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FOREWORD

of papers on a subject of rapidly increasing interest and import-

HN THIS ISSUE of the RCA Review there are published a number
ance—electrical energy conversion.

Tor many years our civilization has depended for most electrical
energy on power supplied by fossil fuel to a heat engine or, to a
lesser extent, on water power. In either case, the energy has come
from the sun through a fairly involved process, and the over-all
efficiency of conversion from solar to electrical energy is extremely
low. More fundamentally, the power received from the sun originates
in nuclear energy stored in the material of which the sun is con-
stituted.

Methods for producing electrical power have not changed materially
during the past half century. The steam engine, heated by fossil fuel
and driving a rotating generator, has been the backbone of our power
plants. During the past two deqades; ir'i'owe{zer, a number of techno-
logical strides have been made thi:ch can revolutionize the source of
our power, t}}e means of’.c.onv.e}ﬁting }:er-'the primary energy to
electricity, and the efficiency of utilization of this energy. As a result
of these advané_es, we can ‘now anticipate some rather radical innova-
tions; among the ‘more interesting of these are the following:

1. Nuclear energy derived directly from the materials making up
the earth can become our primary source of power, rather than the
nuclear energy which comes to us from the sun by radiation and which
is subsequently converted to fuel materials through an inefficient and
time-consuming process.

2. We can look forward to the time when nuclear energy will be
converted to electricity, directly and efficiently, without the interven-
tion of a heat engine.

3. Recent developments in thermoelectric, thermionice, and magneto-
hydrodynamic converters, now make possible direct electronic conver-
sion of heat to electrical power, with improvement in simplicity,
flexibility, possibly efficiency, and elimination of the mechanical
generator.
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4. In locations where the use of radiant energy from the sun is
practical, it will be possible to convert directly from solar to electrical
energy at an efficiency of greater than 15 per cent.

5. Batteries are envisioned in which a continuously renewed fuel
supply converts chemical energy directly to electrical power with an
efficiency of at least 80 per cent.

Each one of these power sources can have its part in our economy,
and one or more of them can revolutionize the whole power industry.

NUCLEAR ENERGY
ON SUN
RADIATION

EVAPORATION PRODUCTION OF
WATER POWER FOSSIL FUEL

HEAT ENERGY
MeCHaNICAL MECHANICAL

ELECTRICAL CONVERTER ELECTRICAL CONVERTER

Fig. 1—Conventional methods for converting solar energy into
useful power.

In each case electronics is basic to at least one stage in the conversion
process.

Figure 1 shows the steps which are generally used today in convert-
ing energy from the primary source, the sun, into electrical energy.
Parallel paths show alternate methods. Figures 2 and 3 show possible
steps in going from the primary source of energy to electrical energy
using some of the more recent developments. Any stage in which
electronics is basic to the operation is enclosed with a double line.
It is seen from Figure 1 that electronics is not required in the opera-
tion of conventional generators. In Figure 2, the primary source of
power is still nuclear energy from the materials making up the sun;
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NUCLEAR ENERGY

lRADlATION

[ I

SOLAR GELL
DIRECT CONVERSION

SOLAR TO
ELECTRICAL ENERGY

PRODUGCTION OF
FOSSIL FUEL

FUEL CELL
DIRECT CONVERSION
CHEMICAL TO
ELECTRICAL ENERGY

FOSSIL FUEL
HEAT

THERMIONIC - THERMOELECTRIC-
OR MAGNETOHYDRODYNAMIC CONVERTER
DIRECT CONVERSION OF HEAT TO
ELECTRICAL ENERGY

Fig. 2—New methods for harnessing solar energy.

in Figure 3, it is nuclear energy from materials on the earth. Specially
to be noted is the fact that double lines enclose at least one box in
each case.

Electronics grew because it was a necessity to communication,
sound and sight broadcasting, and many phases of military systems.
As an industry, it is growing faster than business in general, because
(a) activities which were the basis for its initial growth are still

NUCLEAR ENERGY OF
ELEMENTS ON EARTH

L |

DIRECT CONVERSION | |
NUGLEAR TO FUSION HEAT
ELECTRIGAL ENERGY |

FISSION HEAT

DIREGT CONVERSION
HEAT TO ELECTRICAL
ENERGY (SEE FIG. 2)

DIRECT CONVERSION
HEAT TO ELECTRICAL
ENERGY (SEE FIG.2)

Fig. 3—Methods for utilizing the nuclear energy contained in the earth.
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expanding; (b) its applications in the area of industrial controls,
automation, and data processing are increasing; and (¢) because of
the new technology of the electronics of solids. If, in time, the industry
we know reaches a plateau, the potential revolution in power conversion
may well give rise to another period of extraordinary growth.

RCA Laboratories IRVING WOLFF
Princeton, N. J. Vice President, Research, Retired



PLASMA SYNTHESIS AND ITS APPLICATION TO
THERMIONIC POWER CONVERSION*{

By

KARL G. HERNQVIST

RCA Laboratories,
Princeton, N. J.

Summary—The work described in this paper pertains to thermionic
energy converters (T.E.C.) in which the electron space charge 1is neu-
tralized by positive-ion injection into the interelectrode space. A movel
method of representing the votential energy diagram for the plasma is
described; this method facilitates the understanding of the interaction
between plasmas and solids. Based on this model, a detailed plasma
energy balance for different types of cathode materials is given.

Results of a theoretical analysis of the space-charge problem in a
cesium plasma type T.E.C. are described. The cases studied were for the
two simplest space-charge states corresponding to a single potential
maximum or a single potential minimum with an arbitrary applied poten-
tial between the electrodes. The different space-charge states that are
possible when ions and electrons are injected into the interelectrode space
are discussed.

Experimental studies of plasma synthesis are described where ions
and electrons originate at different sources. The experimental tube oper-
ating as an energy converter had a power output of about 0.55 w/em? ar
a cathode temperature of 1100°C.

INTRODUCTION

energy converter (T.E.C.) is that of overcoming the effect of
interelectrode space charge in hindering the flow of electrons
from the cathode to the anode. This problem of space-charge cancel-
lation is not unique to the thermionic energy converter, but is common
to high-current electron tube devices for rectification and switching
purposes. An excellent way of overcoming space-charge effects is to
introduce positive ions in a quantity sufficient to neutralize the
electronic space charge. The interelectrode space then becomes occu-
pied by electron—ion pairs, that is a plasma.
In conventional gas-discharge devices such as the thyratronm, the
plasma is generated by electron impact on neutral gas atoms. In
general, this method of plasma generation requires electrical energy,

@NE OF THE major problems associated with the thermionic

* This research was sponsored by Advanced Research Project Agency,
Department of Defense.

+ Manuscript received 18 October 1960.
7
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and is not very efficient because energy is lost in a large number of
collisions which do not lead to ionization. Although gas discharges
have been used to demonstrate the thermionic converter principle,!-2
the conversion efficiency was low because of the large fraction of the
precious electrical output used for ionization. A much more efficient
method of plasma generation, and one that is suitable for the ther-
mionic energy converter, is that of plasma synthesis. Here, ions and
electrons are generated separately and brought together to form a
plasma, in contrast to the method of direct electron—ion pair gen-
eration.

In the type of plasma synthesis discussed in this paper, the
electrons are thermionically emitted from the cathode. The ions are
generated by resonance ionization of cesium vapor at a hot, high-
work-function metal surface. Three cases of plasma synthesis suitable
for different cathodes (and heat source for temperatures) are dis-
cussed. In one case, both ions and electrons are generated at a
high-work-function surface. In another case, a multi-work-function
surface is considered where electrons and ions originate at different
points on the cathode surface. Thirdly, the case where electrons and
ions originate at separate sources is considered. Experimental results
for this last method of plasma synthesis are described.

In principle, it is possible by these methods of plasma synthesis
to assure charge neutrality and thus zero electric field throughout the
interelectrode space. For the case of interest for thermionic con-
verters, the gas pressure is low and thus particle collisions occur
mainly with the electrodes. In this case it can be shown that the
zero-field solution is, in general, unstable. Potential distributions
having a single potential minimum or a single potential maximum can
exist in steady state. Different space-charge states characterized by
specific potential distributions may exist in steady state depending
on the ratio of electron and ion injection rates. Results obtained from
an extensive space-charge analysis are described in this paper.

DETAILED PLASMA ENERGY BALANCE FOR THE THERMIONIC
ENERGY CONVERTER

The principle of operation of a T.E.C. where cesium ions for space-
charge neutralization are generated at the cathode surface have been

! L. Malter, E. O. Johnson, and W. M. Webster, “Studies of Externally
Heated Hot Cathode Ares, Part I — Modes of the Discharge,” RCA Review,
Vol. 12, p. 415, September, 1951.

2 G. Medicus and G. Wehner, “Noble Gas Hot Cathode Diodes with
Negative Are Drop,” Jour. Appl. Phys., Vol. 22, p. 1389, November, 1951.
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described in the literature3® For optimum performance, the ratio of
ion-to-electron emission from the cathode should be such as to maintain
charge neutrality (i.e., an equal number of ions and electrons per
unit volume) in the interelectrode space. This requires that the ratio
of ion-to-electron current density be approximately equal to the
square-root of the electron-to-ion. mass ratio, about 1/500 for cesium.
Secondly, the cathode-to-anode spacing of the T.E.C. should be less
than the mean free path for electrons in cesium vapor to minimize
the internal impedance.®? As discussed in detail in the section on
space-charge stability, the desired zero-field distribution for the poten-
tial in the interelectrode space is not stable. However, potential dis-
tributions having a single potential minimum or a single potential
maximum can exist in steady state. The plasma-like medium occupy-
ing the interelectrode space is then in the strictest sense of the word
not a true plasma, since electric fields are likely to be present through-
out most of the interelectrode space. However, in discussing the
interaction with the boundaries, a very good approximation can be
made by assuming that the interelectrode space is occupied by a
plasma. Furthermore, in discussing such boundary interaction prob-
lems, it is convenient to consider the plasma as a medium having a
bandgap energy equal to the ionization potential of the gas (3.89 volts
for cesium). Thus, in analogy with a semiconductor, we will be
concerned with the empty electron levels represented by the ions.
This represents a deviation from conventional plasma concepts and
proves to be extremely helpful in considering interaction between
plasmas and solids. The energy represented by the bandgap would
be lost from the system in the form of radiation if electron—ion
recombination took place; therefore, this energy must be accounted
for in all cases of plasma generation.

Figure 1 shows the potential-energy diagram for electrons in a
T.E.C. Complete space-charge neutralization is assumed in the inter-
electrode space. Since the diagram shown in Figure 1 represents the
potential energy as seen by the electrons, ions used for space-charge
neutralization are represented by empty energy levels for electrons,
as shown by the dotted line. If, for example, cesium ions are generated

3N. D. Morgulis and D. M. Marchuck, “Conversion of Thermal Energy
Into Electrical Energy by Means of Thermionic Emission,” Ukranian
Phys. J., Vol. 2, p. 359, 1957.

4 K. G. Hernqvist, M. Kanefsky, and F. H. Norman, “Thermionic
Energy Converter,” RCA Review, Vol. 19, p. 244, June, 1958.

5 . M. Grover, D. J. Roehling, E. W, Salmi, and R. W. Pidd, “Proper-
ties of a Thermoelectric Cell,” Jour. Appl. Phys., Vol. 29, p. 1611, Novem-
ber, 1958.

6 V. C. Wilson, “Conversion of Heat to Electricity by Termionic Emis-
sion,” Jour. Appl. Phys., Vol. 30, p. 475, April, 1959.
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VOLTAGE DROP
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_——— —'—LOAD=¢C-¢;

POTENTIAL LEVEL
REPRESENTED BY IONS

Fig. 1—Potential-energy diagram for electrons in a thermionic
energy converter.

at the high-work-function cathode due to resonance ionization, this
ionization or “bandgap” energy V, originates from the heat delivered
to the cathode, which raises the potential energy of the emitted elec-
trons. Part of V, namely ¢4, 1s lost for each electron—ion pair when
the electron is collected at the anode. The rest of the energy, V, — ¢ ,
is lost to the anode in an Auger de-ionization process for the ion.
Thus it is seen that in the case of cesium ions formed at a high-work-
function cathode surface, it is convenient to represent the ions by
their empty electron levels originating on an energy scale at a point
approximately (¢, — V,) away from the cathode Fermi level.

To improve the efficiency of the thermionic energy converter, it is
desirable to lower the cathode work function from the 3.9 volts
required for ionizing cesium at the cathode.t It would be desirable,
therefore, to have a patchy multi-work-function surface where areas
of high and low work functions are intimately intermixed. The high-
work-function areas (= 3.9-volt) would serve for ion generation, and
the low-work-function areas would yield improved electron emission.

The situation prevailing at a multi-work-function electron—ion
emitter is best understood if reference is made to the potential-energy
diagram shown in Figure 2. Here the potential distribution at two
adjacent cathode areas of different work function have been super-
imposed. The cathode Fermi levels for these two areas are, of course,
identical. Let the low-work-function areas have a work function @y,
and the high-work-function areas ¢,. As discussed above, the plasma
is represented by the electron level and the ion level (dashed line in

1

l:e-_'

W | aNODE FERMI
I\_}“r i LEVEL
‘ \\ [¢H—Vi vy _J
CATHODE ~~2__ o _ ¢ _ __
FERMI
LEVEL

Fig. 2—Potential-energy diagram for electrons assuming a
multi-work-function emitter.
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Figure 2). The plasma levels will adjust themselves with respect to
the cathode Fermi level, depending on the vapor pressure, in such a
way as to yield a retarding field for both electrens and ions emitted
from the cathode. This will yield an effective work function for the
cathode equal to ¢, + V;. The ions generated due to resonance ioniza-
tion at the high-work-function areas will appear outside the cathode
at a potential level ¢, — V; above the cathode Fermi level. The ions
will enter the plasma against the retarding potential V,. In this case,
therefore, the energy V, necessary for the creation of an electron—ion
pair originates from the heat delivered to the cathode (¢, + V; for
the electron and the remainder for the ions).
The electron current density may be writtent

—e(¢r + V)
jo = 120T > exp = 5 (1)
kT,
and the ion current density is
Ng(-i —eV,
Jp=¢ exp { } , (2)
4 kT,

where N, is the vapor density, ¢ is the average Maxwellian velocity
of the vapor, e is the electronic charge, and k& is Boltzmann’s constant.
For space-charge neutralization

Ip /e

e — i ’ (3)
e 1 my

where m, = electron mass and m,=ion mass. Furthermore, from
Figure 2,

Vi=Vi+ ¢+ Vo— (¢ — V),
or Vi+Vo=¢y—¢r. (4)

The vapor density is related to the pressure » (in mm of Hg) by

273
N,=28.56 X 1016 p —, (5)
Tg

where T, is the vapor temperature in °K.
Furthermore,
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) 1836 T,m,
¢=1.455 X 10 . (6)
mp

It is convenient to express Equations (1-6) in terms of the effective
electron work function:

1 kT, T 2T,
¢L+V1:—|:¢H+ In(5x10—4 :‘ N
2 e P

Thus it is seen that a reduction in effective work function and a
corresponding increase in the emitted current may be achieved by
raising the vapor pressure, p. A practical upper limit on p exists due
to the increase in the internal impedance of the converter. The
requirements for a multi-work-function emitter may be summarized
as follows:

(1) It must possess areas of low and high work functions
intimately intermixed to minimize local space-charge
effects.

(2) The high work function ¢, must be 3.9 volts or
higher.

(8) The emitter must have a long life at the operating
temperature.

It appears that a variety of electron emitters presently used may
fulfill some of these requirements. For instance the L-cathode and
thoriated tungsten would satisfy all except the life requirements.
Carbides such as uranium? and thorium?® carbide offer possibilities
of satisfying all the requirements.

For heat source temperatures in the range 1000 to 1300°C, cathode
work functions of the order of 2 volts are called for to obtain reason-
ably high efficiencies for the T.E.C. In this case, the use of a multi-
work-function surface would be impractical due to the high contact
fields existing between areas of low and high work function. One
way to overcome the effects of these contact fields would be to separate

“R. W. Pidd, G. M. Grover, D. J. Roehling, E. W, Salmi, J. D. Farr,
N. H. Krikorian, and W. G. Witteman, “Characteristics of UC, ZrC, and
(ZrC) (UC) as Thermionic Emitters,” Jour. Appl. Phys., Vol. 30, p. 1575,
(Cctober, 1959.

8R. Fox and W. Gust, “Thermionic Emission Characteristics of a
Thorium Carbide Heat Converter,” American Physical Society Bulletin,
Vol. 4, Series II, p. 322, June 18, 1959.
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out the different areas so that a bias voltage can be applied which
overcomes the effect of the contact fields. Of course, in practice this
implies introducing a third electrode whose sole purpose is that of
generating ions in the interelectrode space. This third electrode then
must be in thermal but not electrical contact with the cathode.

For the case when ions are generated due to resonance ionization
at this third high-work-function electrode, the corresponding poten-
tial-energy diagram for electrons is shown in Figure 8. The energy
to create an electron—ion pair for the plasma V, is here supplied partly
by the heat delivered to emit electrons from the cathode (¢.) and
partly (V;—¢,) by the bias voltage. The correct bias voltage called
for is ¢; — ¢,, where ¢; is the work function of the ion emitter.

i
éa
¢ it g
ATHODE
ANODE FERMI
FERMI z
LEVEL LEVEL

Vi
L
/“—7774777#—Lq};_vI o

ION- EMITTER
FERMI LEVEL

Fig. 3—Potential-energy diagram for a three-electrode thermionie
energy converter.

The power delivered by the bias supply is in the form of electricity,
of course, and must be taken from the electrical output of the T.E.C.
To preserve converter efficiency, this bias power must be small com-
pared to the converter output. For an ideal converter, the lifetime of
an ion is determined by its transit time in going through the inter-
electrode space. The transit time of an ion is then approximately
equal to \/m,/m, times the transit-time of an electron. Thus for
cesium, each ion allows the passage of about 500 electrons through
the interelectrode space. As an example, let the output voltage of the
converter be 0.5 volt, ¢, = 2 volts, and ¢, = 4 volts. In this case the
ratio of bias power to converter output power would be 0.016, which
is a sufficiently small quantity.

SPACE-CHARGE STABILITY OF THE THERMIONIC
ENERGY CONVERTER

Consider a plane-parallel converter diode where both ions and
electrons are emitted with Maxwellian velocity distribution from one
electrode and are collected by the other. If charged particles are
injected at such a rate as to give exact charge neutrality everywhere
in the interelectrode region, a zero-field solution is, in general, un-
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stable. A slight excess of electrons will depress the potential profile,
thus slowing down the electrons and accelerating the ions. The result
is an enhanced negative space charge. The cumulative action continues
until it is limited by the competing effect of electron reflection from
the potential minimum. The system may settle into a steady state
characterized by a potential distribution with a potential minimum
of finite depth. A similar argument holds if the positive space-charge
density is initially in slight excess; the steady state is then charae-
terized by a potential distribution with a maximum of finite height.
A comprehensive space-charge analysis has been carried out for
the plasma diode.® The analysis yields relations among the operating
parameters for the diode. These operating parameters are cathode-
to-anode spacing, electron current density, cathode temperature, and
the ratio 8 of the charge density of the injected ion current and the
injected electron current. In summary, the result of this analysis
shows that there are two different regimes of operating parameters.
For one regime steady-state solutions exist, characterized by having
a space-charge state with a potential maximum for 8>1 and a
potential minimum for an excess of electrons < 1. In the second
regime no steady-state solution exists. In general, this second range
of operating parameters encompasses those for which a-c oscillations
have been experimentally observed in the cesium plasma diode.s-10

In practice, the three-electrode T.E.C. may consist of an electron
emitter and an electron collector facing each other. The third elec-
trode, the ion emitter, may be placed between or in close proximity
to these electrodes. The charge flow then presents a two- or perhaps
three-dimensional space-charge problem. Since this becomes imprac-
tical to handle mathematically, a simplified model must be chosen for
analytical treatment. A model which should provide results which are
at least in qualitative agreement with experiment is the plane parallel
one, where electrons are emitted from one electrode and ions from
the other. This case is illustrated in Figure 4. As discussed above,
the zero-field solution is unstable. A single potential maximum (posi-
tive state) or a single potential minimum (negative state) is a
possible solution to the space-charge problem. In addition, a potential
distribution having a potential minimum in front of the electron
emitter and a potential maximum in front of the ion emitter (Z-state)

9 H. L. Garvin, W, B. Teutsch, and R. W. Pidd, “Generation of Alter-
nating Current in the Cesium Cell,” Jour. Appl. Phys., Vol. 31, p. 1508,
August, 1960.

1 F. M. Johnson, “Direct Conversion of Heat to Electromagnetic
Energy,” RCA Review, Vol. 22, p. 21, March, 1961.
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is a stable configuration in this case. Since, in general, the potential
tends to go negative outside the electron emitter (a potential minimum
will form very close to the cathode) and positive outside the ion
emitter, it appears that the Z-state is the one that would be naturally
established when the particles are injected. This state, however, is
associated with a very deep potential minimum close to the cathode
which prevents the electrons from reaching the collector (the ion
emitter in this simplified model). One way to pregenerate the right
kind of particle distribution in the interelectrode space is to initiate
a hot cathode arc discharge. Such a discharge generates a plasma in
the interelectrode space due to impact ionization of the vapor. Such
a plasma would satisfy the right starting conditions to avoid the
build-up of a space-charge distribution corresponding to the Z-state.

ELECTRON 10N
EMITTER EMITTER
m
POSITIVE
STATE
POTENTIAL

NEGATIVE
\ STATE

Ell é.2 63 4

DISTANCE B

n

Fig. 4—Possible potential distributions for diode having electron emitter
and ion emitter facing each other.

EXPERIMENTAL STUDIES OF PLASMA SYNTHESIS

To test the principle of plasma synthesis in which ions and elec-
trons are generated at separate electrodes, the tube shown in Figure
5 was built. The barium-impregnated cathode has a flat surface %4
inch in diameter. The anode is a nickel disc, about 0.4 inch in
diameter. The cathode-to-anode distance is about 0.1 inch. The ion
emitter is a tungsten ribbon, 0.040 inch wide and 0.001 inch thick,
suspended between the cathode and the anode, and it can be heated
separately.

The test circuit is shown in Figure 6. The cathode is heated by
a d-c supply. The ion emitter is heated by half-wave rectified 60-cycle
current3 Performance measurements are made during the ‘“off” part
of the cycle when there is no voltage gradient along the ion emitter.
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_~ ANODE
—-1ION-EMITTER
//’
—— | IMPREGNATED
DU CATHODE
L )
\ i |

Fig. 5—Experimental three-electrode thermionic energy converter.

The variable load is connected between the cathode and the anode, and
provisions are made for measuring the load current and voltage.

In order to be able to initiate a discharge in the converter, a short
(~ 1 microsecond) pulse is applied repeatedly to the ion emitter from
a pulse generator. The pulse generator is synchronized with the heat-
ing voltage of the ion emitter and the pulse occurs at the beginning
of the “off” part of the heating cycle. A stiff bias for the ion emitter
is provided by the variable d-c supply and rectifier. The rectifier
avoids shorting of the pulse applied to the ion emitter.

Figure 7 shows an actual oscillogram representing electron current
to the collector as a function of time. It is seen that the application
of the discharge pulse takes the system out of the Z-state and initiates
a space-charge distribution which is more like the positive or negative
state and thus allows the passage of a much larger current. It was
further found that current stability was greatly improved by intro-
ducing a longitudinal magnetic field of the order of 50-100 gausses.
The data reported here were taken with this magnetic field applied.

o

it OSCILLOSCOPE

=] C

OSCILLOSCOPE

INI764

PULSE
GENERATOR

= =

Fig. 6—Circuit diagram for thermioniq energy converter showing
connection of pulse generator for initiation of discharge.
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HEATER
CURRENT
FOR ION BlAS
EMITTER VOLTAGE
AMPS VOLTS
a) 3.3 1.8
COLLECTOR b) 3.3
CURRENT B
c) 3.1 2.3

TIME

Fig. 7—Oscillograms showing collector current as a function of time: (a)
inadequate bias voltage (Z-state has too short a lifetime) ; (b) proper bias
and ion-emitter temperature; (c) too low ion-emitter temperature.

To understand the full significance of the current-time diagram
shown in Figure 7, the time sequence of ion-emitter heater voltage,
bias voltage, and pulse voltage as well as collector current are sketched
in Figure 8. At time T, the ion-emitter heater voltage is on, bias
voltage is about 2 volts and the collector current is low (Z-state). At
time T, the heater voltage becomes zero, i.e., no voltage gradient exists
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Fig. 8—Heater voltage and bias voltage for ion emitter as well as collector
current as a function of time.
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along the ion-emitter filament. At time T3 the pulse voltage is applied
and a discharge is initiated in the converter. At time T, the pulse
voltage is zero and the discharge is extinguished. At this time, since
the Z-staté is not re-established, a large current passes through the
interelectrode space. At time T; the ion-emitter heater voltage is
again applied and a voltage gradient occurs along the ion emitter.
Consequently, the proper bias conditions are no longer satisfied for
some part of the ion emitter. As a result the system is forced into
the Z-state and the collector current becomes small.
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Fig. 9—Collector current versus bias voltage.

Figure 9 shows the effect of bias voltage on collector current.
Too low bias voltage results in a retarding field and an insufficient
supply of ions. If the bias voltage is too high, ions are accelerated
and thus pick up speed before entering the plasma. Moving faster,
their ability to neutralize the electronic space charge is diminished.
As indicated earlier, the proper bias voltage should be equal to
¢ — ¢.. For tungsten, ¢; = 4.5 volts, and for an impregnated cathode,
$.=2.2 volts. Thus ¢; —¢,=2.3, which is in good agreement with

the experiment.
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Figure 10 shows the effect of ion-emitter temperature, T;, on the
collector current. In general, the ion current increases with T,. Thus
at a certain temperature the ion supply is sufficient to maintain a
positive or negative space-charge state. Further increase of T, does

not appreciably improve the performance.
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Fig. 10—Collector current versus ion-emitter temperature.

Figure 11 shows the volt-ampere characteristic as well as the
corresponding relation between power output and output voltage.
The bias power was about 10 per cent of the maximum power output.
Although the tube was built to test the principle of plasma synthesis
and no attempts were made to optimize the geometry, it is seen that
the performance of the device as an energy converter is quite good.
Its performance is equal or perhaps slightly better than the best
results reported for the close-spaced diode in this temperature range.l!

