CORONA INSPECTION METHOD detects hidden
defects such as this one (revealed by sectioning a structure of rub-
ber bonded to metal).

Since there is no resistance in the magnet wire at liquid-
helium temperature, there is no heat loss. This is a great
advantage in this application because the maser element
must be kept at very low temperature. While a conven-
tional electromagnet would require only about 20 watts
to produce the required field, the heat loss from even this
amount of power would be too great because it would cause
rapid loss of liquid helium. If a closed-cycle refrigeration
system were used to carry off the heat, the maser sys-
tem’s cost, size, and weight would be excessive.

Other advantages of nsing a superconducting magnet in-
clude substantial reduction in size and weight, high field
uniformity and intensity, and ability to disconnect the
battery power source. The magnet also provides tuning for
maser operation because its field can be varied. Once the
selected value is reached, the magnet can be operated in
the persistent mode. This assures high field stability and
also makes the unit portable.

The 70-kmc maser was developed for the U. S. Army
Electronic Research and Development Laboratory, Fort
Monmouth, New Jersey. .

Nondestructive Inspection Method
Employs Corona Measurement

Detection of corona discharges is a useful way of locat-
ing flaws in electrical insulation, and it has now been
adapted for nondestructive inspection of other materials.
The inspection method uses the principle that gas-filled
spaces in or adjacent to solid nonconducting materials
ionize when a high voltage stress is applied across the ma-
terial. The method can be applied to virtually any dielec-
tric material and any shape of object, provided the thick-
ness is not more than one to two inches in the region that
is to be tested.

Electrodes are applied to two sides of the object, and an
ac potential from a high-voltage transformer is connected
to the electrodes. The voltage is adjusted to the level re-
quired to ionize the gas in any voids in the material. Toniza-
tion of the gas in a void causes pulses of high-frequency
current in the high-voltage circuit. These pulses are am-
plified and measured by a detector circuit connected to the
high-voltage circuit.

The type of inspection desired determines the manner in
which the method is applied. If it is only necessary to de-
termine whether or not flaws are present, large-area elec-
trodes are used to test all, or a large part, of the object at
one time. If the location of flaws has to be determined, the
object is scanned with a small electrode.

The latter approach has been used successfully to locate
flaws in structures made of rubber bonded to metal. Two
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THIS 40-FOOT MOBILE CONVERTER is for the NEAR (Na-
tional Emergency Alarm Repeater) system being evaluated by
the Department of Defense, Office of Civil Defense. In operation,
the unit would superimpose a 210- or 270-cycle signal voltage on a
conventional utility distribution system. This would actuate fre-
quency-sensitive receivers plugged into home outlets.

The 50-kva unit includes high-voltage lightning arresters, fuses,

types of flaws were present—gas bubbles within the rubber
and lack of bonding between the rubber and metal inserts.
(See photograph.) The inspection process was automated
by programming the movement of the small scanning elec-
trode and by applying the signals from the detector circuit
to a recorder that mapped the location and size of defects.

The test method can be used with any nonconductor
capable of withstanding the required voltage stress. This
comprises most plastics, plastic laminates, rubbers, ceram-
ics, glasses, and glass-fiber filament-wound structures. The

Product:

SILICON DIODE ASSEMBLIES are
sized and rated to replace ignitron-
tube sections of industrial rectifi-
. ers. Advantages include simplicity,
higher efficiency, longer life. less
maintenance, smaller space and
cooling-water requirements. The
assembly includes diode current-
limiting fuses, balancing reactors,
neon indicating lamps, and over-
temperature thermosiats. West-
inghouse Rectifier Produci Line
Group, East Pitisburgh, Pa. 15112.

Two-SPEED  INDUSTRIAL  BRIVE
MOTOR (400 rpm and 3450 rpm)
can be reversed up to four times a
minute. It is manufactured on a
NEMA 56 frame ancd rated one-
half and one-quarter horsepower
at 230 volts single phase, 208 volts
polyphase. It can be belt connected
or directly connected to a machine,
eliminating the need for a speed-
change transmission. The Dual
Drive motor’s low-speed winding
is of permanent split-capacitor

breaker and coupling capacitors. 60-cycle shunt reactor and series
tuning reactor, rectifier transformer and necessary output filters,
and a 210- or 270-cycle inverter. Three lines connect the converter
to the high-voltage system. The unit was built by the Westing-
house Power Transformer Division, and field tests are under way
on the Columbia Water and Light Department’s system in
Columbia, Missouri.

objects can be flat or curved, smooth or rough. Both sides
of the material must be accessible to an electrode, which
can be a conducting liquid such as water on one or both
sides. If the material is bonded to a conducting metal, the
metal can serve as an electrode.