CONCLUSIONS
A new method of overcoming space-charge effects in a thermionic
11 G. N. Hatsopoulos and J. Kaye, “Analysis and Experimental Re-

sults of a Diode Configuration of a Novel Thermoelectron Engine,” Proc.
LR.E., Vol. 46, p. 1574, September, 1958.
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Fig. 11—Collector current and power output versus voltage.

energy converter has been demonstrated. Here, a third electrode has
been introduced whose sole purpose is that of generating ions for
space-charge neutralization. This plasma triode does not require any
critical spacings and is suitable for the heat source temperature range
from 1000 to 1500°C. This temperature range has heretofore been
reserved for the close-spaced vacuum diode converter which is difficult
to fabricate because of the critical tolerances. Thus, although much
work still remains in geometry and materials optimization for the
plasma triode, no fundamental obstacle now exists in making an effi-
cient, rugged thermionic converter for this temperature range.



DIRECT CONVERSION OF HEAT TO
ELECTROMAGNETIC ENERGY*7Y

By

FRED M. JOHNSON

RCA Laboratories
Princeton, N. J.

Summary—The conversion of heat into electromagnetic energy 1is
achieved by utilizing the intrinsically unstable space-charge properties of
o thermionic cesium plasma diode. Experimental studies of this phenomenon
are described. A physical model for the observed relaxation oscillations is
proposed which is in qualitative agreement with ewperiments.

INTRODUCTION

NOVEL METHOD by means of which it has been possible to con-
A vert heat directly into electromagnetic energy is based upon
operating a thermionic plasma diode in a particular mode

of operation. The purpose of this paper is to describe this particular
mode of operation and to present some of the experimental results.
Under ordinary conditions, the cesium-vapor-filled thermionic
energy converter is a device which converts heat directly into d-c
electrical energy.! However, during the study of the performance of
these converters, it was discovered that under certain operating condi-
tions the output current is self-modulated at a frequency which lies
in the 0.5-2 megacycle range.2® The amplitude of the current modu-
lations could approach close to 100 per cent of the direct current. In

* This research was sponsored by the Advanced Research Project
Agency, Department of Defense.

T Manuscript received October 18, 1960.

1 Karl G. Hernqvist, “Plasma Synthesis and Its Application to Ther-
mionic Power Conversion,” RCA Review, Vol. 22, p. , March, 1961, and
references cited therein.

2 Fred M. Johnson, “Relaxation Oscillations in a Cesium Plasma
Diode,” Report on 20th Annual Conference on Physical Electronics, p. 88,
M.1.T., Cambridge, Mass., March, 1960.

3 H. L. Garvin, W. B. Teutsch, and R. W. Pidd, “Generation of Alter-
nating Current in the Cesium Cell,” Jour. Appl. Phys., Vol. 31, p. 1508,
August, 1960.

4R. Fox and W. Gust, “Cscillations and Current Characteristics of
the Tantalum Plasma Diode,” Bull. Amer. Phy. Soc., Series II, Vol. 5, p. 80,
January 27, 1960.

5 M. Gottlieb and R. J. Zollweg, “Measurements of Oscillation Fre-
quency and Saturation Emission Currents in Cesium Diodes,” Bull. Amer.
Phy. Soc., Series II, Vol. 5, p. 383, June 15, 1960.

21




22 RECA REVIEW March 1961

order to understand this relaxation oscillation phenomenon, an experi-
mental and theoretical investigation was undertaken. Some of the
results have already been presented.%® Other research? had shown,
by experimentation, that current oscillations occurred under certain
conditions in a plasma extracted from an are discharge. The conditions
for oscillations were such that ion reflection took place in the plasma.
In fact, it seems to be generally the case that whenever a mechanism
is provided for changing the electron-to-ion space-charge ratio, the
possibility of attaining an unstable space-charge configuration exists,
which in turn would result in current oscillations.

THEORETICAL ANALYSIS

In order to understand the a-c case, an analysis® was first made of
the steady-state mode of operation of the thermionic energy converter.
Some of the results of this analysis are outlined here. It was shown
that the analysis yields two operating regimes, one where a steady-
state solution to the space-charge problem exists, and one where no
such solution is allowed. The operating conditions for this second
mode of operation are consistent with those for which a-c operation is
experimentally observed. The equations describing the space-charge
distributions indicate that for the oscillatory mode of operation, quasi-
steady-state solutions to the space-charge problem may exist for times
short compared with the ion transit time. Based on these studies, a
model for the a-c operation can be deduced. The analysis was under-
taken for the case of a diode geometry where both ions and electrons
are emitted with Maxwellian velocity distributions from one electrode
and collected at the opposite electrode. In addition, the analysis was
generalized for the case of an arbitrary potential difference between
cathode and anode. It would thus encompass most cases of practical
interest in the field of thermionic energy converters. The analysis
was made for the two simplest space-charge states corresponding to
a single potential maximum or a single potential minimum.

As a result of this analysis a mapping of the parameters governing
the two regimes, namely the steady state and the unstable state, have
been obtained.® Although a rigorous solution of the oscillatory case
is exceedingly difficult to obtain, it can be shown that steady-state
solutions are approached for times which are short compared to the

8 Fred M. Johnson and Karl G. Hernqvist, “Relaxation Oscillations in
Synthesized Plasmas,” paper presented at the 13th Gaseous Electronics
Conference, Monterey, California, October 16, 1960. A comprehensive paper
on this subject will be published elsewhere.

"K. G. Hernqvist, “High-Voltage Electron Extraction from an Arc-
Discharge Plasma,” RCA Review, Vol. 21, p. 170, June, 1960.
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transit time of the ions. Thus relaxation oscillations occur where the
system switches between such quasi-steady-state configurations. The
switching time, and hence the frequency, is determined by the transit
time of the slowest particles (the ions).

The physical basis of the proposed model is as follows. Consider
Figure 1. Both electrons and ions are emitted from the cathode. The
three cases considered differ in the polarity of the anode surface
potential with respect to the cathode. The operation of the d-c energy

[ ¢
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Fig. 1—Potential energy diagram for electrons Tor various anode potentials
and corresponding plasma states. (The ion flow is designated by I,.)

converter is indicated in No. 2 of Figure 1. Here the anode surface
potential is shown to be equal to the cathode surface potential. When
heat is applied to the cathode, the electrons have their potential energy
raised with respect to the Fermi level. Those electrons that reach the
top of the potential barrier may leave the cathode surface and will
reach the anode provided interelectrode space-charge effects have been
overcome. The space-charge problem is solved by introducing positive
charges by means of resonance ionization of cesium atoms at the
cathode surface. The contact difference of potential, (pe— Pa), is
equal to the output voltage IR which appears across the load, R,
where I, is the saturated electron current. If an excess of positive
charge is present, the potential distribution has a maximum value as
shown in No. 2. Note that for this type of potential distribution, all
the positive ions that enter also leave the interelectrede space since
they are accelerated towards either electrode.
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This briefly describes the operation of the d-c converter. To under-
stand the a-c converter consider the following.

If the rate of ion generation should be diminished, the interelec-
trode charge density will change from a predominantly positive onc
to a relatively negative one. When this occurs, the assumed potential
distribution cannot be maintained, and a potential distribution as
shown in No. 1 of Figure 1 will be established. As soon as this poten-
tial minimum is established, however, the electron current will be
drastically diminished to I, exp {— »,,;,} where (kT/e) ppin is the depth
of the potential minimum, T is cathode temperature, &k Boltzmann’s
constant, and e is the electronic charge. Consequently, the output
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Fig. 2—Typical I-V characteristic of cesium plasma diode.

voltage will also be diminished and the anode surface potential will
now be positive by an amount (kT/e) N volts with respect to the
cathode surface potential. Note that for this case, a space-charge
sheath will be established close to the anode and some of the ions
passing from the cathode to the anode will be reflected at this space-
charge sheath and re-enter the interelectrode space. The number of
ions reflected is a function of the potential difference between the
cathode and anode which, in turn, is determined by the current flowing
through the external load. Due to these reflected ions, an excess of
positive charge will rapidly be established which, in turn, will cause
the potential distribution to flip back from the minimum to a maximum
value. From then on the cycle repeats. This ion-pumping effect is
believed to be responsible for the relatively coherent nature of the
observed oscillations.

If on the other hand the anode surface potential is negative with
respect to the cathode (as shown in No. 8 of Figure 1), no ion reflec-
tion is possible even if the potential were to change from a minimum
to a maximum value, since the corresponding potential variation is
negligible with respect to (kT/e)M.

The I-V characteristic of a typical cesium plasma diode is shown
schematically in Figure 2. In the region A—PB both a-c and d-c oper-
ation are possible. It was found experimentally, however, that the
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internal relaxation oscillations never occur in the region B—C, which
corresponds to case No. 3 of Figure 1. Thus one of the necessary
conditions for oscillations to occur is that the anode surface potential
be positive with respect to the cathode surface potential. These ex-
perimental observations are consistent with the theoretical model
described above.

EXPERIMENTAL RESULTS

The experimental arrangement used for the observation of relaxa-
tion oscillations is similar to that previously described by Herngvist®
et al. (See Figure 3). The cesium-filled diode used in this series of
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ANODE—"" SCOPE - VERTICAL AXIS

THERMOCOUP MOTOR DRIVEN VARIABLE
Mo e LOAD RESISTOR

HORIZONTAL
L8N 8 ‘ AXIS OF SCOPE
POTENTIOMETER

Fig. 3—Diagram of experimental arrangement for measuring /-1 and a-c
charaeteristics of cesium diode.

experiments consisted of a tantalum ribbon cathode and a tantalum
anode. The temperature of the anode could be varied by means of a
separate heater. The temperature was monitored by means of a
thermocouple attached to the anode. The filament was heated by either
400- or 60-cycle half-wave rectified a-c, and observations of the diode
characteristics were made during the off part of the heating cycle.
The volt-ampere characteristics of this device are shown in Figure 4.
Note that if the voltage is varied over the range A—B, oscillations
of the output current are observed. The frequency of these oscillations
was in the 0.5 to 1 megacycle range. Since the oscillogram for the
-V characteristics was taken at a relatively slow sweep speed, the

8 K. G. Hernqvist, M. Kanefsky, and F. H. Norman, “Thermionic
Energy Converter,” RCA Review, Vol. 19, p. 244, June, 1958.
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CATHODE 1550°C
Cs PRESSURE 1L1x10™* mm OF Hg

Fig. 4-—Typiecal I-V characteristic of cesium diode operated under condi-
tions for which oscillations are seen to appear.

60-cycle modulation of the relaxation oscillations is observed in Figure
4. Oscillograms of the oscillations under various conditions are
shown in Figures 5, 6, and 7. The effects of varying load resistance
are shown in Figure 5, whereas Figure 6 shows the effects of changing
the anode temperature. For a given set of operating conditions, it has
always been found possible to quench the oscillations by increasing
the anode temperature to about 800°C or beyond. The frequency de-
pendence of these oscillations as a function of cesium pressure for a
particular experimental tube is shown in Table I. The effects of an
external magnetic field on these relaxation oscillations were also
investigated. In general, the magnetic field caused a change in the
oscillation wave shapes from a jagged to a more rounded appearance.

Finally, a cesium diode having a thin wire probe in the interelec-
trode space was constructed. This permitted simultaneous observa-
tions of the relaxation oscillations inside the plasma as well as in the
external circuit. An oscillogram of such a measurement is shown

CATHODE TEMPERATURE = 1460°C
Cs VAPOR PRESSURE 2x10"3 mm

Fig. 5—Relaxation oscillation wave shapes for various load resistances.
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ANODE TEMP.

370°C
590°C

700°C

800°C

Cs VAPOR PRESSURE = 10x10” >mm OF Hg

Fig. 6—Relaxation oscillation wave shapes as a function of
anode temperature.

in Figure 7. The voltage swing of these oscillations, as measured by
the probe, is of the order of kT/e(=1/10 volt), whereas the output
voltage across the load may be an order of magnitude greater and is,
in fact, a function of load resistance.

Table I
Frequency of
Relaxation
Cs Pressure Oscillations
(mm of Hg) (kilocycles)
10—4 610
3 X 10—¢ 655
2.5 X 10—3 770
2% 10—= 790
6 X 10—2 780
TOP TRACE

2V ANODE POTENTIAL
i BOTTOM TRACE
E:: PROBE POTENTIAL
(BOTH MEASURED WITH

o 2ps RESPECT TO CATHODE)

CATHODE TEMP.  1850°C
ANODE TEMP. 460°C
Cs VAPOR PRESSURE LIx10”*mm OF Hg

LOAD RESISTANCE 40 Q

Fig. 7—Simultaneous observation of relaxation oscillations at the anode
(top trace) and at the interelectrode probe (bottom trace).
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ANODE
CalLCre Ic| DC OUTPUT
CESIUM—

FILLED

aE%:Z: AC QUTPUT

HEATER

Fig. 8 —Circuit diagram for a-c converter.

For practical application of the thermionic energy converter, which
would provide both an a-c and a d-c output, a circuit as indicated in
Figure 8 was used. Values of C, and L were chosen so as to have the
tank circuit in resonance with the relaxation oscillations of the plasma
diode. The beneficial effect of introducing a tank circuit can best be
appreciated by referring to Figure 9. In this case, a plasma diode of
cvlindrical geometry was investigated.

CONCLUSIONS

Direct conversion of heat into electromagnetic energy can be
achieved by means of the cesium plasma diode. The frequency is
governed by the transit time of the ions, which, for a practical device,
limits the frequency range to approximately 100 ke to 5 me.

WITHOUT TANK CIRCUIT

WITH TANK CIRCUIT
0.2v.

I,us!-
CATHODE TEMP (1700°C)

CYLINDRICAL PLASMA DIODE

Fig. 9—Oscillogram of output voltages of a-c converter, with and without
tank circuit.



LARGE-AREA THIN-FILM PHOTOVOLTAIC CELLS*
By
H. I. Moss
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Princeton, N. J.

Summary—The production of single-crystal material for use in the
fabrication of photovoltaic cells of silicon, cadmium sulfide, and other
materials involves considerable time and expense. However, polycrystalline
photovoltaic cells fabricated from thin films or layers of these materials
would be relatively inexpensive, large-area devices. Thin-film cells of
sufficiently high efficiency would provide more electrical output per unit
weight than a collection of relatively thick single-crystal cells.

Some progress in this direction has been made with cadmium sulfide.
Large-area thin-film photovoltaic cells have been fabricated by vacuum
depositing cadmium sulfide onto heated transparent conducting substrates.
These films are approximately 2 microns in thickness. A layer of copper
was applied to the exposed surface of the cadmium sulfide films to form
a barrier layer. Back-wall illumination of these cells produces solar
conversion efficiencies of about 1 per cent.

The spectral response and current—voltage characteristics of a typical
thin-film cell are given and compared to the same characteristics obtained
from a single-erystal cadmium sulfide photovoltaic cell. Also given are
plots of short-circuit current and open-circuit voltage as a function of
light intensity for the cadmium sulfide film cells.

INTRODUCTION

generators, which produce a potential difference between their
terminals when exposed to light or ionizing radiation. The
photovoltaic effect was first discovered by Becquerel' in 1839 when
light was directed on one of a pair of electrodes immersed in an
electrolyte solution. Following Becquerel’s initial discovery, a number
of “dry” photovoltaic cells were discovered and their properties in-
vestigated.
The photovoltaic effect in selenium was discovered by Adams and
Day? and investigated more fully by Bergmann.? Grondahl¢* discovered

pHOTOVOLTAIC CELLS are self-contained current and voltage

* Manuscript received October 18, 1960.

1 M. E. Becquerel, “On Electric Effects Under the Influence of Solar
Radiation,” Compt. Rend., Vol. 9, p. 561, 1839.

2W. G. Adams and R. E. Day, “The Action of Light on Selenium,”
Proc. Roy. Soc., Vol. A25, p. 113 (1877).

3L. Bergmann, “On a New Selenium Barrier Layer Photocell,” Z.
Physik, Vol. 32, p. 286, 1931.

41, 0. Grondahl, “The Copper-Cuprous Oxide Rectifier and Photo-
electric Cell,” Rev. Mod. Phys., Vol. 5, p. 141, April, 1933.
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the effect in cuprous oxide and cells of this material were developed
to a point of practical usefulness by Lange’ and Schottky.® Due to
the relatively low efficiencies of such cells (about 1 per cent), practical
applications were restricted to laboratory measurement devices and
photoelectric exposure meters. In 1954 the silicon p-n junction elec-
tronvoltaic cell was unveiled;’#® this converted radioactive radiation
into electrical energy with practical efficiencies. Also announced in
1954 was the silicon p-n junction photovoltaic cell; this had a solar
conversion efficiency of 6 per cent®!® (presently about 10-14 per cent
for production line units and 15 per cent!! for laboratory units). The
advent of this cell made it possible to convert useful amounts of golar
energy directly and efficiently into electricity. At present, silicon
cells cost about 200 dollars per watt for high-efficiency cells and about
100 dollars per watt for low-efficiency cells.

A further significant development in the photovoltaic field was
the cadmium sulfide cell.’>1®* These cells are fabricated from cadmium
sulfide single crystals, made n-type by suitable doping. The surfaces
are roughened and copper is electroplated onto one face and diffused
into the interior at 350-450°C for less than one minute, forming a
barrier layer between one and ten microns thick. Electrical contacts
are then made to the n region of the crystal and the barrier layer.
Back-wall illumination of these cells can produce solar conversion
efficiencies of 5-8 per cent. These photovoltaic cells have spectral re-
sponses well matched to the solar spectrum, and their properties
indicate that they may be useful in the field of solar energy conversion.

®B. Lange, “New Kind of Photoelectric Cell,” Z. Physik, Vol. 31, p.
139, 1930.

8 W. Schottky, “Origin of Photoelectrons in Copper-Oxide Photoelectric
Cells,” Z. Physik, Vol. 31, p. 913, 1930.

" P. Rappaport, “The Electron-Voltaic Effect in P-N Junctions Induced
by Particle Bombardment,” Phys. Rev., Vol. 93, p. 246, January, 1954.

8 P. Rappaport, J. J. Loferski, and E. G. Linder, “The Electron-
Voltaic Effect in Germanium and Silicon P-N Junections,” RCA Review,
Vol. XVII, p. 100, March, 1956.

9 D. M. Chapin, C. S. Fuller, and G. L. Pearson, “A New Silicon P-N
Junction Photocell for Converting Solar Radiation into Electrical Power,”
Jour. Appl. Phys., Vol. 25, p. 676, May, 1954.

10 G. L. Pearson, C. S. Fuller, and D. M. Chapin, “The Bell Solar
Battery,” Bell Laboratories Record, Vol. 32, p. 232, June, 1954.

11'C. Ruddenberg, “High Efficiency Silicon Solar Cells,” 14th Annual
Power Sources Conference, Atlantic City, N. J., May 17-19, 1960.

12D. C. Reynolds, G. Leies, L. L. Antes, and R. E. Marburger, “Photo-
voltaic Effect in Cadmium Sulfide,” Phys. Rev., Vol. 96, p. 533, October,
1954.

1B L. L. Antes, “Progress in Cadmium Sulfide,” Trans. I.R.E. PGCP,
Vol. CP-4, No. 4, p. 129, December, 1957.
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The large energy gap of cadmium sulfide, 2.4 e.v,, indicates that the
photovoltaic efficiency should be quite low. However, the photovoltaic
effect is produced with high efficiency in the cadmium sulfide—copper
system by light whose energy is less than that of the energy gap.

The mechanism of the photovoltaic effect in cadmium sulfide is not
yet fully understood. However, recent work at the RCA Laboratories
by Williams and Bube!t indicates that efficient single-crystal cadmium-
sulfide—copper photovoltaic cells can be fabricated without any heat
treatment. Experiments provide evidence that the photovoltaic cur-
rent produced by such cells is due to the photoemission of electrons
from the copper into the cadmium sulfide. This work by Williams and
Bube and the potential usefulness of the cadmium sulfide photovoltaic
cell for solar energy conversion served as the impetus for the experi-
mental work reported here.

THIN-FILM PHOTOVOLTAIC CELLS

The production of single-crystal material for use in the fabrication
of photovoltaic cells of silicon, cadmium sulfide, etc., involves consider-
able time and expense. However, polycrystalline photovoltaic cells
fabricated from thin films of these materials would result in relatively
cheap, large-area devices divorced from the limitations imposed by
single-crystal production and application. Thin-film cells of sufficiently
high efficiency would provide more electrical output per unit weight
than a collectian of relatively thick single-crystal cells. Indeed, it
appears that the solar cell array of the future will be in the form of
a large-area polycrystalline photovoltaic device fabricated from either
sintered or vacuum-evaporated materials.

W. R. Cherry® has described the essential properties that a thin
film of a polycrystalline semiconductor must possess to be applicable
to photovoltaic-cell fabrication. In the case of a p-n junction cell, the
thickness of the film must be great enough to absorb an appreciable
amount of the photons having an energy greater than the band gap
of the film material. Also, the carrier diffusion lengths must equal or
exceed the film thickness. In the case of a polycrystalline layer, the
minimum grain size must be at least equivalent to the film thickness.
This insures that a carrier diffusing towards the junction will not be
intercepted by a grain boundary and thus given an opportunity to

14 R, Williams and R. H. Bube, “Photoemission in the Photovoltaic
Effect in Cadmium Sulfide Crystals,” Jour. Appl. Phys., Vol. 31, p. 968,
June, 1960.

13W. R. Cherry, “Advanced Photovoltaic Devices,” 14th Annual
Power Sources Conference, Atlantic City, N. J., May 17-19, 1960.
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recombine. In the case of a metal-semiconductor Jjunction photovoltaic
cell, the above requirements for a thin layer may not have to be as
stringent as for a p-n junction device.

There have been relatively few reports in the literature concerning
the application of polycrystalline semiconductor films to photovoltaic
cell fabrication. Carlson!é attempted to fabricate photovoltaic cells
from vacuum-evaporated films of cadmium sulfide in contact with
layers of copper or cuprous sulfide. The measured conversion efficien-
cies of these cells were very small, about 0.1 per cent. The fabrication
of cells from sintered layers of cadmium sulfide was reported by
Lind, et all” There was an optimum thickness for the cadmium
sulfide layers, about 5 microns. As the layers became thicker, less
light would reach the active junction. For layers thinner than 5 mi-
crons, the copper electrode, which wag applied to the surface of the
cadmium sulfide, would tend to short through the porous cadmium
sulfide layer. The conversion efficiencies of these sintered cells were
not greater than a few tenths of one per cent. An interesting type
of thotovoltaic cell has been described by Goldstein and Pensak.!®
They vacuum deposited films of cadmium telluride from which a high-
voltage photovoltaic effect (100 volts/cm) was observed. Experimental
evidence indicated that the cadmium telluride films involved an array
of p-n junctions arranged in such a way that their voltages were
additive. The high resistance of these films limited the conversion
efficiencies to very small values. Recent work has shown that layers
of powdered silicon can be fabricated into photovoltaic cells which
exhibit conversion efficiencies of 1 per cent.?® Also, cast silicon cells
have been made which are polycrystalline with grain sizes of 5 X 10—2
cm and show efficiencies of about 10 per cent.”> The use of organic
semiconductor materials in the form of thin layers for photovoltaic
cells has been investigated by Kearns and Calvin.20 One organic system
showing a photovoltaic effect uses magnesium phthalocyanine disks
coated with a thin film of air-oxidized tetramethyl p-phenylenediamine.

16 A. Carlson, “Research on Semiconductor Films,” WADC Technicul
Report 56-52, Jan., 1956.

I"E. L. Lind, J. J. Loferski, L. Pensak, P. Rappaport. and S. M.
Thomsen, “Investigation of Materials for Photovoltaic Solar Energy Con-
verters,” 4th Interim Report, 1 Jul 56-31 Oct 56, 30 Nov 56, Contract No.
DA-36-039-sc-64643.

BB, Goldstein and L. Pensak, “Iligh-Voltage Photovoliaic Effect,”
Jowr. Appl. Phys., Vol. 30, p. 155, February, 1959,

19 M. B. Prince, “Large Area Silicon Solar Cells,” 14th Annual Power
Sources Conference, Atlantic City, N. J., May 17-19, 1960.

20 D. Kearns and M. Calvin, “Photovoltaic Effect and Photoconductivity
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The maximum voltage developed by one of these disks was 200 milli-
volts. The maximum power output was only 8 X 10—? milliwatts. The
low power output was probably caused by a high cell resistance. The
use of organic semiconductor materials for photovoltaic cells will have
to wait until materials are available which exhibit greater conduc-
tivities than the materials presently available.

The following sections of this paper describe some recent work
at the RCA Laboratories designed to investigate the feasibility of
producing large-area, thin-film cadmium sulfide photovoltaic cells.”

PREPARATION OF CADMIUM SULFIDE CELLS

Cadmium sulfide layers were deposited onto heated transparent
conducting (tin oxide) Pyrext substrates. The pressure during the
evaporation was slightly lower than 10-5 mm Hg. These layers were
about 1-2 microns thick and were hard and adherent. Microscopic
observation revealed the layers to be microcrystalline and free of pin

il

T e 1 \TRANSPAREGNT
CONDUCTIN
COPPER
TC‘CEI"‘:CEUR#AL LAYER CdS FiLM SUBSTRATE

Fig. 1—Geometry of CdS evaporated-layer photovoltaic cell.

holes. Their optical properties appeared to be very similar to cadmium
sulfide single crystals and they were transparent to wavelengths
greater than 5200 A. There was no visible evidence of layer deteriora-
tion even after standing for several months in the atmosphere. The
evaporated layers without additional treatment are relatively con-
ducting owing to the presence of excess cadmium. Indications are
that the layers have resistivities of about 100 ohm-cm.

Fabrication of the photovoltaic cell was completed by applying an
opague layer of copper to the exposed surface of the cadmium sulfide
layer. The geometry of the finished cell is illustrated in Figure 1.
Electrical contacts to the cell were made on the copper layer and on
the tin oxide. The transparent tin oxide coating appears to make an
ohmic contact to the evaporated cadmium sulfide layer.

* An evaporated film cadmium sulfide photovoltaic cell exhibiting an
efficiency of 3.5 per cent has been described in a paper by A. E. Middleton,
D. A. Gorski and F. A. Shirland presented at the American Rocket Society
Space Power Systems Conference, Santa Monica, Calif., Sept. 27-30, 1960.

T Registered trade mark.
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CELL CHARACTERISTICS

Back-wall illumination of these cells with light from an artificial
sunlight source produced open-circuit voltages between 0.2 and 0.5
volt (copper becomes positive) and short-circuit current densities
between 2.5 and 5 milliamperes per square centimeter. Cells with
active areas of 2 c¢m? have been fabricated; however, the highest
short-circuit currents were obtained from the smaller area cells. A
75-watt tungsten photospot lamp was used as the light source; the
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Fig. 2—Spectral response of CdS-Cu photovoltaic cells.

voltage to the lamp was 130 volts. It has been reported that operation
of a tungsten photospot lamp at 15 volts over the nominal rating
results in a light source more nearly resembling direct sunlight.2
This, of course, is a compromise, since the efficiency of a photovoltaic
cell depends on the spectrum used for illumination, and one cannot
readily duplicate the solar spectrum with an artificial light source.
For this work the lamp-to-cell distance was adjusted to reproduce
the same short-circuit current in an experimental cadmium sulfide
cell as produced in bright sunlight, the intensity of which was deter-
mined with an Eppley pyrheliometer. This lamp arrangement served
as a convenient laboratory method to measure photovoltaic-cell char-
acteristics.

Figure 2 shows the spectral response of a typical cell when illumi-

21 D. A. Hammond, F. A. Shirland, and R. J. Baughman, “A Cadmium
Sulfide Solar Generator,” WADC Technical Rept. 57-770, December, 1957.
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nated with a Bausch and Lomb grating monochromator containing a
tungsten light source. The cell response has been normalized to take
into consideration differences in the spectral intensity transmitted by
the monochromator. A peak is present at about 5700 A which drops
sharply at the absorption edge (5200 A) and more gradually at longer
wavelengths. This curve is similar to curves obtained from single-
crystal cadmium sulfide—eopper photovoltaic cells whose barrier elec-
trodes were fabricated in the same manner as the evaporated-layer
cells. The dashed curve in Figure 2 is the spectral response of such

0.5 T T T T T

VOLTAGE (VOLTS)

(o] 1 1 L 1 L

) ] 2 3 4 5 6
CURRENT (MA/CM2)

Fig. 3—Current-voltage characteristic of CdS-Cu photovoltaic cells. The
solid line is for a CdS evaporated layer, and the dashed line is for a CdS
single crystal.

a single-crystal cell, normalized so its maximum coincides with the
maximum of the evaporated cadmium sulfide cell. The shift in the
maximum of the curve for the evaporated-layer cell to slightly longer
wavelengths compared to the maximum of the single-crystal curve is
probably due to a decrease in the sharpness of the absorption edge
of the evaporated layer. This decrease could arise because of the
microcrystalline nature of the evaporated layer.

Figure 3 shows the current—voltage characteristic for a typical
cell when illuminated with the artificial light source equivalent to a
sunlight radiation density of 86 milliwatts/cm2 The curve was ob-
tained by varying the load resistance and measuring the voltage and
current while the cell was illuminated. The maximum power, P, ..,
that this cell can deliver is represented by the area of the largest
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rectangle that can be fitted under the curve.22 In this case the
maximum power is 0.69 milliwatt/cm2 when the external load is 77
ohms; the solar conversion efficiency is 0.81 per cent. In general, the
more rectangular the current-voltage characteristic, the higher the
efficiency. The dashed curve in Figure 8 shows the current—voltage
characteristic of a single-crystal cadmium sulfide photovoltaic cell, the
barrier of which was fabricated in the same manner as the evaporated
layer cell. The maximum power delivered by this single-crystal cell is
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Fig. 4—Variation of current and voltage as a function of light intensity
for a CdS evaporated-layer photovoltaic cell.

1.95 milliwatts/em?. This crystal had been grown® from the vapor
phase in an atmosphere containing a few millimeters partial pressure
of iodine and had a resistivity of about 1 ohm-cm.

In order to compare the two sets of data in Figure 3, the current—
voltage curve for the single-crystal cell has been normalized by dividing
it by a constant factor such that the short-circuit current coincides
with the measured short-circuit current obtained for the evaporated-
layer cell. Both cells had comparable open-circuit voltages. The rec-
tangular characteristic of the single-crystal cell is quite obvious
while the characteristic of the evaporated-layer cell is almost linear.
A number of factors can contribute to produce the poor current—
voltage characteristic observed for the evaporated-layer cell. Among

22 K. Lehovec, “The Photo-Voltaic Effect,” Phys. Rev., Vol. 74, p. 463,
August 15, 1948.

* Crystals grown by L. A. Barton.
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the possible contributing factors are high resistance or rectifying
properties at the cadmium-sulfide-tin-oxide contact as well as a high
bulk resistance for the cadmium sulfide layer.

Figure 4 shows the variation of the open-circuit voltage, Ve and
of the short-circuit current, I,,, as a function of light intensity. Vari-
ations in light intensity were obtained with neutral density wire-mesh
filters. The current is directly proportional to the intensity, while
the voltage varies as the logarithm of the light intensity at low levels
and tends toward a saturation value at high intensities. This is the
usual behavior for photovoltaic cells.

CONCLUSION

It has been shown that it is possible to fabricate relatively in-
expensive large-area thin-film cadmium sulfide photovoltaic cells by
utilizing vacuum evaporation techniques. Solar conversion efficiencies
approach 1 per cent. It is believed that suitable doping of the cad-
mium sulfide evaporated layers to increase conductivity and proper
treatment of the surface of the layers prior to applying the copper
electrode will result in increased efficiencies, perhaps by factors of
five to ten.
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SPECTRAL RESPONSE OF PHOTOVOLTAIC CELLS*}
By

J. J. LOFERSKI* AND J. J. WYSOCKI#

Summary—This paper presents a theoretical and ewperimental study
of the spectral response of p-n junction photovoltaic cells. -8 The current
flowing across the junction is caleulated as « function of the absorption
constant of the radiation for various values of the semiconductor param-
eters. The results of machine calculations of practically interesting cases
are shown in the figures. The use of normalized spectral-response curves
to determine the values of minority-carrier diffusion lengths is demon-
strated. It is shown that by using certain approximations it should be
possible to determine minority-currier diffusion lengths on both sides of
the junction with relative euse. These principles have been applied to
experimental GaAs and silicon photovoltaic cells to determine the values
of diffusion lengths in the finished junctions.

INTRODUCTION

conductor is known as a function of photon energy hv, it is possible

to calculate the shape of the spectral response of a photovoltaic
cell with a specified geometry, minority-carrier diffusion lengths (L,
and L,), and surface recombination velocity. Consequently, if the
position of the p-n junction is established by some independent means,
L, and L, can be estimated from the shape of the spectral response
curve of the junction. Representative theoretical curves of response
versus « for various plausible combinations of semiconductor param-
eters have been calculated. Experimental photovoltaic spectral-re-
sponse curves of diffused Si and GaAs p-n junction photocells have
been used to verify the theory.

]:[F THE ABSOLUTE VALUE of absorption constant « of a semi-

THEORETICAL

In this section the photovoltaic spectral response of a plane p-n
junction located at a distance I below the surface of a semiconductor

* This work was supported by the U.S. Army Signal Research and
Development Laboratory, Fort Monmouth, New Jersey under contract
DAB6-039-sc-78184. It is reported in contract reports commencing Decem-
ber 15, 1958.

T Manuseript received 16 January 1961.

¥ Formerly, RCA Laboratories, Princeton, N. J., now at Brown Uni-
versity, Providence, R. I.

# RCA Laboratories, Princeton, N. J.
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wafer of thickness b (Figure 1) is calculated. Contributions from
both the p and the n sides of the junction are included.

The problem consists of determining the fraction of liberated
minority carriers that arrive at the junction contributing to the
photovoltaic current. It is assumed that the minority carriers move
by diffusion, that they have a lifetime in the bulk symbolized by 7,
and that the surface of the p-n junction can be characterized by a
surface recombination velocity s. The appropriate differential equation
for minority holes has the form

dp P
aN,(1—R)e—«" + D — =0 (1)
da? T
LOAD
VWY
LIGHT
n p

0 b

X -

Fig. 1—Diagram of a photovoltaic cell.

This equation represents the net change in minority-hole concentra-
tion per unit volume in an illuminated semiconductor. The first term
is the number of minority holes introduced into the volume at a
distance x below the surface by light (or any kind of ionizing radia-
tion) whose absorption in the semiconductor follows Lambert’s Law,
ie.,

N (z) =N,e—=. (2)

Here « is the absorption constant, which is a function of A, the wave-
length of the incident light, and N, is the incident photon current
density at .+ =0. The fraction of light retlected at the surface is R.
The second term in Equation (1) is the net increase in hole concen-
tration by diffusion from the surrounding space. ¢ is the electronic
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charge and D is the diffusion constant. The third term is the number
of minority carriers lost by recombination. Note that P=1p,+ Ap
where Ap is the minority hole concentration in excess of the equilib-
rium value, p,. The general solution of Equation (1) is

p=Ae* + Be—r 4 Ce—oz (3)

for a % v. The constant C is

aNy(1—R)
=— . (4)
D (v2—a?)

The coefficients A and B are determined by introducing the following
conditions which are appropriate to the p-n junction shown in Fig-
ure 1:

dp

dx

8

p(0), (5)

=0 p
p() =0, (6)

i.e., the junction is a sink for minority carriers. The diffusion current
flowing across the junction is given by

dp
dx

=1,0). (7

r=l

The same basic considerations apply for electrons generated in
the base. Equation (1) represents the net change in minority electron
concentration if one substitutes n = An + N, in place of » and changes
the sign of the electronic charge q. The boundary condition at x =1
is the analog of Equation (6) and the minority electron current to
the junction is

dn
+ an_ :In(l)' (8)
dx =1

In this case the charge is of opposite sign to that in Equation N,
and the electrons add to the electric current when dn/dz is positive.
At x=1b, the location of the ohmic contact to the base, it is assumed
that n(b) =n,,.

By applying these boundary conditions, the following equations
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result for the hole current:

gNy(1—R)
I(D) =——————— (Bpvpe™l — ypvpe =l —ae—2l) 9)
a(l—v,2/a?)

where

B, =€ (h+a) —e= (h +v,),
b, =e"% (h—v,) —ent (b +a),
Ap,=et (R+v,) —e " (h—wv,);
h=s/D,; and

vy=(D,r,) ~1/2 =L,

Similarly the electron contribution to the current is

gN(1—R)

() =——— (Bl — yv,e "l —ae—ot), (10)
a(l— v"2/a2)

BnAn — ae—(unl+ub) —_ vne—(vnb+ul)’ (11)

YnAn — —qeWl—ab) — v"e(vnb—ul)’ (12)

A, = 2v, cosh (v,b —v,0) (13)

where

Vp = (DnTn) ~1/2 = Ln_l'

In order to compare theory and experiment, it is necessary to know
the ratio of the short-circuit currer;t at a given wavelength A (and
therefore at a given a) to the maximum current, I,,., which can be
obtained from the photons of that wavelength, namely

ImaxquO(l_R)' (14)

This ratio is referred to as the collection efficiency, denoted by Q, and
it is given by

I, I,
Q=——+
I

max Imax

=@, +Q,. (15)

The two terms in Equation (15) have been calculated separately with
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the aid of a computer for many permutations of plausible values of
a, 1, b, v, and v,. The values were chosen on the basis of the following
considerations:

1.

The maximum value of + which one can hope to find in a semi-
conductor is about 1 millisecond, while values as low as 10—10
sec are possible. For an assumed value of D of 100 cm?2/sec,
the range of values of L corresponding to the indicated range
in 7 lies between 10—2 em > L =v—1> 10— ¢m.

The maximum value of « likely to be encountered for the semi-
conductors of interest in this application is about 105 e¢m—!.

00—  h=20 CM v2=0.l
90— 2+3XI0%cp =05
80—
ol
uL=.0
.60~
} 50
o 40
30— ve*2.0
20
J0-
ve=4.0
a 1 L } 11+6.0
o.l 1.0 10 10 10 10 10° 1®

a(cM')

Fig. 2—Collection efficiency @, versus a for different values of »l.

Although the minimum value of interest would correspond to
al, =~ 0.1 (based on previous experience), values as low as 0.1
cm—! have been included. Thus the range of « values used in
the calculation was such that 10 > « > 0.1.

Five values of junction depths, I, were used ranging from 1 to
25 microns.

Four values of & =s/D ranging from 20 cm—! to 1000 em—1
were used. Their choice was based on the fact that surface
recombination velocities of a few hundred em/sec can be readily
obtained on germanium and silicon surfaces. Furthermore,
values in excess of 10* cm/sec were not likely to be encountered
in practice.

Some of the results of these calculations are shown in the figures.
Figures 2 and 3 pertain to a cell with a junction depth of 8 x 10—4
cm. These figures show @, (collection efficiency of the diffused skin
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10G—

h=1000 cM’'
90 £2=3%x109CM AL
172
89 O‘.I
70| 05
.60
.50 1.0
40
.30
.20 20
10 .
—
e 102 10 10t 10° i&
a(cMh

Fig. 3—Collection efficiency Q, versus « for different values of rl.

or front part of the cell) versus o with vl as a running parameter.
The value of 1 is different for each figure. It is evident that the value
of ratio I/L = vl seriously affects the shape of the curve at large values
of . Note that these curves can be used for any material for which
« versus v is known by simply including an kv scale along the abscissa.

Figure 4 shows a similar set of curves for [ =7 X 10—% ¢cm and
=20 cm—!. Note here that @, starts to rise at lower values of «
than it did for the shallower junction of Figure 2. Thus infrared
radiation is more efficiently used by the deep junction.

Figure 5 shows the contribution from the base or back side of the
junction, i.e., from the region I < x <b. In efficient solar cells there
is usually an appreciable contribution to Q from the back region
because vl=0.1. Note that this region contributes very little for

i
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Fig. 4—Collection efficiency Q, versus a for different values of vl
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Fig. 5—Collection efficiency of the rear part of the junction versus « for
different values of »l.

a>10%* cm—1, so that the shape of the total Q curve in that vicinity
is not affected by the base response.

Figure 6 shows the total @ for I =3 microns and vI=0.1 on both
sides of the junction, i.e., L,=1L, If this curve is compared with
that of Figure 2, it can be seen that the base region makes a notice-
able contribution to @ for « < 103 ¢m—1.

Figure 7 shows curves of Q. versus hv in silicon where the data
of Dash and Newman were used to transform from an « to kv scale
on the abscissa.’® The values of L =25 X 10—3 c¢cm in the base wafer
(v =0.02) and !=10—1* cm correspond to values encountered in com-
mercial solar cells.

N LL=3u,V =010
100 h=20 cM’
90 b=0.05CM
o 1 1 | 1 1
10 102 103 104 10° 108

ac™)

Fig. 6—Total collection efficiency versus a for »l — 0.1.
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DETERMINATION OF MINORITY CARRIER DIFFUSION LENGTHS

In the preceding section, the general equations for the spectral
response of an illuminated junction were presented. One can fit these
equations to the absolute spectral response of a junction and, given
the values of s, « and [, determine the diffusion lengths, L. The
experimental measurement of such absolute Q-versus-a curves is, how-
ever, quite difficult for the kind of accuracy required to make curve
fitting meaningful. The use of normalized spectral-response curves
to extract information about minority-carrier diffusion lengths and,
under certain circumstances, about junction depths is discussed in this
section. Such relative spectral-response curves are much simpler to
obtain.

SILICON

(vt) BASE = 0.02 (v!) SKIN=0.1
10F

h =

I
o 0.5

13 15 17 19 21 23 25 27 29 31 33 35
hv (ev)

Fig. 7—Total collection efficiency versus h» for silicon.

Consider a family of photovoltaic cells fabricated on wafers of a
certain semiconductor in such a way that the junction depth I varies
from one cell to the other in the series. Assume further that the
surfaces of the cells are all treated in the same way so that s is
constant in the family, and also that the diffusion length in the region
between 0 = z =1 is constant and has the same value in all the cells
after processing. The cells in this group will then differ from each
other only in the value of the ratio [/L. An examination of the
equations for @Q,/Q, . leads to the conclusion that the shape of
normalized spectral-resbonse curves in the region of high values of
« is a strong function of vI. This conclusion that the shape is primarily
a function of the product vI and not of I alone is illustrated in Figure 8.
The calculated normalized curves of Q,/Q,  for the two different
junction depths, 7x 10—% and 2.5 X 10—3 cm, practically coincide
when superimposed. In superimposing the curves, it was necessary
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to shift the curves for [ =2.5X 10-3 c¢m along the abscissa; the
maxima of such curves occur in the region ol ~1 as can be seen from
a comparison of Figures 2 and 4. Furthermore, changes of surface
recombination velocity (or of h=3s/D) over a wide range do not
distort the shape much at high « as is evident from Figure 9 where
the curves for s ~8 X 102 ¢m/sec are compared to those for s ~ 105

cm/sec.

In order for these considerations to apply to experimental data,
there must not be any great contribution to Q,,,,; from the base region
at high « which could cause some distortion of the curve shape.
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Fig. 9—Q,/ Q. versus a for different values of #l and s.
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The above analysis indicates that only a value of vl can be deduced
from the normalized spectral-response curve at high values of a.
Therefore I must be established by independent means if the diffusion
length, L, is required. The value of I can be determined from a knowl-
edge of the junction fabrication conditions or else by subsequent
sectioning of the junction. Such an analysis has been used to deter-
mine L in GaAs photovoltaic cells. Spectral-response analysis with
GaAs is hampered by the lack of data on the dependence of « on hv.
In spite of this handicap, it is still possible to extract the desired

T ;
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Fig. 10—Spectral response of GaAs cells.

information from such a study. A set of GaAs cells were made by
diffusing Zn into wafers cut from adjacent parts of a crystal. The
value of [ was determined as indicated above by calculation from the
diffusion time and temperature and by subsequent sectioning. The
normalized spectral response versus hv of a family of such cells is
shown in Figure 10. From a comparison with the calculated curves
of Figure 8 it was possible to estimate that vl is equal to about 10
in cell 1A in which I~ 6.7 u. From this value of vl, the value of L
was deduced to be about 0.7 u in the diffused skin. Assuming a value
of D, =25 cm2/sec in heavily doped p-type GaAs, r is about 2 X 10—1°
sec for electrons in the p-type region. Such a low value of = is con-
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sistent with the fact that the cells under study did not have solar
energy conversion efficiencies greater than 6 per cent.

The values of L determined by such an analysis are probably cor-
rect to within a factor of two, so that this method provides a
powerful and useful tool for evaluating this parameter in finished p-n
junctions. If, in a given cell, the value of L is changed by some
independen{ means, say by heat treatment or irradiation, it is pos-
sible to determine the change experienced by this parameter.
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Fig. 11—Qqrotar versus a.

APPROXIMATIONS OF THE GENERAL SOLUTION
This section presents approximations which permit evaluation of
diffusion lengths on both sides of a p-n junction.

(a) Consider the Q. versus « curve in the region where « is so
small that the radiation generates carriers uniformly throughout the
semiconductor volume. If the following conditions, which are often
encountered in practical cells, are satisfied on both sides of the
junction,

a<Kv, h<v, (16)
then it can be shown that
Qn + Qp = Qtotnl —>a«a (Ln + Lp) . (17)

A plot of Qo versus a is shown in Figure 11 where a log-log plot
demonstrates the linear relation between Q. and a up to « = 100



SPECTRAL RESPONSE OF PHOTOVOLTAIC CELLS 49

em—1 for the indicated parameters. Thus, by analyzing the data at
low @, it is possible to evaluate the sum L, + L. In silicon p-on-n
diffused junctions, the base diffusion length is usually much greater
than the diffusion length in the skin, so that this part of the analysis
yields the base diffusion length.

The analysis of the spectral response presented thus far has not
included any contribution from the depletion layer of width W, and
the assumption is made implicitly that this contribution is small
If the contribution to the current from the space-charge region were
included, Equation (17) would change to

Qtotul -« (Ln + Lp + W)' (18)

The value of W can be determined from junction capacitance measure-
ments.
(b) Another interesting approximation is that for which

K1, (v/a)2 L1, <y, (19)
in which case the normalized response is
Q/Quax ~ (1—e—2h). (20)

In this case, an analysis of Q/Qpu.x in the vicinity of Q@ = Qpuqx can
yield a value of junction depth in a nondestructive experiment. In
order that Equation (20) be applicable, it is also necessary that the
contribution from the base region be small compared to that from
the diffused skin. These conditions are encountered in alloy-type p-n
junetions.

(¢) If the following conditions are satisfied,

> ey a K1, 21
it is found that
Q, — ol. (22)

This result can be correlated with Equations (17) and (18). When
Equation (21) applies, one finds that

Qtota = @ I+ Ln + W). (23)

Equation (23) is often found to be applicable in shallow p-n junction
photovoltaic cells.
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(d) As is evident from Figures 2 through 4, Q@ approaches a
limiting value at high values of « given by

Q =2¢— (24)

for vI > 1. A determination of this limiting value of @ combined
with independent information concerning the value of [ yields the
value of the minority carrier diffusion length, L, in the diffused skin.

In summary, it has been shown that if the absolute value of @ is
known as a function of « in the low-a and high-a regions, it is pos-
sible to evaluate diffusion lengths on both sides of the junction.
Under some conditions, it is also possible to determine the junction
depth, I. This method permits measurements of very small diffusion
lengths, even values less than 1 micron. It also allows measurement
of small changes of diffusion lengths and, therefore, of minority car-
rier lifetimes.

EXPERIMENTAL ABSOLUTE SPECTRAL RESPONSE CURVES

Measurements of absolute spectral response made on some GaAs
and Si cells are presented in this section.

Gallium Arsenide

As indicated, one of the important goals of a spectral analysis of
a solar cell is the possibility of obtaining the lifetimes on both sides
of the junction. In one step of the analysis, a transformation of the
data from a response-versus-energy scale to a response-versus-absorp-
tion-constant scale is made. The transformation is not yvet possible
for GaAs since the absorption constant is not known as a function
of photon energy over the whole range of photon energies. It is
possible, however, to obtain an estimate of the diffusion length and
lifetime in the diffused skin by the following procedure. The spectral
response of the cell at high photon energies saturates at a value which
depends upon the value of vl in the diffused skin. When the response
saturates, it is no longer a function of photon energy and absorption
constant as shown earlier. Consequently, the diffusion length in the
skin can be determined without knowing the absorption constant. In
this case, Equation (24) is applicable if +I > 1.

The above procedure was used on two GaAs cells with junction
depths of 21 and 4.6x. The absolute response measurements were
made as follows. The short-circuit current of the cell was measured
at a given photon energy. The number of incident photons was then
measured by means of a calibrated photoemissive cell. The number
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of photons actually penetrating the cell was calculated by correcting
for the photons reflected from the surface. The ratio of the short-
circuit current to the corrected number of incident photons is the
required collection efficiency, Q.

The results of this measurement for the two GaAs junctions are
shown in Figure 12. Q is plotted as a function of photon energy.
The response tends to saturation at the higher photon energies. By
extrapolating the data toward the apparent saturation values, the
diffusion lengths in the skin are calculated to be 0.5 and 0.6x. The
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Fig. 12—Absolute response of GaAs photovoltaic cells.

lifetime is thus 10—10 sec, if one assumes a diffusion constant of
25 cm2/sec. This value of lifetime is consistent with the value deduced
earlier from the normalized response as well as with values deduced
from other measurements involving diffused skins on GaAs.

Silicon

The literature contains examples of experimental studies of spec-
tral response for single silicon cells. The primary objective of these
experiments on a family of silicon cells is to prove the applicability
of the theoretical expression for the spectral response on a material
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which is better understood. Absolute measurements were made for
a more direct comparison with theory. The cells consisted of phos-
phorus-diffused p-type silicon with a base resistivity of 0.24 ohm-cm,
and boron-diffused n-type silicon with a base resistivity of 0.85 ohm-
cm. The junction depths varied from 1 to 25u.

An example of the results obtained on the #3—1p (p-on-n) cell is
shown in Figure 13. The absolute response, Q, is plotted against
absorption constant, a. The data of Dash and Newman was used to
convert from photon energy to absorption constant. The average data
for @ from several measurements is shown. Two methods were used in
the measurements. In the d-c method, the short-circuit current and

-] an n
x- D.C. DATA lavg.)
o~ A.C. DATA (avg)

ol

o] | | | |
! 10 100 1000 10,000 (em™)

Qvs a

Fig. 13—Absolute response, Q, of silicon cell #3-1p.

number of incident photons were determined at discreet photon ener-
gies by means of d-c meters. The a-c data was determined by measur-
ing the relative response of the cell with a constant light-energy input
and subsequently calibrating one point on the response. The standard
deviation of the measurements for either method is =10 per cent.
The a-c and d-c data differ by 10 per cent in the region of large
response and up to 30 per cent for smaller responses. The peak
response in Figure 13 goes above unity by about 25 per cent. Since
the peak response occurs for photon energies less than 2 ev, the
magnitude of the peak is not indicative of electron multiplication, but
rather of the over-all error involved in the measurement.
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The response in Figure 13 is consistent with theory in the follow-
ing respects. First, the shape of the curve is what one would expect
for this particular junction. Secondly, the response at low a is pro-
portional to «. A diffusion length can consequently be calculated from
the low-a region. The response saturates at high « allowing the diffu-
sion length in the diffused skin to be determined.

The absolute results for other p-on-n cells in this family are shown
in Figure 14. Only the a-c data is included. Qualitatively, all the cells
follow theoretical expectations except #4—3u. The response at high «
is a strong function of the junction depth. The peak response becomes
greater as the junction depth is reduced. The peak response shifts
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Fig. 14—Absolute response of p-on-n silicon cells.

to lower « as the junction depth is increased. Cell #4—3pu, the excep-
tion to this behavior, may actualy have a junction depth other than
3. Measurements of the junction depths have not been made as yet
because such measurements destroy the cells. The junction-depth
values quoted are those obtained from blanks diffused at the same
time.

The a-¢ data for n-on-p cells is shown in Figure 15. Similar re-
marks apply to this data except that the response does not go above
unity for the 1-p junction and that the response at high o’s falls
rapidly even for the cell with a 1-p junction depth indicating a very
low value of diffusion length in the n-type skin.