Voids as small as 0.001 inch across can be detected. The
sensitivity and the voltage level required vary with such
conditions as the dielectric constant of the material, the
size and shape of any voids present, and the gas pressure in

the voids.

s for Industry

design, which is especially suited
for frequent reversing. High-speed
winding is of capacitor-start type.
Westinghouse Small M otor Division,
Lima, Ohio 45801.

QUARTZ-CRYSTAL MICROBALANCE
measures evaporated, sputtered,
or chemically deposited films from
0.05 to 40 000 angstrom units
thick. withan accuracy better than
one percent. One of two crystals in
the unit is exposed to the deposi-
tion source, and the other pro-
tected. The exposed crystal’s fre-
quercy (which decreases in pro-
portion to the mass deposited on
it) is mixed with that from the
reference crystal, and the resulting
beat frequency represents film
thickness. The instrument can be
used while processing. Westing-
house Scientific Equipment Depari-
ment, Pilisburgh, Pa. 15235.

STATIC CONTACTORS for heavy-duty
industrial applications have logged

more than 8000000 operations
and 22 000 hours of uninterrupted
maintenance-free service in initial
installations. Controlled rectifiers
are the switching elements in these
Trinistrolcontactors. Ratings range
from 7.5 to 100 horsepower in var-
ious voltages and frequencies. Sig-
nals from computers, photo cells,
limit switches, and thermocouples
can be used to energize the con-
trolled-rectifier gates. Westinghouse
General Control Division, Buffalo,
N.Y. 14205.




C. G. Helmick has been a frequent
contributor of Westinghouse ENGINEER
articles on industrial drive and control
systems. He joined Westinghouse on the
graduate student course in 1951 and was
assigned to the general mill section, in-
dustrial engineering department (now the
Processing Province, Industrial Systems).
Most of his time is devoted to development
and application of drives and controls for
the chemical fiber industry.

Helmick earned his BSE in electrical
engineering at the University of Michigan
in 1950 and his MSE the following year.
He has since taken graduate work in busi-
ness administration at the University of
Pittsburgh.

Kenneth Lipman is a new writing team-
mate for Helmick, and a new author in the
ENGINEER. He came to Westinghouse in
1956 after experience in instrumentation
design with A. B. DuMont Laboratories
and the U. S. Bureau of Mines. He served
first in the director systems department,
where he designed proximity switches and
temperature control systems. Lipman
moved to the General Control Division in
1960 and there has worked on design and
test of firing circuits, static starters, dc
chopper converters, regulated dc power
supplies, and inverters. He is now a senior
design engineer in the static power equip-
ment product group, responsible for design
of variable-frequency inverters.

Lipman graduated from Carnegie In-
stitute of Technology in 1946 with a BS in
electrical engineering. He earned his MS in
electrical engineering in 1953 at the Univer-
sity of Pittsburgh.

Since joining Westinghouse on the Gradu-
ate Student Program in 1922, S. B. Griscom
has been associated with almost every phase
of electric utility engineering, and particu-
larly withhigh-voltagetransmission systems.

His first assignment was with the high-
voltage and impulse-voltage laboratories.
In 1924, he joined the general engineering
department, which is now the electric
utility engineering department. Here, Gris-
com has worked as a development engineer,
a sponsor engineer working directly with
electric utilities, and an advisory engineer
working on a variety of high-voltage trans-
mission projects. He is presently a Con-
sulting Engineer, and although his atten-
tion is now mostly centered on lightning
studies, he is often called on to help with
almostany problem that involves electricity.

Griscom’s participation in his field is
appropriately summarized by the AIEE
William M. Habirshaw Award, which he
received in 1961 for “. . . outstanding con-
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tributions to the development and applica-
tion of improved lightning and short-circuit
protection of electric power systems, and
high voltages for commercial and residential
area distribution.”

Griscom is a graduate of Cornell Univer-
sity with the degree of Electrical Engineer.

R. K. Riel is an oldtimer in the young
semiconductor technology. He started in
1948 with Eagle-Picher Company, where
his work included research in production
methods for germanium and silicon, studies
of the properties of semiconductor mate-
rials, preparation of cadmium-sulfide solar
cells, germanium-film gas detectors, and
silicon films for large-area solar cells. He
moved to Minneapolis-Honeywell in 1957
and participated in studies of horizontal
crystal growth, etch pits, and other in-
vestigations. Riel joined the Westinghouse
Semiconductor Division in 1959 and is
manager of the special products engineer-
ing department, a department that is con-
cerned primarily with the development of
improved solar cells.