Diffusion lengths in the various cells can be calculated from the



54 RCA REVIEW March 1961
10 e =
C DATA -
oW 3,
x #2-5,‘
Q
(=
01—
X
0.0l | | | |
N 10 100 1000 10,000 alem)!
Fig. 15—Absolute response of n-on-p silicon cells.
Table I—Data on Silicon Cells
Cell L, Ln 7" Ty el
(&) (») (sec) (sec) (sec)
p on n
#3-1p 11 0.91 4% 10—" 1.3 x 10—7 2X 10—7
#5-1p 11 0.84 3.6 x 10—* 1.3 x 10—7 1-2 x 10-7
#4-3u 10 — 107 1-2 X 10—7
#1-5u 4.1 1.9 1.8 X 10—8 1.8 x 108 2x10—7
#7104 7 — 5.1 X 10-8
#4-25u 5.7 J— _— 3.4 x 10—8 2 X 107
n on p
#2-1u —_— 18 3.1 x 10—7 _ 3-4 X 10—7
#1-3u —_— 12 1.4 X 10—7 e 2xX10—7
#2-5u —_— 8.9 7.7 X 10—8 E— 2x 107

* For p-on-n cells, D, =9.5 ecm2/sec, D, =2 ecm2/sec. For n-on-p cells,

Dy, =1 em2/sec, D.=10.3 em2/sec.

mated from M. Prince.2!

T In the pulse-injection technique, Tmeasurea is primarily the lifetime of
the carriers injected into the base when the emitter lifetime is small and
the emitter doping is high.

These diffusion constants were esti-
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experimental data according to the conditions listed above. The life-
times obtained from the diffusion lengths can be compared to those
measured by other techniques such as the pulse-injection technique.®
A comparison of the data is given in Table I. Observe that the
measured lifetime in the shallower junctions agrees quite well with
the lifetime in the base of the cell deduced from the spectral response.
The comparison is much poorer for the deeper junctions. This dis-
crepancy is not understood at present. Consequently, the cells will
be re-examined to improve the accuracy of the absolute measurements.

CONCLUSIONS

The spectral response of p-n junétions has been examined both
theoretically and experimentally. The equations governing the re-
sponse of the junction to light have been derived, and the limiting
forms of these equations have been examined for various interesting
cases. Experimental results generally agree with the predicted be-
havior of the spectral response. However, several discrepancies indi-
cate that a more careful determination of the absolute spectral
response is required.

The spectral response offers a relatively simple way of determining
the diffusion lengths on both sides of a p-n junction. Furthermore,
even relatively small diffusion lengths can be determined, and changes
in the diffusion lengths as a result of processing, radiation damage,
ete., can be easily studied. The spectral response consequently de-
serves further attention and use.
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THE EFFECT OF SERIES RESISTANCE ON
PHOTOVOLTAIC SOLAR ENERGY CONVERSION*}

By

JOSEPH J. WYSOCKI

RCA Laboratories
Princeton, N. J.

Summary—The series resistance in a photovoltaic cell is divided into
two components: contact and sheet resistance. Each of the components is
examined theoretically and experimentally, and qualitative agreement be-
tween theory and experiment is shown. It is concluded that contact resist-
ance reduces the conversion efficiency more than sheet resistance.

INTRODUCTION

photovoltaic process from both a theoretical and an experi-

mental viewpoint. To facilitate the discussion, the resistance
is divided into two components: contact resistance and sheet resist-
ance. As the name implies, contact resistance arises in making contact
to the junction. Sheet resistance, on the other hand, arises in the thin
channel defined by the illuminated surface and the junction. The
generated current must flow through this channel to reach the load.
The effects of these resistances on the conversion efficiency, current-
voltage characteristic, and the short-circuit current in GaAs solar
cells is determined. As an indication of the importance of these
effects, it may be pointed out that Prince calculates that the addition
of 5 ohms to a silicon cell with an area of several cm? is sufficient to
reduce the conversion efficiency by 70 per cent.!

THIS PAPER considers the effect of series resistance on the

GENERAL

It is convenient in this discussion to deal with current densities.
When series resistance is included, however, the occurrence of terms
involving the product of resistance and current is unavoidable. To
maintain an approach consistent with the use of current densities,
therefore, it is necessary to use a modified resistance consisting of the

* Manuscript received October 18, 1960.

f This work was supported by the U. S. Army Signal Research and
Development Laboratory, Fort Monmouth, N. J., under contract DA36-
039-sc-78184.

1 M. Prince, “Silicon Solar Energy Converters,” Jour. Appl. Phys.,
Vol. 26, p. 534, May, 1955.
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product of the resistance and the active cell area (ohm em?). Fortu-
nately, this approach also allows generalization to a cell of arbitrary
ared.

The behavior of any photovoltaic cell depends strongly upon the
junction current density, I;, as well as on the series resistance.? The
variation of I; with the material properties of the semiconductor can
be quite complex.23 In the following discussion, I; will be assumed
to depend upon the junction voltage, V;

Ii=1I, (e\;—1). (1)

The constant, A, is equal to ¢/ (aKT) where 1 = q = 2, 1, itself is a
function of the lifetime and material constants, and is exponentially
dependent upon the semiconductor bandgap, E,;

I, « C e—)E,, (2)

The constant, e, will be taken to be 2 in the following discussion
since experimental cells frequently have values close to 2. Using this
value for a, I, for GaAs is computed to be 1.4 X 10—% amp/cm? cor-
responding to a minority-carrier lifetime of 10-8 sec. The use of
GaAs cells to illustrate the results, together with the above values of
@ and I, in no way restricts or limits their validity.

CONTACT RESISTANCE

Contact resistance arises in making contact to the junction and
can, therefore, be considered as a fixed resistance located at the output
terminals as shown in Figure 1. In this figure, I, is the generated
current density; R, is the contact resistance in ohm em?; and I, and
V), are the load-current density and voltage, respectively.

By manipulating the Kirchhoff current-voltage laws for this simple
circuit, the conversion efficiency, short-circuit current-density, and
various other properties can be calculated. A value for I, of 45
ma/cm? will be used, corresponding to a solar power input of 135
mw/cm? for GaAs cells.t

2J. J. Wysocki and P. Rappaport, “Effect of Temperature on Photo-
voltaic Solar Energy Conversion,” Jour. Appl. Phys., Vol. 81, p. 571, March,
1960.

#C. T. Sah, R. N. Noyce, and W. Shockley, “Carrier Generation and
Recombination in P-N Junctions and P-N Junction Characteristics,” Proe.
I.R.E., Vol. 45, p. 1228, September, 1957.

4 J. J. Loferski, “Theoretical Considerations Governing the Choiqe of
the Optimum Semiconductor for Photovoltaic Solar Energy Conversion,”
Jowr. Appl. Phys., Vol. 27, p. 777, July, 1956.
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Fig. 1—Equivalent circuit of photovoltaic cell with contact resistance R..

The current—voltage characteristic of the solar cell is

1 1,—1,
V,=—In| ——+1 | —I,R, (3)
A I,

A plot of this equation is shown in Figure 2. The current—voltage
characteristic becomes less rectangular as R, increases, approaching
a straight line for high values. The open-circuit voltage is independent
of R,, but the short-circuit current density falls as R, is increased
above 10 ohm cm?.

It is frequently instructive to analyze the results shown in Figure 2
to obtain the junction current—voltage characteristic, A, and I,. Such
an analysis can only be performed if R, is taken into account. Other-
wise, the situation shown in Figure 3 may result. This figure is a
semilog plot of I; versus V; with R, as a parameter. The slopes of
these curves can only be identified with A for the case of zero R,.
Furthermore, the intercept of the straight-line portion of these curves
with the I; axis is higher than I, when R, is greater than zero. While
the above plot will give misleading values of I, and A when R, is
present, the plot may be used to determine E, if the junction char-
acteristic for zero R, is known.

1000

GaAs

800 a
R,=080-cm

600
VL(mv)

400

200

1 ] | |
) 3 23 32 a0 a8 56
IL(ma/cmz)

Fig. 2—Current—voltage characteristic of solar cell (Equation (3)).
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The conversion efficiency, 5, of a solar cell is

Vi,
n= ; (4)
1.35

for a solar power input of 135 mw/em? By using Equation (8), n

102 E-
F {Rce 100 f-cm?
10
I
{ma/cm?)
I
10
E GaAs
-2
0 L 1 1 J
200 300 400 500 600 700 800

VL(mv)

Fig. 3—I; versus V. with R, as parameter.

can be expressed as a function of I, and R, A plot of this function
is shown in Figure 4. The effect of E, on 7 is clearly seen. First, g
is reduced as R, is increased. For example, the addition of 10 ohms
to a cell with an area of 1 em? is sufficient to reduce 7,,,, from 19 per
cent to 8.8 per cent. Secondly, 5,,.. occurs at smaller values of I, as
R, is increased. This shift is a consequence of the effective increase
in internal resistance of the cell.

Another parameter on which R, has an effect is the short-circuit
current density, I,;
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18:ISL'+IO (e)‘“clu"—‘l). (5)

Figure 5 shows this effect. I, tends to saturate at a value which
depends upon R, This value is very high for low values of R, For
example, the curve departs from linearity at 120 ma/cm2 when R, is
5 ohm cm?2. This value of I, corresponds to an input flux of 7.5 X 107
photons/cm?/sec.

20
GaAs
18
e
2
R =0~ -1  -cm
14
Er 5Q-cm’
7(%)
10~
8._
ei_ 100 -cm®
a4
200 -cm®
2_
fo) 1 L 1 1 ] 1 1
6 12 18 24 e 30 36 42
I (ma/cm’)

Fig. 4—n versus I:.

The effect of R, can also be seen by examination of the forward
characteristic of the cell as a rectifier in the dark. The forward cur-
rent is limited by R, at sufficiently high biases. Also, the internal
impedance of a solar cell is a strong function of R, All of these
effects are potentially useful in determining K, in a given cell. In
general, however, the accuracy with which R, can be determined is
high only when E, is large.

SHEET RESISTANCE

It is sometimes necessary to place the p-n junction close to the
illuminated surface to achieve high collection of the generated carriers.
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The resulting thin channel between the surface and the junction gives
rise to the sheet resistance, R,. Unfortunately, E; cannot be consid-
ered independently of the junction. Current flow in each element of
R, produces a bias which determines I; in the vicinity of the resist-
ance element. In other words, R, is a distributed resistance, as shown
in Figure 6. The one-dimensional geometry which will be used is
shown in Figure 6a. As can be seen, a load is connected at the origin,

200
180}
R.=0,l Q-cm? 502-cm®
140+
1201

100-cm?
80

I—aon-cm2

Lso g cmt

| | | | L i
40 80 120 160 200 240 280
I, {mascm?)

Fig. 5—I,. versus I,.

the length of the cell perpendicular to the contact is denoted L, and
the current densities in the thin channel and the junction at any posi-
tion x are denoted 7 (x) and 1;(x), respectively. An equivalent lumped
circuit is shown in Figure 6b to illustrate the nature of the problem.
The elemental sheet resistors are R.Az/L, while the elemental cur-
rents are as shown. As Az is made smaller, the behavior of any section
is determined by the following differential equations:5

% A similar approach is taken by B. Ya Moizhes in “On the Theory of
Photocells with a p-n Junction,” Solid State Physics, Vol. 2, p. 202, August,
1960.
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av

=R, (6)
dz’
dl

=— =1, (N
dx’

where 2’ is the dimensionless parameter, z/L.

BN

S ayavarcavav< A
LOAD Ij(l)
—-—n-TYPE
!
!
= |
?
o} L X
(a)

(b)

Fig. 6—(a) Photovoltaic cell and (b) lumped-circuit equivalent
of photovoltaic cell.

The boundary conditions imposed on the above equations are
I(L) =0; (8)
1(0) =V (0)/R;. (9

The differential equations are nonlinear because of the I; term in
Equation (7). A solution has been obtained by means of a computer
for various values of R, and K,.

When E, is small, the top face of the cell is approximately an
equipotential whose value depends upon E;. The current is a linear
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Fig. 7—V (%) versus x/L with R, as parameter.

function of  increasing from 0 at L to a value at the origin dependent
upon R;. This type of behavior is characteristic of cells with low R,.
As R, is increased, however, V(z) and I(x) change as shown in Fig-
ures (7) and (8), respectively. The top face is no longer an equi-

k's o3
GaAs
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25k RF1000-cm
I(x)
ma/em.

o] 02 0.4

0.6 08 1.0
X/L

Fig. 8—I(x) versus x/L with R. as parameter.
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potential. The voltage increases rapidly with z, approaching open-
circuit conditions. Consequently, the effective cell length contributing
current to the load is less than the actual length for large R,.

The effective cell length is also a function of load conditions. This
behavior can be seen more clearly in Figure 8 which shows I(x) for
the same conditions as in Figure 7. Only 0.6 of the total area is
effective when R;, is 4.6 ohm cm2 The effective area decreases to 0.4
when R, is 245 ohm em2. It can be seen, therefore, that the effective
area is a function of R, when R, is high.

The sheet resistance affects the current—voltage characteristic of
the cell in the manner shown in Figure 2. The curve becomes less
rectangular as R, is increased. For any given value of resistance,
however, the effect is greater when the resistance is concentrated as
contact rather than as sheet resistance. This result is not unexpected.
Similar remarks may be made on the effect of R, on the I; versus Vy
plot (Figure 3) and on I, (Figure 5). In the case of I, the satura-
tion is less pronounced when R, is considered.

The more undesirable resistance, in most cases, is K,. This result
is illustrated in Figure 9, where »,,, is plotted as a function of resist-
ance. The efficiency falls more rapidly with R, than R,. Consequently.
R, is more objectionable in cell performance.

EXPERIMENTAL RESULTS

Since GaAs cells had low values of R, when fabricated, external
resistance was purposely added to the cell to see if the resultant char-
acteristic could be used to determine R, Figure 10 shows a current—
voltage characteristic determined in such fashion. The similarity
between Figures 2 and 10 is evident. The cell has a rectangular
current—voltage characteristic for low values of R, The character-
istic becomes linear when R, is 100 ohm-cm=.

The data was used to compute the power output as a function of
I,. The results are shown in Figure 11. Here, the similarity to
Figure 4 is evident. There is a discrepancy, however, in actual mag-
nitudes. This discrepancy is characterized by the low efficiency of the
experimental cell and is attributed to poor collection of the generated
carriers due to low minority-carrier lifetimes.

The effect of R, was also observed in the variation of I,, with
light level. The results are shown in Figure 12. The unity light level
corresponds to an input of 100 mw/cm2. The light level was changed
by means of neutral density filters. Saturation does indeed occur, but
the sensitivity is poor for the light levels used. No effect is seen.
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Fig. 10—Current—voltage characteristic of solar cell with external

resistance added as indicated.
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for instance, for external resistances up to 20 ohm-cm2. The sensi-
tivity could be improved by using a more intense light source. The
nonlinearity in the curves near zero light level is due to infrared
transmission through the filters.
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IFig. 12—I,. versus light level.
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Two methods were used to investigate sheet resistance. In the
first, the potential of the surface with respect to the base contact was
measured as a function of distance from the top contact. Secondly,
I,, was examined as a function of light intensity. In both cases, the
sheet resistance was varied by changing the channel depth either by
etching or by changes in the diffusion schedule.
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Fig. 13—V (x) versus x for a GaAs cell.

The potential plot obtained on one GaAs cell is shown in Figure 13.
The voltage increases with « as expected. It is possible to compute
the effective value of R, from the slope of the curve near the origin.
The value so obtained is approximately 147 ohm cm?2. This value was
constant to within 10 per cent for light levels varying from 69 to 154
mw/cm2,

Similar plots were obtained when R, was increased by reducing the
channel depth through the use of chemical etching. The results were
consistent with the expected variation of potential with R, As R,
increased, the potential drop at any point, x, increased toward the
limit of the open-circuit voltage.

The short-circuit current passed through a maximum during the
process of etching. This observation is interpreted as follows. As
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the channel depth is reduced, more of the carriers generated near the
surface are collected. The short-circuit current consequently increases.
R, increases at the same time, however, until eventually it dominates
and I,, falls.

Typical results obtained during the etching experiments on the
variation of I,, with light level are shown in Figure 14. A CuCl,
filter was used to remove the infrared portion of the light from a
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Fig. 14—I.. versus light level during etching.

focused microscope lamp. Up to the third etch, I,, was a linear func-
tion of light level and increased after each etch. After the third and
subsequent etches, I, decreased and the curve was no longer linear.
The departure from linearity is small because the light was low.
Furthermore, saturation is not prominent in the case of sheet resist-
ance as pointed out in the theoretical discussion.

CONCLUSIONS

The above experiments confirm theory qualitatively. The discrep-
ancy in quantitive comparisons was due to several factors. First, it
is not completely possible to divide the series resistance into two com-
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ponents experimentally. Both resistances are present in any test.
Secondly, other effects associated with the photovoltaic process (e.g.
the collection of generated carriers) influence the experimental data
and make a quantative comparison difficult.

The conclusions of this study are as follows. First, series resist-
ance has an important effect on the photovoltaic process. Secondly,
contact resistance reduces the conversion efficiency more than sheet
resistance. Thirdly, the effective area of a cell may be less than the
active area when sheet resistance is high. Furthermore, the effective
area becomes a function of the load conditions.

The series resistance may be reduced by making better ohmic con-
tacts and by using highly-doped diffused skins, deep junction depths,
and conducting grids on the illuminated face.®
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CONSIDERATIONS OF PHOTOEMISSIVE
ENERGY CONVERTERS*{

By
W. E. SPICER
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Summary—The efficiency of a solar-energy converter conmsisting of a
[C3INa:KSb emitter and an Ag-O-Cs collector is calculated taking into
account the initial velocities of the photoelectrons but ignoring space charge.
Efficiencics between 2 and 2.1 per cent are obtained for output voltages
between 0.8 and 1.6 volts. The efficiency increases as the percentage of
blue and ultraviolet radiation in the source is increased. To minimize space-
charge effects, the emitter—collector spacing must be of the order of 0.01 cm
or less. From our present knowledge, it appears that photoemission energy
converters will be insensitive to radiation damage.

INTRODUCTION

convert radiant energy into electric energy. Among the devices

of possible importance in such applications are photoemissive
converters. Our present knowledge of photoemitters makes it possible
to estimate the efficiencies which might be obtained from such devices
and to discuss some of their advantages and disadvantages. The effi-
ciencies are considered in three steps. First, a calculation is made
ignoring the effect of the initial velocities of the photoelectrons and
the effect of space charge; next, the effect of initial velocities is con-
sidered ; and, finally, the space-charge problem is discussed.

CURRENTLY, there is a great deal of interest in devices which

CALCULATION OF EFFICIENCIES IGNORING INITIAL VELOCITIES
AND SPACE CHARGE

The principle of operation of a photoemissive energy converter is
indicated in Figure 1. Here, we have two materials of work function
$, and ¢, facing each other with a contact potential difference, or CPD,
of V,=¢,— ¢,. Radiation falling on the material of higher work

t The research reported in this paper has been sponsored in whole or
in part by the U.S. Air Force under Contract AF33(616)-7165.

* Manuscript received 20 October 1960.
(pl
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function? will produce photoelectrons which will all be collected by
the anode as long as the output voltage is equal to or less than V.
Thus, the power, P, which would be delivered into a perfectly matched
output, Vo=V, would be

P=1,V,

where I is the saturated photoelectric current. The efficiency would
be given by

E=—= ) (1)

where L is the radiant-energy flux incident on the converter.

CONODUCTION R
BAND [ }_ Ves Qc-Qc

I

FERMI LEVEL;:%'—“ T
VALENCE 7/ %
BAND v

EMITTER / COLLECTOR

Fig. 1—Energy-level diagram for a photoemissive energy converter using

semiconductors as emitter and collector. ¢, and ¢. are the work functions

of emitter and collector, respectively. V. = ¢. — ¢. is the contact potential

difference (CPD) between emitter and collector. This diagram is drawn
for the case where no output power is being developed.

Values for the parameters necessary in Equation (1) can be ob-
tained from experimental data. For solar radiation, it has been shown!
that the most useful emitters would be [Cs]Na,KSb, Na,KSh, and
Cs33b. Since the parameters involved in the calculations are so similar
for Cs;Sb and Na,KSb, the calculations are made only for Na,KSb.
Because of its low work function,? Ag-O-Cs appears to be the optimum

T The converter geometry must be such that the photoemission from
the collector is small. Through the use of semitransparent emitters, optical
filters, and/or other schemes, this should be possible.

1A. H. Sommer and W. E. Spicer, Methods of Experimental Physics,
Vol. 6B, p. 376, Ed. by K. Lark-Horovitz and V. A. Johnson, Academic
Press (New York and London), 1959.

2 John E. Davey, “Thermionic and Semiconducting Properties of [Ag]-
Cs:0, Ag, Cs,” Jour. Appl. Phys., Vol. 28, p. 1031, Sept. 1957.
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collector. It is not considered as an emitter because of its low photo-
electric quantum efficiency. The spectral distribution of the incident
radiation is taken to be that of a black body at 5800°K in order to
approximate solar radiation. Since radiation from the sun or a fusion
reaction may be rich in ultraviolet, a calculation is also made for a
black body radiation of 10,000°K to indicate the effect of increased
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Fig. 2—The spectral distribution of photoelectric quantum yield for typical
[Cs]Na:KSb and Na:KSb surfaces.

ultra-violet radiation. The spectral distributions of the photoelectric
quantum yield used in this work are shown in Figure 2. These yield
curves were taken from typical photocathodes rather than from the
best which have been produced.? To obtain the saturated photoelectric
current, I,, a numerical integration was made using the appropriate
spectral distribution curves.

3W. E. Spicer, “Photoemissive, Photoconductive, and Optical Absorp-
tion Studies of Alkali-Antimony Compounds,” Phys. Rev., Vol. 112, p. 114,
Oct. 1, 1958.
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To obtain values for the CPD’s, it is necessary to have values for
the work functions of the materials involved. For Ag-0-Cs, the work
function of 0.8 ev determined by Davey? is used.* No experimental
data is available on the work functions of [Cs]Na,KSb and Na,KSb;
however, from the data on electron affinity,® bandgap,® conductivity
type,® and impurity photoemission,? it is possible to make estimates of
1.2 and 1.8 ev, respectively, for the work functions of these materials.

The results obtained are given in Table I. For solar radiation
(5800°K), the efficiencies are between 1.5 and 2 per cent. It is con-

Table I—Ag-0-Cs Collector

Current Emitter Collector Contact
Radiator per Watt Work Work Potential
Temperature Incident Function Function Difference Efficiency
(°K) Emitter (amp) (ev) (ev) (ev) (%)
5800 [Cs]Na.KSb  .029 1.3 0.8 0.5 1.45
5800 Na.KSb .019 1.8 0.8 1.0 1.9
10,000 Na-KSb .043 1.8 0.8 1.0 4.3

ceivable that with cathodes of maximum sensitivities and optimum
work functions, sensitivities of two or three times this might be real-
ized. The increased efficiency of the Na,KSb surface (4.3%) for
10,000°K indicates the gain in efficiency to be expected as the ultra-
violet component of the radiant spectrum is increased.

EFFECT OF THE INITIAL VELOCITIES OF THE PHOTOELECTRONS

The results given in Table I were calculated on the basis of an
output voltage equal to the CPD between collector and emitter. How-
ever, an electron will be collected as long as the initial kinetic energy
is greater than the difference between the output voltage and the CPD.
The reason for this is indicated by Figure 3. If V, is greater than
V. a photoelectron will experience a retarding voltage,

¢ Since Richardson plot slopes corresponding to activation energies as
low as 0.5 ev have been observed (W. E. Spicer and A. H. Sommer, un-
published results), it is possible that smaller work functions might be
obtained.

5 A. H. Sommer, “N-Type and P-Type Conduction in Alkali-Antimonide
Photoemitters,” Jour. Appl. Phys., Vol. 29, p. 1568, Nov. 1958,



PHOTOEMISSIVE ENERGY CONVERTERS 75

V,=V,— V.. (2)

If the electron is emitted with a kinetic energy larger than V,, how-
ever, it will still be collected at the anode. Thus, the efficiency of a
photoelectric energy converter can be written

I(V,)
E:_—'VO, (3)
L

where I(V,) is the current collected when a retarding potential, V,,
is applied. I(V,) may be written

(0}
— -

il N

- — —+ — — —FERMI LEVEL
Vo

FERMI LEVEL ——— — — —| - ; ;/

-~y

7
EMITTER COLLECTOR

Fig. 3—Energy-level diagram for a photoemissive energy converter which

is delivering an output voltage, V., greater than the CPD, V.. The

retarding potential, V., is given by (V.—V.). (a) indicates an electrcn
having an initial kinetic energy greater than V..

I(V,) =I1,F(V,) (4)

where F(V,) is the fraction of the saturated current collected when a
retarding potential is applied. Substituting Equation (4) in Equation
(3),

IOVOF (Vr)
E = -
L

(5)

To determine the efficiency as a function of output voltage, there-
fore, it is necessary to know the function ¥ (V,). This was determined
by measuring the velocity distribution of the photoelectrons excited
by solar radiation. For these measurements, cylindrical-velocity-dis-
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tribution tubes similar to those described by Apker and Taft® were
used. The results, shown in Figure 4, are as expected from the band
models® of these materials, except that the difference between the
maximum kinetic energies for the two materials is about 0.1 ev less
than that expected. This discrepancy, which is not important in the
calculation being made here, is probably due to a variation in the
properties of the photosurfaces and/or to experimental error. From
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Fig. 4—Experimental retarding potential curves for [Cs]Na:KSb and
Na:KSb for solar irradiation. The abscissa indicates the retarding potential
and the ordinate indicates the fraction of the emitter electrons collected.

the data in Figure 4, the following approximations are derived for the
function F(V,):

For [Cs]Na,KSb,
F(V,)=(1—0.5V,), where V,=0. (6)

For Na,KSb,
F(V,)=1—0.6YV,), where V,=0. D

8 L. Apker, E. Taft and J. Dickey, “Electron Scattering and the Photo-
emission from Cesium Antimonide,” Jour. Opt. Soc. Amer., Vol. 43, p. 78,
Feb. 1958.
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If V, is negative, F(V,) is unity. These approximations were made
by fitting a straight line (indicated by the dashed line in Figure 4)
to the curves in Figure 4. Using Equations (5), (6), and (7) and
the results presented in Table I, the results presented in Figure 5
were obtained.” Two points are obvious from this figure. First, the
maximum efficiency is obtained for output voltages larger than the
contact difference in potential. Second, the peak of the efficiency curve
is relatively broad. For [Cs]Na,KSb, it extends over almost a volt.

Cs]Na, K Sb
20 (CalNa T T~
w \ s ~
2 \ / A
= /
z N\
w /
2 / \
g 1.5 / \
/ \
z / Naz K Sb \
- /- \
> /- \
Q 10 /
z A\
w / \
] / \
[
i )/ \
0.5 \
/ \
/ \
/ \
/ \
1 { L L \
(o] 0.5 1.0 1.5 2.0 2.5 30

OUTPUT VOLTAGE (VOLTS)

Fig. 5—Calculated conversion efficiency for solar radiation. The calculation

has been made for devices with Ag-O-Cs collectors and either [Cs]Na:KSb

or Na:KSb emitters. The effect of initial velocities has been taken into
account. The efficiency is plotted as a function of output voltage.

This last characteristic should allow considerable versatility in the
operation of the device.

No measurements have been made on the velocity distributions of
the photoelectrons for 10,000°K radiation; however, from the velocity
distributions obtained for monochromatic radiation,” it is apparent
that the average initial velocity of the photoelectrons would be in-

* Since [Cs]Na:KSb and Na:KSb have identical band structures except
for the reduced electron affinity of [Cs]Na.KSb,2 the efficiency from the
former material should be greater for all output voltages. This is found
to be the case except at the high output voltages. The discrepancy is due
to the apparent error in the velocity distribution curves mentioned earlier
and is not of importance for these considerations.

7 W. E. Spicer, unpublished results.
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creased by at least one or two electron volts with a resulting maximum
efficiency approaching 10 per cent.t

One practical difficulty which might arise in the production of the
converter discussed above is that of producing alkali-antimony and
Ag-0-Cs cathodes in close proximity. If it proved impossible or
impractical to do this, a converter could be made in which two cathodes
of the same type faced each other. Here, the development of output
voltage would depend solely on the initial velocities of the emitter
electrons. A calculation has been made for such a system using
[Cs]Na,KSb surfaces for the emitter and collector. To do this, the

EFFICIENCY IN PERCENTAGE
o
W
T

| L I

(4] 0.5 1.0 1.5 2.0

OUTPUT  VOLTAGE (VOLTS)

Fig. 6—Calculated conversion efficiency for solar radiation. The calcula-

tion has been made assuming the use of [Cs]Na:KSb surfaces as both

collector and emitter. The efficiency is plotted as a function of output
voltage.

velocity distribution given by Equation (6) was used. The efficiency
versus output voltage obtained is shown in Figure 6. The peak efhi-
ciency obtained was only 0.7 per cent. This is a drop of about a factor
of three from the peak efficiency calculated using a Ag-O-Cs collector.

SPACE-CHARGE EFFECTS

The emitted electrons form a negative space-charge cloud between
emitter and collector. This retards the flow of electrons and thus tends

t Since sufficiently energetic electrons lose energy very quickly due to
pair production, the effective maximum energy of the emitted electrons
will be limited to about twice the bandgap. (See References 6 and 8.)
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to reduce the efficiency below those calculated previously. In order to
obtain an idea of the effect of space charge, the following modification
of Child’s Law for plane parallel geometry will be used:

2.3 X 10-6(V, + V, — V)32

= . (8)
d2

Here, J is the maximum current density which can be collected
(amps/cm?2), and d is the separation between emitter and collector
in em. In an attempt to take account of the initial kinetic energy of
the photoelectrons in a simple way, all of the electrons have been
assumed to have a single normal component of kinetic energy V,.
This component is treated in Equation (8) as if it were equivalent
to an accelerating voltage. Although these approximations are rela-
tively crude, they make it possible to obtain some feel for the serious-
ness of the space-charge problem and, in particular, to obtain some
estimate of the dimension necessary to overcome it.

As can be seen from Eguation (8), it is never possible to obtain
the maximum output voltage and current. The actual current and
voltage which can be realized are dependent on the emitter—collector
separation, d. To obtain an estimate of the spacing needed for the
multi-alkali-Ag-0-Cs system, the following values have been assumed:
V,+V,=2 volts, Vo=1 volt, and J =4 ma/cm2. The last number
is obtained from the data in Table I and the value of 0.14 watts/cm?
for the solar-energy flux. Placing these parameters in Equation (8),
a spacing of 0.025 ecm is found to be necessary to obtain complete
collection. If the spacing were reduced to 0.01 cm, complete collection
could be obtained with an output voltage of 1.7 volts. These rough
calculations simply indicate that spacings of the order of 0.01 ¢m are
necessary for photoemissive energy converters if space-charge compen-
sation is not to be used.

It might be possible to neutralize the space charge through the use
of a cesium ion vapor. However, the work of Sommer® indicates that
a partial pressure of cesium may reduce the sensitivity of alkali-
antimony cathodes.

TECHNOLOGICAL DIFFICULTIES

Two of the most important technological difficulties have already
been mentioned: the necessity for close spacing and the difficulty in
producing two different types of photocathodes in close proximity.
Other problems which have not been touched upon are those of the
cathode and cathode-interface resistance and that of drawing high
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Summary—A general consideration of the thermoelectric properties of
semiconductors suggests that (1) this class of materials can be useful in
power-generating thermocouples operating at least up to 700°C, and (2)
use of a sandwich-type arrangement or graded alloying in the comstruction
of thermocouple branches will be necessary to achieve high figures of merit
over a wide temperature range and, hence, high power-generating effi-
ciencies. A large number of ternary compound semiconductors having the
cubic structure were synthesized. Those with the rock-salt structure, such
as AgSbTe., are characterized by low lattice thermal conductivities
(<0.0075 watt em—1 deg—1). The lattice thermal conductivity as a func-
tion of composition was examined in the alloy systems of AgSbTe. with
PbTe, SnTe, and GeTe. The minimum in the lattice thermal conductivity
for the AgSbTe~PbTe system gives an effective mean free path for
phonons which 1is less than unit-cell dimensions. Measurements of the
temperature dependence of thermoelectric properties of a number of solid-
solution alloy systems showed that (1) solid-solution alloys of Bi:Tes,
with BiSes, SbsTes, and Sb.Se; provided the best p- and n-type material
for thermocouple operation in the temperature range 25 to 250°C, (2)
the ternary compound AgSbTe. and its alloys with GeTe provided the
hest p-type material for the range 250 to 550°C, and (3) alloys in the
PbTe-SnTe system provided the best n-type material for the range 250
to 550°C. Power-generating thermocouples, constructed in the sandwich-
type arrangement of materials, provided an efficiency of ~12 per cent for
operation over the temperature range 20 to 550°C (i.e., Ty — Te=530°C).
Continuous thermocouple operation for 300 hours resulted in mo significant
deterioration of material properties.

INTRODUCTION

T HAS BECOME APPARENT in recent years that the application
]Tof thermoelectricity to power generation is a problem which
* deserves the serious attention of the various scientific diseiplines
in solid-state research. With the advent of the transistor in 1948
and the subsequent rapid development of semiconductor technology,
materials became available having a combination of thermoelectric
properties which indicated the feasibility of power-generating thermo-

* Manuscript received 22 February 1961.

T Part of the work described in this paper was supported by the 1.S.
Navy, Bureau of Ships.
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couples with much higher efficiencies than was possible with metals
and metal alloys. This realization brought about considerable research
activity, both in this country and abroad, on the development of new
semiconductors and of certain classes of insulators and semimetals
whose properties are strongly temperature dependent. Since material
operation over a wide temperature range and at high temperatures is
necessary for high power-generating efficiencies, the need for a broad
materials program was recognized from the beginning. This appli-
cation represents a much more formidable problem than that of
thermoelectric refrigeration, where operating temperature ranges are
much smaller and the most suitable material classes are already well
defined. Although considerable data have been published in recent
years on both the materials and device aspects of thermoelectric
power generation, this progress represents only the early stages of
technological development. A strong need still exists for (1) addi-
tional exploratory research for new and better materials, (2) a better
understanding of transport phenomena in insulators, semiconductors,
and semimetals at high temperatures, and (8) a demonstration of the
feasibility of power-generating efficiencies competitive with conven-
tional converters.

The present work is concerned specifically with research on semi-
conductor materials for thermoelectric power generation in the range
25 to 700°C. It is presently believed that semiconductors are the
most promising materials for thermocouple operation up to 700°C;
this temperature range coincides with potential heat sources such as
focused solar and nuclear energy. The research described here is pre-
sented in three parts: (1) general considerations of efficiency factors
leading to materials selection, (2) evaluation of new compound semi-
conductors and their solid-solution alloys, and (8) fabrication of
thermocouples to demonstrate power-generating efficiencies.

GENERAL CONSIDERATIONS

The application of thermoelectricity to power generation dates
more than a century back to its discovery by Seebeck in 1822.! He
showed that a current is obtained when the junctions of dissimilar
materials forming a thermocouple loop are maintained at different
temperatures. Such a circuit is shown schematically in Figure 1. In
it, two dissimilar materials, an n- and a p-type semiconductor, are
joined at their ends by a metallic conductor. Heat is supplied to the

17. J. Seebeck, Reports of the Prussian Acad. Sei. (1822-1823).
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hot junction, Ty, from an external source, and the other junction is
maintained at a fixed lower temperature, To. As a result of the
temperature difference, Ty — T, a current I flows through the
branches of the thermocouple in the direction indicated by the arrows.
By also allowing the current to flow through an external load resist-
ance, K, inserted into the circuit between the cold junctions, the
arrangement in Figure 1 represents a direct conversion of heat into
electrical energy with a conversion efficiency, ¢, given by

power supplied to load

¢=: . (1)

heat absorbed at hot junction

T 1 Te

— - n - TYPE

- /3 - TYPE

—_—

1

Fig. 1—Thermocouple as power generator.

The useful power is simply I2R, ; and, if the Thomson heat is neglected,
the heat absorbed at T consists of the Peltier heat, H,, and the heat
withdrawn from the hot junction by conduction, H,;

H,=QITy (2)

and
1
H,=K(T;—T,) —— I?R. (3)
2

Here, Q is the thermoelectric power or Seebeck coefficient of the
junction, K is the thermal conductance of the two branches in parallel,
and R is the sum of the branch resistances. For the value of H,, it is
necessary to subtract one-half of the Joule heat, as this quantity is
returned to the hot junction. The efficiency is then given by

IR,
b= g (4)

1
QITy +K(Ty;—Te) —2—12R
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and under optimum current-load conditions, the expression for maxi-
mum efficiency is

(.bm:lx = . (5)
T . T,
1+ 2T +
H
Here,
. Ty +T¢
T = e,
2
and
Q2
g=—. (6)
RK

The quantity z, defined by Equation (6), is commonly referred to as
the figure of merit of the thermocouple.?

The first factor in the expression for maximum efficiency in Equa-
tion (5) is simply the thermodynamic efficiency of a reversible Carnot
cycle. The second factor represents the decrease in this efficiency
resulting from irreversible heat conduction along the branches and
power dissipation in the form of Joulean heat. This factor depends
only on the average temperature T and the quantity z. If, further-
more, the resistances, R, and R,, of the branches are matched to give
2z a maximum value, i.e., if

E, . PaKa o
R, Py

where p,, p, and k,, x, are the resistivities and thermal conductivities,
respectively, of the two branches, then the figure of merit becomes a
function only of the material constants of the two branches;

(Q,— Qp)®
2= . (8)

(Vpaka + \/E)z

Here Q, and Q, are the thermoelectric powers of the two branches
referred to, e.g., lead. If

2 A. F. Toffe, Poluprovodnikovye Termoelementy, Moscow-Leningrad
(1956).
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Qe = —Q, and PaKa = PpKps
then

Q.2
2=z, = . 9)

PaKg

Here, the figure of merit is conveniently defined in terms of the
material constants of a single branch of the thermocouple. It is
apparent from Equation (8) that the properties which are of primary
importance in the evaluation of materials for thermoelectric power

35
T K
1000

400

Z (pEG ) x103

Fig. 2—Maximum coefficient of performance ¢..« as a function of figure
of merit z for different hot-junction temperatures 7x (T¢=300°K).

generation are the same as those for thermoelectric refrigeration.
Moreover, it may be seen from Equation (5) that for optimum power-
generating efficiency, it is desirable to maximize the factor, 2T, i.e.,
to obtain as high a value of z over as wide a temperature range as
possible. This is demonstrated in Figure 2, which shows the variation
in ¢uax With z for various hot junction temperatures and a fixed
T of 300°K. It is assumed here that the resistivity, thermal con-
ductivity, and thermoelectric power are constant within a branch over
the temperature range considered and, consequently, that the Thomson
coefficient can be regarded as zero.

Since this paper is concerned with research on semiconductor
materials, it would be desirable to describe the figure of merit, as
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defined by Equation (9), in terms of semiconductor material con-
stants. Let us consider the usual case of an extrinsic nondegenerate
semiconductor in which a single sign of charge carrier, n, predomi-
nates. From semiconductor transport theory, the electrical resistivity
p decreases with n according to the simple expression,

1
— ="ney, (10)
p

where e is the electronic charge and p is the mobility of the charge
carriers.

The thermoelectric power @ of a semiconductor represents the emf
opposing the diffusion of charge carriers from the hot to the cold
junction of the thermocouple. The application of the Lorentz—Som-
merfeld theory gives the expression,

€p — € — ACT
Q= , amn
eT

where ¢, is the Fermi energy, e is the energy of the band edge
(valence or conduction), and Aep is a kinetic energy term representing
the average energy of the transported electrons relative to the band
edge. The potential energy, ¢z —e¢;, is the same term which appears
in the exponential part of the expression for the carrier concentration

n; i.e.,
2(2am NET)3/2 €& — €p
n=— exp _— . (12)
h3 kT

Here, m®™ is defined as the density-of-states effective mass represent-
ing the product Ny2/3m*, where Ny is the number of valleys and m*
is the effective mass and is equal to the geometric mean of the princi-
pal masses of the valleys. Expressing (ey—¢,) in terms of #n and m™
in Equation (12),

ep— € 2(2emWMET)3/2
———=1In o (13)

kT h3n

Then by combining Equations (11) and (13), the final expression for
the thermoelectric power is given by
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ing by phonons. Figure 3 shows the variation in Q2/p with number
of carriers for different effective masses, but a constant carrier
mobility of 500 em2volt—!sec—!; while Figure 4 shows the variation
in Q2/p with n for different values of u, but a constant m®™ of 0.7
electron-mass units. The maxima in the curves of Figure 4 clearly
show the need for carrier concentrations of ~1019 em~3, and the shift
in the maxima of the curves of Figure 3 to values of n > 10! cm—3
simply reflects the increase in the density'of carriers corresponding
to the onset of degeneracy with an increase in effective mass.
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Fig. 4—Variation of @Q2/p with the number of carriers n for
different carrier mobilities u.

From Equation (17), it is reasonable to expect some improvement
in the figure of merit of a material at higher temperatures. Since
the mobility u can be expected to decrease with temperature as 7—3/2,
then the factor uT%/2 in Equation (17) would be constant. Thus, the
variation in 2z with temperature would then depend on the value of
kpny Which usually has a T—! dependence.

For optimum power-generating efficiency, it is desirable to obtain
a high value of z over as wide a temperature range as possible (i.e.,
to maximize the factor 27" in Equation (5)). Thus, the semiconductor
material must have a large energy bandgap and a high melting point.
A large bandgap is desirable, because it permits operation of the
thermocouple at high hot-junction temperatures without a prohibitive
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loss in thermoelectric properties. This follows from the knowledge
that an increase in the bandgap of a semiconductor shifts the onset
of intrinsic conduction due to thermal generation of electron—hole
pairs to higher temperatures. Such electron-hole pair generation is
to be avoided, because it results not only in a marked decrease in
thermoelectric power, but also an increase in the thermal conductivity
due to an ambipolar contribution, k., resulting from the diffusion
of electron-hole pairs from T to Te.t

The need for a high melting point and corresponding chemical
stability is obvious. Unfortunately, it is a general rule® that the
higher the melting point, T,, of a material, the larger is its Debye
characteristic temperature, 4, and hence «,, at a given temperature
This may be seen from the expression,

62 0 \~
Kpn = —— [ Mvis{ — } |c, (19)
y? T

recently derived by Leibfried and Schlémann.®! Here, M and V are
the atomic weight and volume of the material, respectively, y=
?2Ind/21nV, and C is a numerical constant. Equation (19) holds for
the case where phonon-phonon interactions are the main source of
thermal resistance, which is the usual situation at elevated tempera-
tures. Since 4 is proportional to (T,./M), it follows from Equation
(19) that xy o (T,3/M)1/2. This dependence could place an upper
temperature limit to the usefulness of materials which exhibit semi-
conductor behavior at room temperature. From available data on «xp,
in semiconductors and the degree to which «,, can be decreased by
solid-solution alloying, it is concluded that semiconductors would be
the most useful materials at least up to 700°C.

MATERIALS RESEARCH

In research on compound semiconductors for thermoelectric power
generation, it became apparent that no one material could provide the
figure of merit, or 2T factor, necessary for high efficiencies over the
temperature range of immediate interest, 25° to 700°C. Consequently,

4P. J. Price, “Ambipolar Thermodiffusion of Electrons and Holes in
Semiconductors,” Phil. Mag., Vol. 46, Ser. 7, p. 12562, November, 1955.

5J, K. Roberts and A. R. Miller, Heat and Thermodynamics, New
York, N. Y., p. 552 (1954).

6 G. Leibfried and E. Schlémann, “Thermal Conductivity in Electrically
Insulating Crystals,” Gott. Nachr., Vol. Ila, p. 71 (1954).



92 RCA REVIEW Marech 1961

attention was directed to a consideration of constructing thermocouple
branches (1) in a sandwich-type arrangement and (2) by graded
alloying. Both these techniques make use of a heterogenous distribu-
tion of materials from the hot to the cold junctions. In the sandwich-
type arrangement, materials are selected to provide a high average
figure of merit over relatively narrow temperature ranges. This
principle is schematically illustrated by the diagrams in Figure 5,
which show the temperature dependence of z for the materials, A, B
and C, and their arrangement along the branch of a thermocouple.

25 300 500 700

FIGURE OF MERIT—

Fig. 5—Principle of sandwich arrangement of materials A, B, and C along
branch of power-generating thermocouple.

It is apparent, from the temperature dependence of z, that material
A provides the best average z value in the range 25 to 300°C; B pro-
vides the best average z in the range 300 to 500°C; and so on. Thus,
by placing these materials in the series arrangement shown in the
upper diagram of Figure 5, an envelope of z versus T curves (indi-
cated by the heavy lines) is obtained which represents the best average
Z value over the entire operating temperature range T, — Ty of the
thermocouple.

The construction of thermocouple branches by the graded alloy
technique is illustrated by the diagrams in Figure 6. In this principle,
use is made of an alloy system, A-B, which exhibits complete solid
miscibility (Figure 6b), and in which the bandgap E, of A is less
than that of B and has a general dependence on alloying as shown
in Figure 6c. In addition, the dependence of kpn on alloying exhibits
a broad minimum, as shown in Figure 6d. On the assumption that
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loss in thermoelectric properties. This follows from the knowledge
that an increase in the bandgap of a semiconductor shifts the onset
of intrinsic conduction due to thermal generation of electron-hole
pairs to higher temperatures. Such electron-hole pair generation is
to be avoided, because it results not only in a marked decrease in
thermoelectric power, but also an increase in the thermal conductivity
due to an ambipolar contribution, k., resulting from the diffusion
of electron-hole pairs from Ty to Tt

The need for a high melting point and corresponding chemical
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higher the melting point, 7,, of a material, the larger is its Debye
characteristic temperature, 6, and hence «,, at a given temperature
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(19) that x,y « (T,3/M)¥/2. This dependence could place an upper
temperature limit to the usefulness of materials which exhibit semi-
conductor behavior at room temperature. From available data on «,
in semiconductors and the degree to which «,, can be decreased by
solid-solution alloying, it is concluded that semiconductors would be
the most useful materials at least up to 700°C.

MATERIALS RESEARCH

In research on compound semiconductors for thermoelectric power
generation, it became apparent that no one material could provide the
figure of merit, or 2T factor, necessary for high efficiencies over the
temperature range of immediate interest, 25° to 700°C. Consequently,

4P, J. Price, “Ambipolar Thermodiffusion of Electrons and Holes in
Semiconductors,” Phil. Mag., Vol. 46, Ser. 7, p. 1252, November, 1955.

5J. K. Roberts and A. R. Miller, Heat and Thermodynamics, New
York, N. Y., p. 5652 (1954).

6 G. Leibfried and E. Schlémann. “Thermal Conductivity in Electrically
Insulating Crystals,” Gétt. Nachr., Vol. Ila, p. 71 (1954).
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attention was directed to a consideration of constructing thermocouple
branches (1) in a sandwich-type arrangement and (2) by graded
alloying. Both these techniques make use of a heterogenous distribu-
tion of materials from the hot to the cold junctions. In the sandwich-
type arrangement, materials are selected to provide a high average
figure of merit over relatively narrow temperature ranges. This
principle is schematically illustrated by the diagrams in Figure 5,
which show the temperature dependence of z for the materials, A, B
and C, and their arrangement along the branch of a thermocouple.
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Fig. 5—Principle of sandwich arrangement of materials A, B, and C along
branch of power-generating thermocouple.

It is apparent, from the temperature dependence of z, that material
A provides the best average z value in the range 25 to 300°C; B pro-
vides the best average z in the range 300 to 500°C; and so on. Thus,
by placing these materials in the series arrangement shown in the
upper diagram of Figure 5, an envelope of z versus 7 curves (indi-
cated by the heavy lines) is obtained which represents the best average
2 value over the entire operating temperature range Ty —> Ty of the
thermocouple.

The construction of thermocouple branches by the graded alloy
technique is illustrated by the diagrams in Figure 6. In this principle,
use is made of an alloy system, A-B, which exhibits complete solid
miscibility (Figure 6b), and in which the bandgap E, of A is less
than that of B and has a general dependence on alloying as shown
in Figure 6c. In addition, the dependence of kpn on alloying exhibits
a broad minimum, as shown in Figure 6d. On the assumption that
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the A-rich alloys with lower E, provide higher values of z at the
temperature of the cold junction, T, and, conversely, the B-rich alloys
provide a higher z at T, it would be advantageous to adjust the
bandgap along the thermocouple branches by a uniform variation in
composition in the manner shown in the upper diagram of Figure 6.
The terminal alloy compositions, 80% A-20% B and 20% A-80% B

’

GRADED
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80% A- 20%3 ALLOYING 59 Av80% B
Uz
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Fig. 6—Graded alloying of thermocouple branches with semiconductor

alloy system, A-B. (a) Power-generating thermocouple with graded alloy

structure; (b) phase diagram showing complete solid solubility, SS; (c)

variation of bandgap E, with alloying; (d) variation of lattice thermal
conductivity «,» with alloying.

should be selected so as to take advantage of the decrease in «,, due
to alloying, as indicated by the hashed area in Figure 6d. It also
follows that the carrier concentration #» must be so adjusted from T,
to Ty as to provide a thermoelectric power Q given by Equation 18
at the various temperatures along the branches. This would require
an increase in n on going from T, to Ty, since (as is apparent from
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Equation (14)) for a given effeclive mass of current carriers, the
value of Q is proportional to 73/2/n. The graded alloy and impurity
structure in Figure 6 could provide (1) higher power-generation
efficiencies through operation at a larger T;; — T, for the same average
value of z, or (2) operation at the same T,, — T with a higher average
value of z.

With the above principles of thermocouple construction in mind,
data largely taken from the recent work of Rosi, Dismukes, and
Hockings? are presented on the evaluation of compound semiconductors
and alloys for power generation over specific temperature ranges.
Emphasis is placed on the utilization of the sandwich-type arrange-
ment shown in Figure 5. It should also be mentioned here that the
compounds and their solid-solution alloys were prepared in ingot form
by crystallization from the melt using either the Bridgman?® or zone-
levelling? technique, the details of which can be found in the litera-
ture.”1® In addition, the data on the thermal and electrical properties
were obtained in the following manner: The electrical resistivity, p,
was determined by an a-c scanning msthod; the thermoelectric power,
@, and thermal conductivity, «, were measured simultaneously at all
temperatures by the standard technique of establishing a small tem-
perature gradient across the specimen placed between a heater and
sink. The carrier concentration, n, and mobility, w, were obtained from
measurements of Hall constant. In all cases the lattice contribution,
kpn to the thermal conductivity was obtained from the measured total
thermal conductivity, «, from Equation (15).

Bi,Te, Alloys

In the course of research on materials for thermoelectric cooling,'
it became apparent that solid-solution alloys of Bi,Te; with other
V-VI compound semiconductors might also be useful in power-gener-
ating thermocouples operating with hot-junction temperatures up to
300°C. Consequently, the thermal and electrical properties of selected
n- and p-type alloys were examined in the temperature range 25 to
500°C. For the n-type material, emphasis was placed on the 759%

"F. D. Rosi, J. P. Dismukes and E. F. Hockings, “Semiconductor
Materials for Thermoelectric Power Generation up to 700°C,” Electrical
Engineering, Vol. 79, No. 6, p. 450, June 1960.

8 P. W. Bridgman, “Certain Physical Properties of Single Crystals of
Tungsten, Antimony, Bismuth, Cadmium, Zine and Tin,” Proc. Amer. Acad.
Arts and Sei., Vol. 60, p. 305 (1925); Vol. 58, p. 165 (1923).

9W. G. Pfann, “Principles of Zone Melting,” Trans. Amer. Inst. Min.
Met. Engrs., Vol. 194, p. 747, July 1952.

10F, D. Rosi, B. Abeles and R. V. Jensen, “Materials for Thermo-
electric Refrigeration,” Jour. Phys. Chem. Solids, Vol. 10, Nos. 2 & 3,
p. 191, July 1959.
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Bi,Te;-25% Bi,Se; alloy doped with either CuBr or Agl, while alloys
of Bi,Te;—Sb,Te; with excess Te or Se were examined for p-type
material. Examples of these alloys with their thermoelectric prop-
erties at room temperature are listed in Table I. These alloy com-
positions were selected because at 300°K they provide (1) a lattice
thermal conductivity «,, significantly lower (< 0.010 watt em—! deg—1!)
than that of Bi,Te; (0.013 watt cm—1 deg—1), (2) a u[m™/m]3/?
product similar to Bi,Te; as suggested by Q2/p values, and (3) an
energy bandgap greater than Bi,Te; as indicated by the variation

Table I—Thermoelectric Properties of Bi:Te; Alloys at Room Temperature

K Ky
. Conductivity Impurity Q P (watt em—2 (watt'gm—l
Alloy Composition Type Added  (uv deg~1) (ohm-cm) deg—1) deg—1)
% Bi.Ter—25% Bi:Ses n CuBr 166 10.3 x 10—+4 0.0133 0.0090
% BisTes—25% Bi:Se: n CuBr 125 5.6 X 10—+ 0.0221 0.0091
% Bi:Tes~70% Sb.Te:
(2 wt. % Te) P e 195 9.2 X 10—+ 0.0148 0.0100
% Bi:Tes—75% Sb:Tes
(2.3 wt. % Te) P e 196 7.8 X 10—1 0.0149 0.0093
70 BizTea—75% szTes
(1.75 wt. % Se) P —_ 210 9.8 X 10— 0.0127 0.0082
Yo Bi:Tes—80% Sb.Tea
6 wt. % Te) P _ 174 6.5 X 10—1¢ 0.0164 0.0096

of the thermoelectric power with electrical resistivity. These require-
ments are consistent with the general considerations discussed in the
previous section.