Riel received his BA in mathematics at
Northeastern State College, Oklahoma, in
1948. He later did work in electrical en-
gineering and advanced mathematics at
the University of Arkansas and Kansas
State College of Pittsburg (Kansas). He is
a member of the American Physical Society
and the Electrochemical Society.

K. S. Tarneja earned his BSc degree in
physics at Delhi University, India, in 1952
and his BSc in mechanical engineering at
Benares Hindu University in 1956. He
worked as a mechanical engineer in India
and then came to the United States in 1957
to enter Carnegie Institute of Technology.
He received his MS in mechanical en-
gineering in 1958 and has since done gradu-
ate work in metallurgy. He will earn a
master’s degree in business administration
at Duquesne University late this year.

Tarneja joined the Westinghouse Semi-
conductor Division in 1959. He performs
research and development work on high-
efficiency solar cells, a field that has taken
him into the investigation of diffusion
problems and also into the design, fabrica-
tion, and testing of cells.

George D. Rockefeller graduated from
Lehigh University with a BSEE in 1948.
He joined the Westinghouse relay-instru-
ment division in 1951 after working for the
Metropolitan Edison Company. Presently
a General Engineer in the relay-instrument
division, Rockefeller has spent most of his
working time designing and applying pro-
tective relaying systems. Although this is

his first appearance in the ENGINEER, he
has authored some two dozen technical
papers and articles on the subject.

Rockefeller is a Senior Member of IEEE
and holds a Professional Engineer’s License
in New Jersey.

The description of the UK-2/S-52 In-
ternational Satellite Program in this issue
is provided by Emil W. Hymowitz, NASA
Project Manager for the program, and
Harold M. Watson, Project Manager for
Westinghouse activity in the program.

Hymowitz graduated from the University
of Maryland in 1950 with a BSEE. He
worked as a test equipment designer at the
Baltimore Signal Depot until 1951, when
he was transferred to the Naval Air Test
Center at Patuxent River. Here, as Project
Engineer and Unit Head, he conducted air-
borne equipment evaluation, primarily of
radar and countermeasures systems. In
1956, Hymowitz moved to the Navy De-
partment, Bureau of Aeronautics, where he
headed the Surveillance Section of the AEW
and Control Branch. He was responsible for
initiating and coordinating Navy research
and development efforts in the area of air-
borne early warning radar and counter-
countermeasures systems.

Hymowitz was appointed to his present
position of NASA Project Manager for the
UK-2/S-52 International Satellite Program
in March 1961. He has primary responsi-
bility for detailed project planning and ex-
ecution from project initiation until the
satellite has been launched and all available
experimental and engineering data have
been reported.

WaLon graduated from the University
of Colorado with a BSEE in 1943. He
joined Westinghouse, and went to work in
the Special Products Division and Central
Engineering Division. Assignments during
this period included developmental work on
steam turbine governors for shipboard use,
tie-line load regulators, a bomber sight,
wing vibration testing equipment, fire con-
trol computers, radar antenna drives, and
automatic pilots. In 1949, he was made
manager of the Electromechanical Section
and was responsible for a variety of electro-
mechanical projects and controls for aircraft
and missile applications. When the Air Arm
Division was formed in 1951, Watson be-
came manager of the Electromechanical
Techniques Section and continued to work
on aircraft and missile applications.

In 1958, Watson was made manager of
the Support Equipment and Instrument
Sections. Watson became Project Manager
for the UK-2/S-52 Satellite Project, his
present position, in 1962.
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Molecularized TV

prefey

This developmental television camera is
intended for such space applications as
lunar reconnaissance, satellite inspection,
or observation of orbiting astronauts or
equipment. The 27-ounce camera (without
lens) is seven and one-half inches long, two
inches wide, and three and one-quarter

inches deep. It requires 50 cubic inches of
space and four watts of power. The light
weight, small size, and low power require-
ments have been accomplished with the
help of molecular electronics, the concept
that integrates into tiny blocks of solid
materials functions ordinarily performed

with assemblies of electronic components.
There are 197 components in this molec-
ularized television camera, including 36
molecular electronic blocks; if conventional
circuitry and components were used in an
equivalent television camera, 582 individual
components would be required.