The results of the measurements of thermoelectric power, @, and
electrical resistivity, p, at various temperatures up to 550°C for the
n- and p-type alloys in Table I are summarized in Figures 7-11. In
all cases, both @ and p initially increase with increasing temperature.
The rise in @ is to be expected from Equation (14), and the occur-
rence of a maximum followed by a rapid decrease at the higher tem-
peratures is associated with the onset of intrinsic conductivity. The
appearance of a maximum in p is a direct result of the nature of the
temperature dependence of the carrier mobility, u, and carrier concen-
tration, ». The initial sharp increase in p is due to the decrease in
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carrier mobility with increasing temperature, while the maximum
and subsequent decrease in p reflect the exponential increase in n
with temperature. It is further noteworthy that the maximum in @
always occurs at a temperature 100 to 200°C lower than that for p.
This could be an indication that @ is a more sensitive parameter of
the onset of intrinsic conductivity in these degenerate, or near-degen-
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Fig. 7—Temperature dependence of thermoelectric properties in n-type
75% Bi:Tes—25% Bi:Se; alloy.

In the case of the two n-type 75% Bi.Te;—25% Bi,Se; alloys (see
Figure 7), the observed maximum in the thermoelectric power and
resistivity is broader, occurs at a lower value, and is shifted to higher
temperatures for the more heavily doped degenerate alloy (p=10.55
X 10—3 ohm-em and @ =125 uv deg—1! at 25°C). The shift to higher
temperatures is to be expected, since the maximum in the temperature
dependence of Q is usually associated with the onset of intrinsic con-
duction, which would occur at a higher temperature in the more
heavily doped sample. The temperature dependence of 2z in the
n-type materials of Figure 7 was determined from the expression,
2=1Q2/(px). Here, the total thermal conductivity, «, at any given
temperature was estimated from Equation (15) by calculating the
electronic contribution, x, from the measured value of p, and assum-
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ing the room temperature value of the lattice contribution, kpn (0.009
watt em—! deg—!), to be invariant with temperature. The latter as-
sumption represents a conservative approach toward estimating the
temperature dependence of z, since in general k,, varies as T—1 in
crystalline solids. It may be seen from Figure 7 that average z values
of approximately 1.9 X 10—3 deg—1! and 1.2 X 10-3 deg—1 are obtained
over the temperature range 25 to 300°C for the nondegenerate and
degenerate alloys, respectively. These data indicate the potential use-
fulness of the n-type 75% Bi,Te;—25% Bi,Se; alloy as a branch mate-
rial for thermocouple operation up to 300°C.

An analysis of the data in Figures 8 and 11 for the p-type
SheTes-Bi,Tey alloys reveal a significant shift in the maximum for p
from 250°C to 425°C as the Sb,Te; content is increased from 70 to
80 per cent. By contrast, a much smaller effect was obtained on the
position of the maximum for @, which would suggest only a slight
increase in the energy bandgap in this composition range. It is also
interesting to compare the data for the p-type material in Figures 8
and 9. At room temperature, both alloys have the same value of Q
and, hence, similar density of carriers. The 75% Sb,Te;~25% Bi,Te,
alloy (Figure 9) has a lower resistivity, however, which would neces-
sarily indicate a higher hole mobility. An analysis of the competing
variations in mobility and carrier concentration with temperature
suggests that this higher mobility should be manifested by a shift to
a somewhat higher temperature in the maximum for p. This is indi-
cated by a comparison of the curves in Figures 8 and 9.

It should be noted that the excess tellurium in solid solution in
these alloys represents a convenient method of controlling the resis-
tivity at room temperature. It was found that, for a given alloy, an
increase in the tellurium content results in a corresponding increase
in p, and that the amount of tellurium required for a given p increases
with the content of Sb,Te; in the alloy. The same general behavior
also applies to additions of selenium in solid solution, as in the case
of the p-type 75% Sb,Te;—25% Bi,Te, alloy in Figure 10. A com-
parison of the Q@ and p data for this alloy with the same alloy contain-
ing 2 per cent excess Te (see Figure 8) shows a similar dependence
of both p and Q on temperature, with the exception that the maximum
in @ occurs at a somewhat higher temperature for the selenium addi-
tion. This could suggest a higher bandgap in the alloys with the
selenium additions in solid solution; in this connection, it should be
noted that addition of selenium in these alloys, unlike excess tellurium,
should result in the preferential formation of Sb,Se;, which has a
higher free energy of formation than either the Bi,Te;, Bi.Ses; or
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Sb,Te;. Hence, the alloys containing selenium may actually be ternary
solid-solution alloys of Bi,Tes;—Sb,Te;—Sb,Se; with excess tellurium.

The variation of the figure of merit, 2, with temperature in the
p-type materials of Figures 8-11 was determined in the manner de-
scribed above for the n-type materials of Figure 7. It may be seen
that these alloys are most useful as thermocouple branch materials
in the temperature range 25 to 250°C. The best average z values over
this temperature range were approximately 2.1 X 10—3 and 2.5 X 10—3
deg—! obtained with the 80% Sb,Te;—209% Bi,Te; (6% excess Te) and
75% SbyTes—25% Bi,Te; (1.75% Se) alloys, respectively. In addition,
these alloys showed a very similar gross dependence of z on tem-
perature. It is noteworthy that the 25% Bi,Te;—-75% Sb.Te; alloy
with 1.759% Se (see Figure 10) provided a z value of 3.6 X 103 deg—!
at 25° C.

Ternary Compounds

In the search for new and improved thermoelectric materials,
attention was given to a class of compounds!’!? having the generalized
formula, ABX,. Here A is a Group I element such as Cu, B is a
Group III or Group V element such as In or Sb, and X is a Group VI
element such as Te. These ternary compounds represent one of the
simpler compositional deviations from the more familiar III-V com-
pound semiconductors, and in these compounds the ratio of bonding
electrons to atoms is 4, as is the case for the Group IV elemental
semiconductors.

The work on these ternary compounds was initially concerned with
those having a cubic structure, in particular, the rock-salt and zine-
blende types. More than twenty compounds of these cubic types were
prepared, and their thermoelectric properties determined. The data,
summarized in a previous work,” showed that this new class of mate-
rials includes semiconductors that could be useful for power generation
at intermediate temperatures. Of particular significance was the ob-
servation that the compounds which crystallize in the rock salt struc-
ture!*>3 are all characterized by low lattice thermal conductivities
(< 0.0075 watt ecm—1! deg—1). Examples of these are AgSbS,, AgSbSe.,
AgSbTe,, AgBiS,, and AgBiSe,. However, when the Group V element

11 ¢, H. L. Goodman and R. W. Douglas, “New Semiconducting Com-
}()ougd)s of Diamond Type Structure,” Physica, Vol. 20, No. 11, p. 1107
1954).

12J, H. Wernick and K. E. Benson, “New Semiconducting Ternary
Compounds,” Jour. Phys. Chem. Solids, Vol. 3, Nos. 1 & 2, p. 157 (1957).

13 P, Ramdohr, “Schapbuchite, Matildite, and the Silver and Bismuth
Contents of Certain Galenites,” Sitzungsber Preuss. Akad. Wiss. Phys.
Math. Kl, VI, p. 71 (1938).
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in these compounds is replaced by a Group III element, such as In and
Ga, the resulting compounds have the zinc-blende structure, and much
higher values of «,;, (0.01-0.07 watt cm—*! deg—'.) In this connection,
it is noteworthy that in the zinec-blende structure each atom has four
nearest neighbors arranged tetrahedrally, as against six neighbors
arranged octahedrally for the rock-salt structure. This reduction in
co-ordination number is believed to be largely responsible for the
marked increase in «,, in the zinc-blende compounds, since this might
be expected to lead to a decrease in the lattice anharmonicity at any
given temperature for materials with similar melting points, or Debye
temperatures.
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Fig. 12—Variation of thermoeleetric power Q@ with resistivity p in
p-type AgSbTe. at 300°K.

A large number of ternary compounds have been examined, and of
these AgSbTe, with the rock-salt structure!? was found to be the most
promising for power generation. This material has a lattice thermal
conductivity'* at room temperature of only 0.0063 watt em—1 deg—1,
a hole mobility of ~140 em2volt—1lsec—! for a carrier concentration
of ~5 X 108 em—3, and an energy bandgap of ~0.3 ev estimated from
resistivity versus temperature data. From measurements of thermo-
electric power and carrier concentration at 300°K, the density-of-
states effective mass ratio, m™ /m, for holes was calculated from
Equation (14) to be 0.36 or 0.88, depending on whether a predomi-
nantly impurity or lattice-scattering is assumed, respectively, in
assigning a value to the kinetic energy term, |Aep|/(KT). Finally,

14 E. F. Hockings, “The Thermal Conductivity of Silver Antimony
Telluride,” Jour. Phys. Chem. Solids, Vol. 10, No. 4, p. 341, August 1959
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data” on the variation of thermoelectric power Q with resistivity p
at 300°K (see Figure 12) show that Q values of 200-220 pv deg—?
can be expected in the resistivity range, 2-3 X 10—3 ohm-cm.

The principal drawback to the proper evaluation and utilization of
AgSbTe, as a material for power generation is the present inability
to adjust its electrical properties through controlled impurity addi-
tions. For example, it has not yet been possible to obtain either
p-type material with resistivities below 2 X 10—3 ohm-em, or n-type
material. Attempts to obtain these electrical characteristics have
failed in spite of a large number of experiments with elemental and
compound doping. Perhaps this can be attributed, in part, to the

Fig. 13—Appearance of second-phase structures (X 100) in AgSbTe.:
(a) Ag.Te, (b) Sb.Tes.

presence of second phases in the as-prepared AgSbTe,, which were
recently reported by Armstrong et al’® and Wolfe et al.l® In agree-
ment with this recent work, the phases were determined by x-ray
analysis to be Ag,Te and possibly Sb,Te;, and metallographic exam-
ination revealed a peritectic-type distribution for the Ag,Te phase,
and a typical Widmanstitten precipitate pattern for the SboTe;.

15 R, W. Armstrong, J. W. Faust, Jr. and W. A. Tiller, “A Structural
Study of the Compound AgSbTe.,” Jour. Appl. Phys., Vol. 31, No. 11, p.
1954, November 1960.

18 R, Wolfe, J. H. Wernick and S. E. Hasko, “Anomalous Hall Effect
in AgSbTes,” Jour. Appl. Phys., Vol. 81, No. 11, p. 1959, November 1960.
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Examples of these second-phase structures are shown in the micro-
graphs of Figure 13. It is possible that the difficulty encountered in
controlling the conductivity in AgSbTe, by impurity additions results
from a relatively higher solubility of such impurities in these second
phases.

Measurements of thermoelectric power, @, and electrical resistivity,
p, were made on p-type AgSbTe, over the temperature range 25 to
525°C. The results are shown in Figure 14, along with the calculated
temperature dependence of the figure of merit, z. It may be seen
that p decreases linearly with increasing temperature, while @ in-
creases with temperature and exhibits a broad maximum. The de-
crease in p would seem to suggest an anomalous increase in hole
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Fig. 14—Temperature dependence of thermoelectric properties
in p-type AgSbTe..

mobility with temperature. It must be remembered, however, that in
these specimens a second phase exists whose concentration might be
expected to vary with temperature. The increase in @ with tempera-
ture follows from Equation (14), and the fact that @ does not decrease
sharply at the high temperatures suggests that intrinsic conduction
due to thermal generation of electron—hole pairs is not encountered
even at 525°C.

The temperature dependence of z in Figure 14 was determined
from Equation (9) using the data on Q and p. The total thermal
conductivity, k = kg + x5, at any given temperature was estimated
by calculating the electronic contribution «, from the measured value
of p, and assuming the room-temperature value of the lattice con-
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tribution, «,, (0.0063 watt cm—! deg—1) to be invariant with tem-
perature. The latter assumption again represents a conservative
approach toward estimating the temperature dependence of z. Al-
though preliminary measurements of «, in AgSbhTe, up to 500°C
by the thermal diffusivity techniquel” showed a complex function of
k,n With temperature, there was nevertheless an over-all decrease in
k- No account was taken here of a possible ambipolar contribution
to the thermal conductivity, which is reasonable in view of the @
values at the high temperatures. Figure 14 shows that the broad maxi-
mum in Q@ versus T is also manifested in the temperature dependence
of z. It is noteworthy that an average z value of approximately
1.6 X 10—3 deg—! is obtained in p-type AgSbTe, over the temperature
range 100 to 500°C.

Solid-Solution Alloys

It has been shown by a number of investigators”!%18-20 that the
figure of merit of semiconductors can be improved by solid-solution
alloying in the carrier-concentration range where the carrier mobility
is limited by impurity scattering. Under these conditions, the lattice
strains due to alloying are effective in scattering phonons, but are
ineffective in scattering electrons which have longer wavelengths.
Thus, at a constant resistivity corresponding to near-degeneracy,
solid-solution alloying could improve the figure of merit by decreasing
the lattice thermal conductivity, «,,, without at the same time affect-
ing the carrier concentration and, hence, thermoelectric power (i.e.,
x decreases while the ratio Q2/p remains constant). This, of course,
assumes no change in the density-of-states effective mass of carriers
with alloying. In addition to this beneficial effect on the figure of
merit, solid-solution alloying makes it possible to adjust in a con-
trolled manner such important physical properties as energy bandgap.
In view of these considerations, the following alloy systems were
examined: (1) AgSbTe, with the IV-VI compounds, PbTe, SnTe

17 B, Abeles and G. D. Cody, Private Communication (June 1960).

18 A. F. Toffe, S. V. Airapetyants, A. V. Ioffe, N. V. Kolomoets, L. S.
Stil’bans, “Increase in the Effectiveness of Semiconducting Thermocouples,”
Doklady Akademii Nauk. SSSR, V. 106, No. 6, p. 981 (1956); translation
No. 8, Infosearch Russian Literature Survey, SEM-1-56; A. V. Ioffe and
A. F. Ioffe, “Thermal Conductivity of Semiconductors,” Izvestiya Akademii
Nauk. SSE, Ser. Fiz. V. 20, No. 1, p. 65 (1956); Infoscarch Translation
IA-3-56.

13 M. C. Steele and F. D. Rosi, “Thermal Conductivity and Thermo-
electric Power of Germanium-Silicon Alloys,” Jour. Appl. Phys., Vol. 29,
No. 11, p. 1517, November 1958.

20 3, N. Gordyakova, G. V. Kokosh and S. S. Sinani, “Investigation of
Thermoelectric Properties of Solid Solutions Bi.TesBiSes,” Zhurnal
Tekhnicheskoi Fiziki, Akad. Nauk. SSSR, B. 28, No. 5, p. 977 (1958).
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and GeTe, (2) PbTe-SnTe and (8) InAs-GaAs. Thermoelectric data
on these systems are presented in the following sections.
I. AgSbTe, Alloys

The alloys of AgSbTe, with PbTe, SnTe and GeTe were selected
for examination, because the similarity in the structures of the com-
ponent compounds in these systems suggested the existence of ex-
tensive ranges of solid solution. The system AgSbTe,—PbTe has been
reported upon by several authors? 2 who have indicated that solid
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Fig. 15—Phase equilibrium diagrams for the binary systems of
AgSbTe: with PbTe, SnTe, and GeTe.

solubility occurs over the entire system. For the system containing
SnTe, it has been stated? that complete solid miscibility occurs, but
no details were presented. In the present work the three systems of
AgSbTe, with PbTe, SnTe, and GeTe were examined, and their tenta-
tive phase diagrams, shown in Figure 15, were obtained by differ-
ential thermal analysis during heating of small specimens in sealed
silica ampules. The results indicate that a complete series of solid

21 J. H. Wernick, in Properties of Elemental and Compound Semicon-
ductors, Interscience Publishers, New York, N. Y., p. 69 (1960).

22 H, Fleischmann, C. G. Folberth and H. Pfister, “Semiconducting
Mixed Crystals of the Type (A(:1BiIVCiV) DV Z. Naturforschg, V.
14a, p. 999 (1959).

23 H, Rodot, “Study and Properties of the System AgSbTePbTe,”
Compt. Rend., V. 249, p. 1872 (1959).
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solutions can be obtained in all three systems, although for the system
AgSbTe,~PbTe the solidus curve is not firmly established.

The lattice parameters of the materials in the three alloy systems
were determined at 300°K by x-ray powder-diffraction methods, and
their variation with respect to alloy composition is shown in Figure
16. Cubic symmetry was observed in all cases at room temperature,
except for GeTe and one alloy containing a high proportion of GeTe.
These two exceptions showed a rhombohedral structure, with angles
of 88.35° and 89.2°, respectively, which represents only a slight
distortion from cubic symmetry. The approximately linear depend-
ence of the lattice parameters in Figure 16 indicates complete solid

6.50F 4 aopor'?! 4
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Fig. 16—Variation of lattice parameter with composition in alloy systems
of AgSbTe; with PbTe, SnTe, and GeTe (M — Pb, Sn, or Ge).

solubility for all three systems in agreement with the phase diagrams
shown in Figure 15. However, close examination of the three curves
reveals a significant difference between the system AgSbTe,—SnTe
and the system AgSbTe,—GeTe. In the former, the variation of lattice
parameter with alloying shows a positive deviation from linearity,
which is to be expected for a disordered solid-solution system. By
contrast, a small negative deviation is observed in the AgShTe,—GeTe
system, where attractive interatomic forces of a partially ionic char-
acter can be expected.

The variation of lattice thermal conductivity with composition for
the three alloy systems at 300°K is shown in Figures 17 and 18.
Again k,, was obtained from the measured total thermal conductivity
« by Equation (15). The electronic component, k., was determined
from Equation (16), assuming that the carriers had either a Roltz-
mann energy distribution (S=2) or were degenerate (§==72/3). A
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thermoelectric power of 160 uv deg—! was arbitrarily chosen to indi-
cate the onset of degeneracy. It may be seen from Figures 17 and 18
that «,, increases monotonically with increasing SnTe or GeTe in
AgSbTe,. The absence of a minimum in «,, which is commonly ob-
served in alloy systems exhibiting complete solid miscibility,10.2425
would suggest that the lattice strains due to alloying in both the
AgSbTe,—SnTe and AgShTe.—GeTe systems are of too small a magni-
tude to decrease the already low «,, of AgSbTe, (0.0063 watt cm~-1
deg—'). On the other hand, the data in Figure 17 show that in the
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Fig. 18—Variation of lattice thermal conductivity with composition for
nondegeneracy () xp and degeneracy (#,,)p in the AgSbTe~SnTe system.

24 A, F. Toffe, “Heat Transfer in Semiconductors,” Proceedings Inter-
national Conference Electron Transport in Metals and Solids, Canadian
Journal of Physics, Vol. 34, No. 12a, p. 1342 (Dec. 1956).

% M. 8. Abrahams, R. Braunstein and F. D. Rosi, “Thermal, Electrical

and Optical Properties of (In, Ga) As Alloys,” Jour. Phys. Chem. Solids,
Vol. 10, Nos. 2 & 3, p. 204 (July 1959).
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system AgSbTe,~PbTe a minimum «,, of 0.0045 watt cm—1 deg—! is
obtained corresponding to an alloy composition of approximately 50%
AgSbTe,~50% PbTe. In this connection, it is noteworthy that the
solidus and liquidus curves in the AgShTe,~PbTe system are more
widely separated than in the AgSbTe, system with SnTe or GeTe.
This wider separation could be a consequence of a much higher degree
of lattice strain due to alloying. The very low lattice thermal conduc-
tivity in the AgSbTe,~PbTe system demonstrates that the lower limit
to the “mean free path” of phonons in semiconductors can be less
than a unit-cell dimension. This is important when attempting to
estimate a maximum figure of merit for a given class of materials.

Table II—Electrical Resistivity and Thermoelectric Power of
AgSbTe; Alloys at 300°K

Alloy [ Q
Composition (ohm-cm) (pv deg—1)

75% AgSbTe—25% PbTe 3.1 X 102 300
509% AgSbTe—50% PbTe 5.0 X 10—2 350
40% AgSbTe—60% PbTe 3.0 X 10—2 380
75% AgSbTer—25% SnTe 3.6 X 10—3 110
509% AgSbTe—50% SnTe 4.8 X 10—+ 30
40% AgSbTe—60% SnTe 1.0 X 103 71
20% AgSbTe—80% SnTe 6.4 X 10—4 52
90% AgSbTer—10% GeTe 7.0 X 10—3 235
75% AgSbTer—25% GeTe 5.5 X 10—3 230
50% AgSbTer—50% GeTe 3.3 X 10—3 212
25% AgSbTer—T5% GeTe 1.1 X 10—3 131
10% AgSbTe—90% GeTe 52X 10—+ 70

Data from electrical resistivity and thermoelectric power measure-
ments made at room temperature for the three AgSbTe, alloy systems
are shown in Table II. On the basis of these results, as well as
thermal conductivity measurements, the alloys with GeTe were con-
sidered the most promising materials for use in thermoczlectric power
generation. Consequently, detailed measurements were made on a
selected number of p-type AgSbTe,~GeTe alloys, as well as on GeTe
itself. The results of the thermoelectric power and electrical resistivity
measurements in the temperature range 25 to 600°C are shown in
Figures 19 and 20. It may be seen from ths curves in Figure 19 that
p initially increases with temperature for all the alloys, and this can
be attributed to a decrease in hole mobility with increasing tempera-
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ture. It also appears that the maximum in resistivity is shifted to
higher temperatures with increasing GeTe content in the alloys; in
pure GeTe the maximum was not observed even at 600°C. The curves
in Figure 20 show that the dependence of @ on temperature is similar
to that for p, in that it also increases with temperature and reaches a
maximum value which is shifted to higher temperatures with increas-
ing amounts of GeTe. These data strongly suggest that with increas-
ing GeTe content in the alloys, the onset of intrinsic conductivity
occurs at higher temperatures.

To determine the possible usefulness of the AgSbTe,~GeTe alloys
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Fig. 20—Variation of thermoelectric power Q@ with temperature
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as power-generating materials, the temperature dependence of the
figure of merit for the various p-type alloys was calculated from
Equation (9) using the data in Figures 19 and 20. The results are
shown in Figure 21; for comparison, the data for pure GeTe are
also included. The total thermal conductivity was obtained by cal-
culating «, from the measured values of p at the different tempera-
tures, and by assuming a T—! dependence for «,, with a lower limiting
value of 0.0063 watt cm—1! deg—! corresponding to the x,;, of AgSbTe,.
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Fig. 21—Variation of figure of merit z with temperature for

p-type AgSbTe~GeTe alloys.
It may be seen from the curves in Figure 21 that the 10% AgSbTe, -
90% GeTe alloy appears to be the most promising for thermoelectric
power generation in the temperature range 250 to 550°C where an
average 2z value of —1.5 X 10—3 deg—1! is obtained. Although this
does not represent an improvement over the average 2z value for
AgSbTe, in the same temperature range (see Figure 15), it should
be noted that the useful temperature range of the 10% AgSbTe,—90%
GeTe alloy will be 50 to 100°C higher than that of pure AgSbTe,.
Moreover, the thermoelectric properties have not been optimized for
the intended temperature range of application. One point of interest
in connection with the data in Figure 21 is the marked improvement
that is made in the figure of merit of GeTe over the temperature
range 25 to 500°C by simply alloying with 10% AgSbTe,. Moreover,
the data would suggest that pure GeTe is superior to any of the
alloys above 600°C.
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2. PbTe-SnTe Alloys

Interest in an n-type thermoelectric material for use in the tem-
perature range above that of the Bi,Te; alloys led to an examination
of the system PbTe-SnTe, which had been shown to exhibit complete
solid miscibility.26 It was known from previous work? that PbTe is
useful in this temperature range, and it was considered that solid-
solution alloying with SnTe would provide a higher figure of merit
by decreasing the lattice thermal conductivity.
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Fig. 22—Temperature dependence of thermoelectric properties for
n-type 75% PbTe-25% SnTe alloys.

A study of a number of n-type PbTe-SnTe alloys showed that
one of the most promising compositions was 75% PbTe-25% SnTe,
which has electrical properties comparable to PbTe. In addition, this
alloy has a lattice thermal conductivity of 0.012 watt cm—1! deg—1?
at 25°C, which is significantly lower than that of PbTe (0.017 watt
cm—! deg—1). Detailed measurements were made of the tempera-
ture dependence of @ and p for the 759 PbTe-25% SnTe alloy, and

28 N. K. Abrikosov, K. A. Dyuldina and T. A. Danilyan, “On the System
SnTe-PbTe,” Zhur. Neorg. Khim., V. 3, p. 1632 (1958).

2T R. W. Fritts, in Thermoelectric Materials and Devices, Reinhold
Pub. Corp., New York, N. Y., 1960, p. 143.
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the data are summarized in Figure 22. It may be seen that the onset
of intrinsic conduction occurs in these specimens at about 700°C,
which probably represents the upper temperature limit for the use
of this alloy in power generation. This is also indicated in Figure
22 by the dependence of z on temperature which was obtained from
Equation (9), where « was again estimated by calculating x, from
the measured p, and by assuming a T-! dependence for «x,. The
latter assumption is reasonable on the basis of recent thermal diffus-
ivity measurements on solid-solution alloys of semiconductors.’® The
variation of z with temperature also shows a broad maximum in gz,
which provides an average z value of ~1.3 X 10—3 deg—! over the
temperature range 300 to 700°C.

3. InAs-GaAs Alloys

To extend thermocouple operation above 550°C, solid-solution
alloys of InAs—GaAs were examined. This alloy system had been
found to exhibit complete solid miscibility,?® and materials could be
obtained with melting points ranging from 960°C to 1242°C and
bandgaps from 0.35 ev to 1.35 ev. Equally important, the lattice
thermal conductivity of both InAs and GaAs is considerably reduced
by alloying, as may be seen from Figure 23 which is taken from the
work of Abrahams, Braunstein, and Rosi? A minimum in «,, of
0.047 watt ecm—! deg—! was obtained for an alloy composition of
approximately 509% InAs-509% GaAs, which corresponds to an energy
bandgap of 0.6 ev.

The variation of figure of merit with resistivity at 300°K for
the n-type 409 InAs-609% GaAs alloy is shown in Figure 24. For
comparison, data are also included for the component compounds,
InAs and GaAs. It may be seen that the maximum 2z value for the
alloy is significantly larger than that for either of the compounds,
and this improvement in z with alloying is again a manifestation of
the large decrease in «,, resulting from solid-solution alloying. The
maximum z of 2.5 X 10—* deg—1! for the 40% InAs—60% GaAs alloy
is considerably lower than that for other materials at 300°K. Equa-
tion (17) shows, however, that an improvement in this value can be
expected at higher temperatures. This can be seen from the data
in Figure 25, which shows the variation of @, p, and z with tempera-
ture in the range 25 to 650°C for a specimen with a room tempera-
ture resistivity of 1.17 X 10—3 ohm-cm corresponding to an electron
eoncentration of 1.8 X 1018 em—3. The temperature dependence of 2z
was determined from Equation (9), where the total thermal conduc-

28 B, Abeles and G. D. Cody, private communication (Jan. 1961).
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tivity at a given temperature was estimated by calculating &, from
the measured value of p, and by assuming the kpnh (0.05 watt em—?
deg—1 at 25°C) to be invariant with temperature. The maximum z
value of 4.7 X 10—* deg—1 at 425°C for the 40% InAs-609% GaAs
alloy is approximately 1.9 times that at room temperature. Moreover,
if in estimating « the reasonable assumption was made that Kkpn varies
as T—1, expected figures of merit would be ~0.9 X 10-3 deg—1 at
425°C and ~1 X 10-3 deg—1 at 625°C.
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Fig. 25—Temperature dependence of thermoelectric properties for n-type
40% InAs-60% GaAs alloy.

It is significant that the data in Figure 25 show that Q@ increases
approximately as log T, which indicates that the 40% InAs—609% GaAs
alloy remains extrinsic up to 625°C. The increase in p with tempera-
ture is probably a result of a decrease in electron mobility, since the
carrier concentration for this degenerate (at 25°C) material can be
regarded as temperature independent.

Figure 26 shows the variation in thermoelectric power and re-
sistivity with temperature up to 700°C for an 80% InAs—209% GaAs
alloy with a room-temperature resistivity and thermoelectric power
of 1.37 X 10—3 ohm-cm and 173 uv deg—1, respectively. From the
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temperature dependence of both @ and p, it may be seen that the
specimen becomes intrinsic in the vicinity of 425°C. The variation
of 2z with temperature is also shown in Figure 26, and 2z was again
calculated from Equation (9), where « at any given temperature was
obtained in the same manner as described above for the 40% InAs-
609% GaAs alloy using a xy, at 25°C of 0.07 watt ecm—! deg—'. The
observation that 2z rises continuously with increasing temperature
follows from the fact that @ does not decrease rapidly with onset of
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Fig. 26—Temperature dependence of thermoelectric properties for n-type
80% InAs—20% GaAs alloy.

intrinsic conductivity (presumably due to the large mobility ratio
for current carriers in this system), and from Equation (17). In
the temperature range 25 to 425°C, where the specimen is extrinsic,
the z values can be improved still further by optimum doping so as
to provide @ values in accordance with Equation (18) over this
temperature range. This is generally true for all cases of the varia-
tion of z with temperature in extrinsic semiconductors.

A comparison of the data in Figures 25 and 26 clearly demon-
strates the need for a higher bandgap to shift the onset of intrinsie
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conductivity to higher temperatures, since the bandgaps of the 80%
InAs—20% GaAs and 40% InAs—60% GaAs alloys are approximately
0.45 ev and 0.70 ev, respectively.?”® In addition, the higher Q values
for the 80% InAs-20% GaAs alloy in the extrinsic temperature range
25 to 425°C reflect for the most part the higher electron mobility in
this alloy. For a similar carrier concentration, the electron mobility
of the 80% InAs-20% GaAs alloy at 300°K is more than twice that
of the 40% InAs—60% GaAs alloy. Since the resistivity of the two
alloys are similar and no significant change is to be expected in the
density-of-states effective mass for electrons with alloying,® the
difference in the @ values of the two alloys up to 425°C simply
manifests a difference in the electron concentration.

Table III—Room-Temperature Properties of Semiconductor Branches of
Power-Generating Thermocouple

Condue- K
Thermocouple tivity Impurity Q Id (watt cm—1!
Branch Material Type Added  (uv deg—?) (ohm-cm) deg—1)

75% Bi:Tes—25% BisSes n CuBr 150 6 X 10—+ 0.020

50% BlzTer—‘40% Sb:Tes
—10% Sb:Ses P Bi 155 8 X 10—¢ 0.015

POWER-GENERATING THERMOCOQUPLES

25 to 325°C Range

It was shown in the previous section (Figures 7-11) that Bi,Te;
alloys could be useful for power generation at least up to 300°C.
Consequently, a power-generating thermocouple, similar to the ar-
rangement in Figure 1, was constructed from n-type 75% Bi,Te;-
26% Bi,Se; and p-type 50% Bi,Te,—40% Sb,Te;—10% Sb,Se; alloys,
whose thermoelectric properties are given in Table III. The resistivity
of each alloy was adjusted to provide not the highest value of 2z at
room temperature, but instead the best average value of z over the
desired operating temperature range of the thermocouple. In con-
structing the thermocouple, the metal-semiconductor junctions were
made by soldering with an 80% Bi-20% Sb alloy, which provided a
junction resistance at 25°C of at least one order of magnitude less
than the sum of the branch resistances. Heat was supplied to the
hot junction by a wire-wound resistance heater, and the cold junction
was fixed at 25°C by circulating water.
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Figure 27 shows the variation in power-generating efficiency, ¢,
(power output/heat input) with temperature difference of operation,
as measured in a vacuum. It may be seen that a ¢,,, of approximately
6.5% is obtained for a Ty — T¢ = 300°C (ie, T¢ = 25°C to
T, =325°C). From the measured @, p, and « of the alloys in Table III
over this temperature range, an efficiency of ~8 per cent was expected.
The difference of 1.5 per cent from the measured and calculated
values of ¢ can be attributed to an increase in the metal-semicon-
ductor contact resistance at the hot junction. From the efliciency

¢ (%)

0 100 200 300
T, - T (°C)

Fig. 27—Variation of power-generating efficiency ¢ with temperature
range of operation (I'¢=25°C). g

measurements in Figure 27, it was possible to calculate the actual
temperature variation of the average figure of merit for the n- and
p-type alloys of Table III. These data are given in Figure 28, which
shows a continuous decrease in z with increasing temperature of
thermocouple operation in a manner very similar to the "dependence
of z on T for the alloys in Figures 7 through 11.

20 to 550°C Range

Power-generating thermocouples for operation over the tempera-
ture range 20 to 550°C were constructed from semiconductor alloys
in the sandwich arrangement shown schematically in Figure 29. It
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Fig. 28-—Temperature dependence of average figure of merit z for n-type
75% BiiTes~25% Bi:Ses and p-type 509% Bi:Te;40% Sb.Te~10% Sb:Ses
alloys.

may be seen that the n-type branch consisted of alloys of 759%
Bi,Te;~25% Bi,Se; and 75% PbTe-25% SnTe, while the p-type
branch was constructed from alloys of 25% Bi,Te,~75% SbyTe;
(1.75 weight per cent Se) and 109 AgSbTe,—909% GeTe. The metal-
semiconductor bonds at the cold and intermediate junctions for both
the p- and n-type materials were made by soldering, while pressure
contacts were used for the hot junctions. Heat was again supplied
to the hot junction by a wire-wound resistance heater, and the cold
junction temperature was maintained at 20°C by circulating water.

Measurements of Q, p, and « as a function of temperature on the
individual materials indicated that a power-generating efficiency of
approximately 14 per cent could be expected with the arrangement
shown in Figure 29. The variation of ¢ with hot junction tempera-

T.=20°¢C
. n-TYPE | 75%Bi, Te, - 25 % Bi, Se,
200°C

n-TYPE 75 % PbTe-25% SnTe

7,=550"C| HEATER

p-TYPE [ 10% Ag SbTe2 -90 % GeTe

175° C

p-TYPE | 25% 81'2 Te3 ~75 % sz Te3

T.=20°C

Fig. 29—Schematic representation of sandwich-type power-generating
thermocouple for operation in the temperature range 20 to 550°C.
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ture Ty in Figure 30 shows that an efficiency of ~-12 per cent was
actually realized on operating in air up to a Ty of 550°C (ie., a
Ty — T = 530°C). The curves were obtained from two thermo-
couples, which were cycled over the temperature range of operation.

The efficiencies shown in Figure 30 were measured in the follow-
ing manner. The heater was surrounded by a metallic collector,
which was calibrated so that its temperature could be directly related
to the component of the power input arriving at the collector. This
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Fig. 80—Variation of power generating efficiency ¢ with temperature of
hot junction Tua. (Te=20°C.)

calibration was in close agreement with calculations based upon the
various thermal-conduction paths from the heater to the collector.
The thermocouple efficiency was then determined by considering the
difference between the total power input to the thermocouple and
the heat that was transferred to the collector box. This difference
represents the heat flow into the thermocouple, which, together with
the measured electrical output, enabled the efficiency to be calculated.
A second method for estimating efficiencies involved a direct measure
of the heat flow into the cold junctions by the temperature rise of
the circulating water. This calorimetric determination of the heat
flow from T, to Ty was then combined with the thermocouple power
output to compute the efficiency. The data obtained for two rates of
water flow are listed in Table IV. It is seen that the efficiency deter-
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minations by this method are in substantial agreement with the data
in Figure 30.

Studies of the operating lifetime of these thermocouples were
made in an argon atmosphere; after 300 hours of continuous opera-
tion the efficiency was 20 per cent lower than its original value. This
drop in efficiency was attributed to an increase in the resistance of
the metal-semiconductor bonds, since there was no evidence of suffi-
cient impurity diffusion along the branches of the thermocouples to
affect materials properties.

Table IV—Generator Efficiency Determination by Calorimetric Method

Property Run1 Run 2
Heater Power (watts) 22.1 221
Heater Temperature (°C) 557.5 557.5
Water Flow (cc per sec) 0.668 0.45
Temperature Difference (°C) 2.2 3.9
Water Uptake (watts) 6.18 7.4
Generator Qutput (watts) 0.75 0.9
Efficiency (%) 10.9 10.9

CONCLUSIONS

A general consideration of the thermoelectric properties of semi-
conductors suggests that (1) this class of materials can be useful in
power-generating thermocouples operating at least up to 700°C, and
(2) construction of thermocouple branches in a sandwich-type ar-
rangement or by graded alloying will be necessary to achieve high
figures of merit over a wide temperature range and, hence, high
power-generating efficiencies.

A large number of ternary compound semiconductors having the
cubic structure were synthesized; and those, such as AgSbTe,, with
the rock-salt structure are characterized by low lattice thermal con-
ductivities (<0.0075 watt ecm—! deg—1).

The lattice thermal conductivity as a function of composition was
examined in the alloy systems of AgSbTe, with PbTe, SnTe, and
GeTe. The minimum in the lattice thermal conductivity for the
AgShTe,—PbTe system gives an effective “mean free path” for
phonons which is less than unit-cell dimensions.

Measurements of the temperature dependence of thermoelectric
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properties on a number of solid-solution alloy systems showed that
(1) solid-solution alloys of Bi,Te; with Bi,Se,;, SbhyTe;, and Sh,Se;
provided the best p- and n-type material for thermocouple operation
in the temperature range 25 to 250°C, (2) the ternary compound
AgSbTe, and its alloys with GeTe provided the best p-type material
for the range 250 to 550°C, and (3) alloys in the PbTe-SnTe system
provided the best n-type material for the range, 250 to 550°C.

Power-generating thermocouples constructed from alloys in the
(Bi, Sb), (Te, Se); system have given an efficiency (power output/
heat input) of ~6.5 per cent on operating over the temperature
range, 25 to 325°C; e, a Ty — T¢ = 300°C.

Power-generating thermocouples were constructed in the sand-
wich-type arrangement of materials from the p-type alloys, 25%
Bi,Te,—75% Sb,Te; and 10% AgSbTe,~90% GeTe, and the n-type
alloys, 75% Bi,Te;—25% Bi,Se; and 759% PbTe-25% SnTe. These
thermocouples provided an efficiency of ~12 per cent on operating
over the temperature range 20 to 550°C; i.e, a T — T, = 530°C.
Continuous thermocouple operation for 300 hours resulted in no sig-
nificant deterioration of material properties.
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THE PRESENT OUTLOOK FOR CONTROLLED
THERMONUCLEAR FUSION*

By

GEORGE W ARFIELDT

RCA Laboratories
Princeton, N. J.

Summary—Extensive effort has been expended in the last few years
toward the development of controlled thermonuclear fusion based on the
confinement of a very-high-temperature plasma. It is the opinion of the
author that, barring a mew approach, a useful power-producing fusion
reactor is several decades away. In the immediate future, the concentration
in fusion research will probably shift from a study of fusion itself to «
study of basic plasma physics. Some of the reasons for this comclusion are
discussed.

INTRODUCTION

PPROXIMATELY TEN YEARS AGO, work was started in
A several countries toward finding a practical method for
the controlled release of energy from the fusion of light
nuclei to form heavier nuclei. The main incentive for this work was
the realization that success in this effort would assure mankind of
an inexhaustible energy supply. The energy stored in the deuterium
contained in the waters of the world is estimated to be 102¢ kilowatt
hours. At the estimated world-wide consumption rate for the year
2000 of 10t kwh per year, there is sufficient fusion fuel to last 107
vears assuming an efficiency of utilization of 0.1 per cent. For all
practical purposes this is an inexhaustible supply.

The major problems to be solved — heating and containment of
the fuel — were recognized at the very start of the work, and
several different proposals were advanced for their solution. While
these problems appeared quite formidable at the time, it is probably
fair to say that there was rather general optimism that they would
be solved satisfactorily within perhaps a decade if an intensive effort
were made. This optimism was natural at the time, since two ap-
parently equally formidable problems, the development of fission and
fusion weapons, had just recently succumbed to large-scale efforts.
Perhaps the best indication of this optimism is the fact that the work

* Manuscript received 16 January 1961.

T Dr. Warfield is also Associate Professor of Electrical Engineering,
Princeton University.
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in all countries was carried on in secret, ostensibly because of the
military value of the copious neutron source which would be one of
the by-products of a successful fusion reactor.

However, as work in all countries progressed, there came a gradual
realization that this problem was more complex than had first been
supposed, and that a solution, if indeed a solution did exist, might
be many years in the future. It became apparent that the best
efforts of many people would be needed to attack the problem, and that
a duplication of effort among various groups isolated because of
secrecy could not be afforded. As a result, all secrecy restrictions
were removed several years ago and there is now a relatively free
exchange of information among the different groups working in this
field.

Despite this interchange, the work done so far has not yet estab-
lished the technical feasibility of a controlled fusion reaction. Fur-
thermore, should the research of the next decade or so indicate
technical feasibility, the economic feasibility of controlled fusion
would remain to be demonstrated. Thus, in spite of the copious and
relatively cheap fuel supply, there is no guarantee that a controlled-
fusion process could compete with other possible sources of energy.

Although the work of the past decade has not achieved the results
that many people would have hoped, it has served to define more
clearly the problems to be solved and to establish a firmer scientific
base from which to carry on. For example, much has been learned
about the behavior of plasmas at elevated temperatures, about some
of the instabilities which can develop in these plasmas, of some pos-
sible methods for suppressing the growth of these instabilities, and
about methods for diagnosing plasmas. However, much more basic
scientific information about the behavior of plasmas must be learned.

At the moment, then, the outlook is that a power-producing fusion
reactor is probably many decades away. As with all predictions, of
course, some completely new approach to the problem may change
this estimate considerably. Most of the present work is concerned
with continued studies of the approaches proposed near the start of
the fusion program. A new approach may produce success more
quickly.

There are many reasons for coming to this somewhat pessimistic
conclusion.® As just one sample of the problems involved, we might
look briefly at that of containment.

* It should be pointed out that this is the personal opinion of the
author who is not actively working in this field, but who has been follow-
ing the work rather closely.
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CONTAINMENT

From the start, containment of the hot fuel was assumed to be
the central problem in controlled fusion. The cross sections for the
various fusion reactions as functions of energy were well known, and
it was taCItly assumed that there would be no real problem in giving
the fuel particles sufficient energy to reach ignition temperatures
provided the fuel could be confined for a long enough time.

The energies needed to reach ignition temperatures are in the
range -of 10,000 to 50,000 electron volts, and it is relatively easy to
accelerate ions through 50 kilovolts to achieve these energies. Un-
fortunately, a process which competes with fusion — elastic scatter-
ing — is much more probable for particles of this energy. The elastic
scattering cross section is about 108 times the fusion cross section.
Thus, it is necessary to devise a system in which any one particle
will have approximately 108 interactions with other particles before
it leaves the system or before it loses its energy. Some type of
reflector is needed to keep a particle in the reaction region after it
undergoes an elastic collision. This is the crux of the containment
problem.

Perhaps the one point of real agreement among people working in
fusion is that the only practical reflector must be based on magnetic
fields, since particles of either negative or positive charge tend to
rotate about field lines. Other containment methods (for example,
r-f fields) have been proposed from time to time, but these have not
shown as much promise as magnetic fields. Here the agreement ends.
Many different magnetic field configurations have been proposed, and
the different groups studying controlled fusion have essentially been
established to explore these different configurations.

Most of the configurations proposed thus far, and the devices
which have been constructed, may be divided into two broad classes
according to the source of the confining field. In one class are those
devices in which the primary magnetic field is produced by the current
in the plasma itself — the so-called pinch devices. In the second
class are those devices which rely on a field produced by currents
external to the plasma. Actually this division is not as clear cut as
it might appear since many pinch devices include externally produced
stabilizing fields, while the fields produced by the plasma currents
in the second class of devices may have significant effects on the
behavior of these devices.

The second class may be further subdivided into those devices
with ends from which particles may escape the confining field and
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those devices without ends. Devices with ends are usually called mirror
machines, while those without ends are usually called stellarators.

Finally, the mirror machines may be divided into two more groups.
One group includes those devices in which an appropriate density of
cool fuel is placed in the reaction region and is subsequently heated
to the ignition temperature (hopefully) while the concentration is
maintained approximately constant. In the other group are those
devices in which the fuel is injected from an external heating device
into the reaction region to gradually increase the particle concentra-
tion to the point at which a net power output from the device is
achieved (again, hopefully).

Other classifications are possible based on heating schemes or
other characteristics. However, let us examine the containment prob-
lem in the machines as we have classified them.

PiNcH MACHINES

The pinch machines as a class are basically pulsed devices. Con-
tainment, in principle, arises from a magnetic pressure equal to the
magnetic energy density B2/2p,.f The magnetic flux density is, in
turn, produced by the current in the plasma. At the edge of the
current sheath, the flux density is B = pol/(27a) where [ is the cur-
rent in the pinch and @ is the radius of the pinch. To achieve a
pinch, and hence containment, the magnetic pressure must exceed
the kinetic pressure of the plasma, 2nkT, where n is the concentra-
tion of either type of charge and T is the temperature of the plasma,
assuming the electron and ion temperatures are the same. Thus for
a pinch to occur,

12> 1672a2nkT /g = 167 ANET /129
I>2 % 10-8\/ANT amperes

where A is the geometric area of the discharge tube and N is the
initial gas concentration before the pinch occurs.

To get some idea of the order of magnitude of currents needed
for a power-producing pinch, we must examine the generated power
density. This power density is proportional to the square of the
particle concentration and to the temperature. For a D-T reaction
at a temperature of 108°K (approximately the ignition temperature
for this mixture), a fuel concentration of 10?'/m® gives a power
density of 60 megawatts/meter3; a concentration of 1023 /meter?® gives

* The M.K.S. system of units is used throughout this paper.
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a power density of 600,000 megawatts/meter3, which is an extremely
powerful explosive; while a concentration of 1019/meter3 gives a
power density of only 6 kilowatts/meter3, which is too small to be
useful as a main power source. Assuming a concentration of 1021/
meter? at the ignition temperature of 108°K, the generated power per
unit length of the reactor will be

P=60+a>=60AN/n =6 X 10—20 AN megawatts/meter.

For a pinch to occur and, hence, for the fuel to be confined under these
conditions, the plasma current must satisfy the relation

I > 106 /P amperes.

A conventional power station may have a capacity of 500 mega-
watts. If we want the same output from a pinch reactor, we can
determine the current needed for pinching after we pick a length
for the tube. The length is limited, since prohibitive voltages would
be needed to initiate the discharge if the tube were too long. In a
reactor 5 meters long, which is probably optimistic, the current
needed for confinement is greater than 107 amperes. Continuous
currents of this magnitude are beyond the range of present tech-
nology. Consequently, a continuous power producing pinch can not
be achieved in practice.

In addition to this limitation, pinch devices have been plagued
with various instabilities which destroy the confinement and which
have prevented really significant levels of fusion from being achieved.
It is hoped that methods will be found for preventing all these insta-
bilities from developing, and, in fact, methods have been found for
inhibiting several of them. Others have not succumbed to attack, how-
ever, and it is not certain that they will.

Despite this outlook, work with pinch devices is continuing. The
main effort is aimed at increasing the rate at which the pinch current
builds up so that fusion may occur in significant amounts before the
instabilities have time to build up to intolerable levels.

Even should a successful fusion pinch be achieved, energy would
be produced in explosive bursts. It is extremely doubtful if a reactor
could be designed to withstand more than one of these bursts. Over-
all then, at the moment, the prospect that controlled fusion will be
achieved on a practical scale with a pinch device is not promising.

EXTERNAL-FI1ELD DEVICES

Devices in the second broad class do not suffer from the current
limitation of the pinch devices. The flux density inside a toroidal
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solenoid is B = pynd, where n, is the number of turns per unit length
of solenoid. To balance the kinetic pressure of the plasma

nd > N 2nkT/pny=2 X 108 ampere turns/meter

for the same fuel concentration and temperature used for the pinch
calculations. In principle, for a solenoid of 50 turns/meter, a current
of 40,000 amperes is sufficient for containment. Continuous currents
of this magnitude are within the range of present technology, so that
this second class of devices could be operated continuously. However,
no continuously operating device has yet been constructed. Although
continuous containment is possible from the current standpoint, there
are other effects which make the containment problem difficult.

Mirror Devices

The basis of mirror devices is that charged particles tend to be
reflected back and forth between two regions of strong magnetic
field next to a region of weaker field. If a particle has a sufficiently
high ratio of transverse to axial velocity (determined by the ratio of
maximum to minimum field intensity), it will be confined to the region
between the two strong fields. If its axial velocity is too large, the
particle will not be reflected but will leak out one of the ends. Actu-
ally, for a given ratio of maximum to minimum field intensity, there
is an escape cone in velocity space. Any particle with a velocity in
this cone will not be confined by the mirror. A particle which initially
has a velocity outside the escape cone may be scattered into the escape
cone by a collision. Hence it is not certain that a particle will be
confined even though its initial velocity is outside the escape cone.

Particles injected into the system transversely to the main field
direction will certainly have an initial velocity proper for confinement.
However, most of the collisions between particles are elastic collisions
so that the particles in the system soon take on a random velocity
distribution. A significant fraction of the particles will then have
velocities in the escape cone. The probability of a particle having a
collision increases with the concentration of particles in the system.
At the relatively high concentrations needed for appreciable generated
power density, the end losses may be quite large. This is a serious
problem in both classes of mirror devices.

If one starts with a high concentration of cool fuel and heats it
in the reactor by magnetic compression or by some other means, il
is the more energetic particles which escape from the ends. This
makes it difficult to attain the high average energy, and, hence, the
temperature needed for ignition. If one attempts to build up the
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concentration of fuel particles to a significant level by injecting hot
fuel, there is again appreciable leakage from the ends which tends
to prevent the concentration from reaching the proper level.

Up to the present time, the end problem in mirror devices has not
been solved satisfactorily. However, some of the most promising
fusion experiments have been performed with mirror devices.

In most of the mirror devices constructed to date the magnetic
field is concave toward the central axis. This field configuration is
inherently unstable. A simple way to look at this instability is that
magnetic field lines tend to become as short as possible, while the
plasma tends to expand. Both these effects can be achieved if the
plasma and the field exchange places so to speak. To overcome this
instability, a new field configuration commonly called a “picket fence”
configuration is being studied. In this configuration, the field lines
are convex toward the central axis and this tends to keep the field
outside the plasma. While this is a promising approach, there are
still other problems associated with this configuration. As yet not
enough work has been done with the picket fence arrangement to
assess its future usefulness.

Stellarators

The end problem does not exist in the stellarator class of devices
since there are no ends. However, there are other problems with
containment which have not yet been solved.

The basic principle of these devices is that the magnetic field lines
do not close upon themselves after one transit through the system as
they do in a simple toroid. This effect is achieved either by twisting
the toroid into a figure eight configuration or by wrapping a special
set of helical windings, in addition to the main solenoid, on a race-
track structure to produce an angular component to the field. As a
result, a given field line generates a magnetic surface after repeated
transits through the device.

The important consequence of this effect is that any charge sepa-
ration which tends to be produced by the inhomogeneous field may
be compensated by a current flow along the magnetic surface. This
prevents the build up of large transverse electric fields in the device,
which would immediately destroy the confinement.

There exists an instability peculiar to this class of devices. The
plasma current produces an azimuthal magnetic field. If this angular
component, in addition to that from the helical windings, is sufficient
to produce a net rotation of 360° or 0° in a field line after one transit,
the field line will close upon itself and the magnetic surface will not
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be generated. It is no longer possible for counter-currents to flow
to oppose the charge separation due to the inhomogeneous field. Hence,
electric fields build up which destroy the confinement. To prevent this
instability, the current must be kept below the so-called Kruskal limit.
This means that the concentration of fuel particles must be kept rela-
tively low. Since the generated power density depends upon the square
of this concentration, the generated power density may be lower than
one would wish.

Experimental work to date has confirmed the existence of this
instability which was first predicted theoretically. In addition, this
experimental work has given indications of other instabilities which
prevent containment even before the Kruskal limit is reached. There
are some tentative explanations for the origins of these instabilities,
but these theories have not been confirmed experimentally.

In fact the whole question of instabilities in the stellarator has
not been studied experimentally in a satisfactory way. A large experi-
mental stellarator is now under construction to carry on these studies,
as well as other studies of high-temperature plasmas. Until these
studies have been made it will not be possible to assess the future of
stellarator type devices as practical energy sources.

OTHER PROBLEMS

In addition to these and other difficulties with containment, there
are difficulties in heating the fuel to its ignition temperature. As an
example of the heating difficulties, there is the problem of “runaway”
electrons. The fusion reaction is between the ions in the plasma, and
it is the ions which must be heated to the ignition temperature. If
the energy-input mechanism heats the ions, but not the electrons,
interactions between the hot ions and cool electrons will result in
an energy flow from the ions to the electrons. This will make it diffi-
cult to reach sufficiently high ion temperatures.

If on the other hand the input mechanism heats the electrons
preferentially, energy must be transferred from the electrons to the
ions. Collisions between electrons and ions are elastic. Because of
the small electron-to-ion mass ratio, only a very small fraction of an
electron’s energy can be transferred to an ion during a collision. As
the electron energy increases beyond a certain point, the probability
of a collision with an ion decreases so that the coupling of energy
between electrons and ions becomes weaker. As a consequence, it is
possible for the electron temperature to become much higher than
the ion temperature with relatively little energy flow from electrons
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to ions. Thus, while energy is supplied to the plasma, most of it is
given to the electrons and the ions may never reach the ignition
temperature.

This is but one of many heating problems which must be solved
before controlled fusion is realized.

Assuming that both the containment and heating problems are
solved satisfactorily, the problem of just how to extract and utilize
the fusion energy must be studied. To date very little effort has gone
into this phase of the over-all problem, and reasonably so. People
have speculated on different methods for utilizing the energy, includ-
ing direct conversion to electrical energy. However, to the author’s
knowledge no really serious study has been undertaken.

CONCLUSION

The work done in fusion to date indicates the need for a much
better understanding of the basic properties and the behavior of
plasmas in general before any real progress toward practical con-
trolled fusion can be realized. Consequently, one can expect to see a
shift in emphasis in the fusion program from a concentration on
various fusion devices to a concentration on basic plasma physies.
Even should empirical work with some of the present devices demon-
strate controlled fusion, a better understanding of basic plasma
physics will be needed to optimize the process. One can discern that
this shift in emphasis is already underway. Further, since practical
controlled fusion may be many decades away, it is imperative that
other new energy sources be studied vigorously. Fortunately this
study is already underway.
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Summary—The power supply system employed in the TIROS I satellite
is discussed systemwise and in detail. First, the influence of the system
performance requirements on power-supply design and thermal control
methods is shown. Detailed discussion covers the problems of thermal
control, solar-collector orientation with respect to the sun vector, the
method of mounting solar cells to the wvehicle surface, the electrical ar-
rangement of the solur-cell circuitry, the solar-cell testing program, and
the design factors employed in determining the size and shape of the solar
collector. The storage battery is discussed with references to the battery
testing program, electrical characteristics of the battery, and the basic
factors which governed the battery design. DProtective and regulatory
circuit functions and specifications are given. Data is given on the per-
formance in orbit of the solar cells, batteries, and thermal control. In
addition there is « discussion of the factors affecting spatial orientation
of the TIROS I satellite in orbit. Graphical evidence is provided showing
how telemetered solar-cell data compared with computed data on the
satellite-to-sun orientation.

INTRODUCTION

satellite were much simpler than those incorporated in the
LA vehicle launched on April 1, 1960. The basic function of the
satellite was to take television pictures of the earth’s cloud cover and
relay them back to earth.

Initially it was decided to have no unfolding, latching, or extending
mechanisms on this early satellite. The solar-cell power supply, there-
fore, had to be part of the fixed skin which covered the vehicle
instrumentation. It was also decided that the satellite should be
cylindrical in shape and spin-stabilized with a disc-shaped mass dis-

J:rﬂ ARLY SYSTEMS CONCEPTS for the TIROS I meteorological

* Developed under the auspices of the National Aeronautics and Space
Administration and under the Technical Direction of the U.S. Army Signal
Corps, Contract No. DA 36-0390SCO78902.

t Presented to the American Rocket Society, Sept. 27-30, 1960.
i Manuscript received 9 January 1961.
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tribution, so that it would continue to spin about its figure axis.
Furthermore, all thermal control! was to be passive and was to be
achieved by the selection of proper materials to obtain optimum
thermal characteristics for the fixed outer surface, and by the thermal
inertia and coupling of the over-all system.

As the system concept became more involved and additional power-
consuming equipments were added, it became evident that the maxi-
mum envelope size permitted by the launching rocket would determine
the total solar-cell power capability. The design of the power supply?
was complicated by the fact that the output power of a tight-fitting
solar-cell collector is a function of area, while equipment power re-
quirements are roughly a function of volume. As equipments were
added, the collector surface began to enclose a progressively greater
volume than that of the equipment it was to power. The total vehicle
equipment power requirements increased until the solar collector
required an area which enclosed all the volume that the nose shroud
of the launching vehicle would allow.

An earlier decision on the TIROS I operational regime had fortu-
nately lifted the restraints on the addition of power-consuming hard-
ware. This decision allowed for a portion of the equipments, such as
cameras and tape recorders, to be programmed from the ground for
immediate or delayed execution of commands, and for variable dura-
tions, making it possible to obtain an infinite number of power-versus-
time profiles and thus permitting the power-supply output to vary
considerably. The result of these conditions was to place restrictions
on the duty cycle of the instrumentation rather than on the functions
it performed. It was also decided that the 300 pictures per day (asso-
ciated with the 20-watt orbit-averaged power from the size-limited
cylindrical collector and storage system) represented a sufficient
amount of information per day to be meaningful to meteorologists.

PRELIMINARY CONSIDERATIONS

The general location of the solar cells on the TIROS “hat” was
determined by the optimum position of the cameras for picture taking.
(The cameras can take good pictures only when the sun is behind
them and when they are pointed toward the earth.) With both camera

IM. Ritter, “Thermal Design for TIRO0S,” Astronautics, Vol. 5, No. 17,
p- 40, June 1960.

2C. C. Osgood and S. H. Winkler, “Optimizing the Design of a Solar
Power Supply System,” American Astronautical Society Meeting, January
18-20, 1960.
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axes parallel to the spin axis and both pointing in the same direction,
the solar cells should cover the flat top surface of the cylinder behind
the cameras. Since good pictures of the earth can also be obtained
when the sun’s rays are considerably off-parallel with the camera
axes, it became necessary to cover the lateral surface of the cylinder
with solar cells, in order to maintain a less-fluctuating projected area.
There was no need to cover the bottom flat surface with solar cells,
because if they were illuminated, the sun would be looking into the
cameras, rendering the satellite temporarily inoperative.

Because the solar cells cover a great proportion of the top and
sides of the cylinder, their thermal surface properties (solar absorp-
tivity and infrared emissivity) heavily influence the mean tempera-
ture of the components within. Thermal analysis determined a
required value of «/¢ ratio of around 1.0 with ¢ of 0.85. Three parallel
development programs were started to develop coatings for the solar
cells, (whose «/¢ ratio when uncoated is between 2 and 3) to bring
the emissivity from around 0.3 up and equal to their absorptivity of
0.9. Transparent plastics, vacuum-deposited inorganics, and bonded
transparent covers were all investigated. The use of organic plastics
by themselves was dropped for radiation and vacuum-sensitivity
reasons. A development program with a leading optical firm had not
yielded either sufficient sensitive-region transparency or high enough
emissivity in time for the decision on coating materials. The result
was the selection of the now-familiar, bonded Microsheet* glass plate-
let coating, using a vacuum-deposited blue reflector coating on the
glass to protect the transparent epoxy adhesive from darkening in
the ultra-violet and near ultra-violet, as well as an anti-reflective
coating to maximize solar transmission at the cell’s peak response
wavelength of 0.8 micron. Some time after this coating had been
selected, the vacuum-deposition program yielded a direct coating of
S8i0,-Si,0, on the solar cells, which dropped the electrical output
power of the solar cells no more than 3 per cent, while raising the
emissivity to between 0.8 and 0.85. The blue reflector coating has the
advantage over the direct-emissivity coatings of permitting some
variation in net absorptivity, with the fixed emissivity of the glass.
On the other hand, the direct-emissivity coating permits a variable
value of ¢ as a function of thickness, and can be augmented with a
multi-layer blue reflector which gives the flexibility of varying both
« and ¢ and permits darkside as well as illuminated-side thermal

* Registered trade mark.
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control. The thermal performance of TIROS I in orbit was within
5°C of the temperatures predicted for the actual launch condition.

The silicon solar cells are located on the top and lateral surfaces
of the cylindrically shaped TIROS I structure (see Figure 1); the
total instantaneous active silicon area projected normal to the sun’s
rays determines the power-collecting capabilities of the satellite. This
area is expressed in terms of the silicon area on the top and lateral

Fig. 1—The TIROS I satellite showing solar-cell location.

surfaces and the angle between the sun’s rays and the satellite spin
axis, denoted as the angle alpha. Thus, if alpha is zero, only the top
is illuminated, while at an alpha value of 90° only the lateral area
is illuminated. Maximum instantaneous solar-cell output is derived
at alpha equal to about 45°.

The original concept of the TIROS I system was to place in orbit
a spin-stabilized satellite whose spin axis orientation remained essen-
tially fixed in inertial space as the satellite orbited the earth and as
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the orbit precessed in space.®* Prelaunch calculations demonstrated
that the effect of differential gravity would perturb the spin axis only
slightly. Further investigation indicated that eddy currents in the
satellite structure and the presence of soft iron in the satellite would
similarly affect the orientation. Under these conditions, the major
variation in alpha is attributed to the relative motion of the sun and
spin axis of the satellite as the earth travels in its orbit about the
sun. For the pre-selected spin axis orientation, the time of year and
time of day of launch were to be chosen so that during the initial
three months of satellite life, alpha would be favorable for television
coverage of the earth and for power collection and conversion.

Immediately after launch, pictorial and attitude information ob-
tained from TIROS I showed a greater perturbation in alpha than
had been predicted. The perturbation was caused by the interaction
of the earth’s magnetic field and the magnetic fields set up by current
loops in the maze of satellite wiring. Calculations were performed to
determine the magnitude of this magnetic dipole of the satellite and
the results employed to predict future variations in alpha. Although
alpha varied in a manner different than originally predicted, its
magnitude was such that illumination conditions of the earth and the
spin axis orientation remained favorable for television coverage and
solar energy collection during the useful life of the satellite. Addi-
tional information concerning alpha is presented below in the discus-
sion of the post-launch performance of TIROS I.

SILICON SOLAR-CELL ENERGY CONVERTER

The basic power supply of the TIROS I consists of a silicon solar-
cell energy converter, a storage battery, a charge current limiter, and
a voltage regulator. The energy converter is an assemblage of approxi-
mately 9200 silicon solar cells which converts solar radiation energy
into electrical energy during orbital daylight. The solar-cell output
divides between supplying the equipment loads and charging the
storage battery. When peak equipment loads exceed the solar-cell
capacity, all of the output of the solar cells is supplied to the load
and none is supplied to the batteries for storage. During the orbital
night, when the solar cells are passive, silicon diodes in each series

3W. R. Bandeen and W. P. Manger, “Angular Motion of the Spin
Axis of the TIROS I Meteorological Satellite Due to Magnetic and Gravi-
tational Torques,” Journal of Geophysical Research, Vol. 65, No. 9, p. 2992,
September 1960.

1 H. Perkel, “TIROS I Spin Stabilization,” Astronautics, Vol. 5, No. 7,
p. 38, June 1960.
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Fig. 2—Method of electrical connection of solar cells.

row of solar cells (see Figure 2) prevent the storage batteries from
discharging into the solar cells. Similarly, diodes are provided for
each series row of solar cells located on the lateral surface of the
satellite. As the satellite spins about its figure axis and the solar-cell
rows are alternately illuminated and darkened, these diodes also serve
to prevent the rows which are darkened at any given time from
loading those which are illuminated. Table I summarizes some of the
more important design features of the solar array.

The solar converter includes solar ceils, bonded-glass covers, ad-
hesives, standoffs, diodes, wiring, and module boards, but excludes the
aluminum surface which was part of the structure. The weight of the
converter is 24.5 pounds.

The side and top surfaces of the satellite were almost completely
covered with solar cells to take full advantage of the variation of

Table 1

Top Side Total

Number of Solar Cells 3560 5560 9120

Square feet of active silicon area 6.90 10.8 17.7
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orientation of the spin axis and the sun vector. The solar cells used
were manufactured by the International Rectifier Corporation. They
are 1 X 2 centimeter boron-doped silicon, assembled in a shingle form.
The shingle comprises five of these individual cells in series. A mini-
mum conversion efficiency of 7.5 per cent at a voltage of 1.95 volts
plus or minus 5 per cent at a temperature of 30°C is specified for
the basic shingle. A transparent coating, which is bonded to each
individual cell of the five-cell shingle, greatly improves the thermal
emissivity. This coating permits radiative self-cooling in the spectral
region corresponding to the desired cell temperature. It consists of a
platelet of Microsheet glass 0.006-inch thick, which is coated with an
optical vacuum-deposited layer. The upper, or outer surface, has an
anti-reflective coating which permits the maximum transmission of
light in the 800-millimicron range, where the solar cells are most
responsive. The inner, or lower surface, has a 15-layer, sharp-cutoff
reflector coating which reflects or absorbs light of all wavelengths
shorter than 450 millimicrons and transmits 90 to 95 per cent of the
wavelengths over 450 millimicrons and beyond the solar cells’ upper
response limit of 1100 millimicrons. The platelets are bonded to the
individual cells with a transparent epoxy adhesive.

Two small copper tabs, one on the positive strip of the first cell,
and one on the negative underside of the fifth cell were used to enable
simple and reliable interconnections of the shingles. A flat, compact
epoxy fiberglass board was used as the basic building block to simplify
the handling and assembly techniques. This board, referred to here-
after as a module, had imbedded copper wiring or printed circuitry
so that the solar-cell shingles mounted on the module could be series
connected. Two module boards with shingles mounted are shown in
Figure 3. For the operating temperature predicted and the load
voltage required, 80 cells, or sixteen series-connected five-cell shingles,
were needed.

The sixteen solar-cell shingles are mounted on the module boards
with a low-temperature cure, scrim-cloth epoxy adhesive of uniform
thickness. Shallow wells and locating holes accurately position the
shingles on the module board. The copper tabs of the bonded shingles
are carefully soldered to the module printed circuitry. In addition,
paralleling tabs are provided in the module so that every series set
of four shingles may be paralleled. A module is 3.4 X 7.5 inches,
weighs 80 grams, and has an electrical output of 32 to 38 milliamperes
at 28 to 32 volts at a solar intensity of 100 mw/cm?2 normal incidence.

The module boards are paralleled in clusters of four, and are
electrically connected to one another at the one-quarter, one-half,
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and three-quarter voltage points, corresponding to 20, 40, 60, and 80
cells in series. This method of interconnection tends to minimize the
loss of solar converter output in the event of failure resulting from
open or short circuits in one shingle.

The top surface of TIROS I was very efficiently packed with these
modules. The modules were bonded directly to the vehicle skin in
electrical groups of four with the aforementioned serim-cloth epoxy

Fig. 3

Module boards with shingles mounted.

adhesive. To simplify mounting of the modules, the lateral area of
the satellite was modified from a continuous curved surface to eighteen
flat panels. Four module boards were epoxy bonded to each aluminum
panel, and these panels were then bolted to the aluminum vehicle
frame.

The solar-cell testing program was quite extensive. An indoor
light-testing fixture was built that permitted testing of great quan-
tities of five-cell shingles. At a controlled temperature and uniform
light intensity, the following pertinent characteristics of the shingles
were recorded: short-circuit current, open-circuit voltage, and con-
version efficiency at various voltages. With this information, the
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shingles were catalogued and sorted. By judicious matching of these
characteristics, each shingle was assigned to a specific module. The
assembled modules were then light tested and the same characteristics
recorded as for the individual shingles. Again, the module charac-
teristics determined the proper matching for the panel assembly.
Following the final bonding operation of module to panel, another
light test was made. After the wiring operation (paralleling every
four modules and paralleling every four shingles on each of the four
modules), an outdoor sun test was performed. It is interesting to
note here that by this extensive indoor testing program and subse-
quent careful matching of the solar-cell characteristics, the final value
of solar-cell-collector conversion efficiency was very nearly equal to the
conversion efficiency of the individual shingles.

Calculations were made of the energy available to supply the load
demands on a day-by-day basis, so that the programming rate of the
vehicle could be closely controlled. Data was available on the variation
of the angle between the sun vector and the vehicle spin axis for the
specific day and hour of launch. Calculated data was also available
for the top- and side-temperature variations on a day-by-day basis.
The following additional factors were taken into consideration in
computing the total energy available from the power supply on a daily
basis:

a) Radiation spectral shift at satellite altitude. In going from
a standard-day, sea-level solar spectrum to a satellite-altitude
spectrum, a spectral shift toward the shorter wavelengths is
encountered. Because of this shift, the solar-cell responsive
wavelength band contains a smaller proportion of the total
solar flux and a poorer distribution of this flux at satellite
altitudes than at sea-level. At the satellite altitude, therefore,
solar-cell efficiencies are reduced.

b) Time-degradation effect on output due to micrometeorities.

¢) Loss in transmission through the cover glass of the solar cell.

d) Loss due to the presence of the protective diodes in the solar-
cell eircuit.

e) Effect upon the solar-cell output of the non-normal incidence
of solar radiation on solar-cell surfaces.

f) Loss in output caused by the shift in the operating voltage off
the optimum voltage for the specific design temperature. This
shift is due to (1) the battery voltage fluctuation, which
varies from a higher voltage during charge to a lower voltage
during discharge; and (2) the fact that the solar cells are
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not at the constant temperature for which they are designed,
but rather experience a temperature range as the orientation
of the vehicle changes with respect to the sun vector.

g) Losses introduced by series-parallel connections of the solar
cells.

h) Losses due to the inefficiency of the energy-storage system,
the voltage regulators, and current limiters.

The instantaneous power output of the solar collector is a function
of the angle alpha as described earlier. As the angle alpha changes,
the total silicon area projected normal to the sun changes, and, there-
fore, the solar-cell temperature also changes. As alpha increases, the

Table 11

Instan- Average

taneous Solar Collector

Power Power Output

Alpha {(watts) (watts) Remarks

0 35 23 Side solar cells not illuminated.
45 51 33 Maximum collector output.
90 25 16 Top solar cells not illuminated.

top area projected normal to the sun decreases, but the average solar-
cell temperature also decreases. Simultaneously, the side area pro-
jected normal to the sun increases as does its average operation
temperature. The combined effect of these area and temperature
changes is shown in Table II in terms of the power output of the
solar collector corresponding to the average operation temperatures
at each value of alpha.

The average power output of the solar collector is obtained by
multiplying the instantaneous power output by the ratio of illumi-
nated time to the duration of orbital period (“per cent sun time”).
This ratio is 0.65. The average power to the load is approximately
0.68 of the average output of the solar collector, because of losses
which occur in the energy-storage system, voltage regulators, and
current limiters.

On the basis of the aforementioned degradation and correction
factors, an average daily energy in watt-minutes available to the load
was calculated for a given solar-cell conversion efficiency and exposed
area. With this information, a daily power budget was submitted to
the operational team that programmed the satellite.
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STORAGE-BATTERY SUPPLY?

The storage battery provides a relatively constant voltage to the
solar cells thereby isolating them from variations in the electrical
load. The battery is charged by the solar cells during the orbital day
and supplies all equipment loads during orbital night. During the
orbital day, the battery also supplies the difference between peak
equipment power drains and the solar-cell output by the amount that
the solar-cell capacity is exceeded by equipment power demands.

At the outset of the TIROS I program, the nickel-cadmium battery®
received primary consideration as the energy-storage device because
its trouble-free cycle life is potentially greater than that of other
storage-battery systems. After much effort in comparing commer-
cially available nickel-cadmium storage cells, the glass-to-metal her-
metically sealed 4-ampere-hour Sonotone® storage cell was selected. Its
sealed construction obviates problems associated with operation in a
vacuum environment and also prevents gas escapage to the outside
environment, which would result in loss of electrolyte and a reduction
in cell-energy capacity. The rolled plate and separator construction
permits packaging of the active cell materials in a cylindrical con-
tainer, which is a better pressure vessel shape than the rectangular
container.

During the TIROS I program, over 1000 such storage cells were
subjected to thermal, thermal-vacuum, vibration, acceleration, and
shock environment tests. Full charge—discharge tests were run at 0°C,
25°C, and 60°C with constant-current charging and discharging.
Various charging rates were employed to determine the safe maximum
charge rate at each temperature. Finally, partial charge—discharge
or cycling tests were performed between —10°C and +60°C under
vacuum conditions in a simulation of the charging and loading condi-
tions to be experienced in actual orbit. This extensive testing and
evaluation program permitted acquisition of considerable data con-
cerning the capacity, voltage, temperature, efficiency, and life charac-
teristics of the nickel-cadmium storage cell. When a defect was
discovered in the cell operation, its cause was jointly investigated by

5 8. H. Winkler, “Optimum Design of a Space Vehicle Storage System,”
14th Annual Power Sources Conference Proceedings, May 17-18-19, 1960.

§P. F. Bruins and A. J. Salkind, “Manufacture of Sintered Plate
Nickel-Cadmium Batteries,” Sandra Corp. Project Report Ref. Symbol
5311 (99), July 2, 1956. Department of Chemical Engineering, Polytechnic
Institute of Brooklyn.

* Registered trade mark
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RCA, Sonotone,” and the U. S. Army Signal Corps.® A redesigned
version of the cell was immediately produced by Sonotone and tested
by RCA. The result was that over 1,000 trouble-free charge—discharge
cycles were obtained from this battery during the useful life of
TIROS 1.

The TIROS I storage battery is designed to provide a minimum
terminal voltage of 25.5 volts throughout periods of peak power drains
over a battery-operating temperature range of —10°C to +455°C.
Three rows of batteries are connected in parallel. Each contains 21,
4-ampere-hour cells in series. Thus, the total nominal capacity ratings
of the battery are 12 ampere-hours and 300 watt-hours. The com-
pleted battery package includes the type 63F cells, packaging, wiring,
and aluminum loaded epoxy (which is used for heat sinking the
storage cells). It weighs 40 pounds.

In the case of a satellite such as TIROS I, which relies on the sun
as its primary energy source and where the ratio of illuminated to
dark time is approximately 2:1, the total energy that can be removed
from the storage battery during one orbit is not limited by its total
energy capacity, but by the maximum charging rate the battery can
safely accept in the relatively short time available to restore the
battery to full charge. The restriction placed on the maximum charg-
ing current limits the total energy removed from each row of the
battery in an orbit to about 10 per cent of its rated capacity. There-
fore, three rows of batteries are required to insure that sufficient
battery energy is available to support the vehicle equipment program-
ming rates demanded by the satellite mission.

The operation of much of the TIROS I instrumentation is subject
to ground control. Thus, a means is available to determine from the
ground the total instrumentation energy requirements in a given orbit.
During orbits in which ground illumination is unsatisfactory for
taking television pictures or the satellite is out of communication
range of the two ground stations, little or no equipment was pro-
grammed and the major power drain was the continuous load. During
these orbits, then, considerably less than 10 per cent of the battery
energy is removed. However, in the nine-to-ten orbits per day when
television coverage is possible and the vehicle is ground commanded
to perform its full range of functions, the average battery drain
exceeds 10 per cent, but the maximum drain is limited to about 20 per

7 Private Communication, L. Belove and H. Fields, Sonotone Battery
Corporation, Elmsford, N. Y.

8 Private Communication, P. Rappaport, USASRDL, Fort Monmouth,
New Jersey.
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cent of total battery capacity. Over the course of each 24-hour period
during the useful life of TIROS I, the total load requirements were
made to balance the calculated energy available from the power supply
for that period. This insured complete battery recharge at the end
of each 24-hour cycle.

The primary reason for limiting the recharge rate is to prevent
excessive internal heating of the battery and excessive rates of gas
production, both of which can cause material destruction of the bat-
tery. As described above, this limitation restricts the total quantity
of energy that can be discharged from the battery in an orbit. This
last limit on battery performance achieves the desirable results of
extending battery cycle life, which appears to vary inversely as the
depth of discharge, and insures that the battery terminal voltage
characteristics will be maintained during peak loading periods.

Charge-current limiters prevent the charging current to each row
of storage batteries from exceeding the maximum rate which the
batteries can safely accept. Silicon diodes are used to isolate the three
rows of storage batteries from one another so that short-circuits in
one row will not affect the remaining rows.

Power is supplied to the vehicle loads directly from the unregu-
lated battery voltage, via two 24.5-volt and two 13.0-volt d-c voltage
regulators. The output voltage variation of the voltage regulators
remains within = 1 per cent over an operating temperature range of
—10°C to +55°C.

TELEMETERED POST-LAUNCH PERFORMANCE

To ascertain post-launch power-supply performance, the following
parameters were telemetered to earth from the satellite:

The terminal voltage of each of three rows of batteries.

2. The voltage supplied to the input of the voltage regulators by
the three rows of batteries, each supplying power to the regu-
lator through isolating diodes.

3. The output voltage of each of two groups of solar cells elec-
trically isolated from the solar-cell power supply and each other,
but operating into accurately known resistance loads.

4. The temperature of the satellite skin immediately behind each
of the solar-cell groups described above.

5. The temperature of the satellite baseplate, which supports most

of the satellite components and mass, adjacent to the battery
package.
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6. The output voltage of two 24.5-volt and two 13.0-volt d-c voltage
regulators.

Each of the above temperatures and voltages are transmitted to
the ground by two telemetry channels operating independently, insur-
ing that telemetered data is available in the event one telemetry
system fails.

In the telemetry system, a 40-position switech sequentially samples
each of 39 parameters which are instantaneously transmitted to earth.
(There is no data storage for telemetry purposes.) Telemetry read-
ings are automatically timed to occur when much of the satellite
equipment is operative, providing a maximum of telemetered informa-
tion concerning equipment performance. Additional telemetry sam-
plings can be commanded from the ground as required.
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Fig. 4-—Angle alpha versus days after launch.

Solar-Cell Performance

Prior to launching, each of the aforementioned solar-cell telemetry
groups was calibrated to provide a plot of output voltage across a
fixed load resistance versus solar-cell temperature between —5 and
+70°C. Data was also obtained relating the solar-cell output voltage
to the illumination angle of incidence.

The telemetered solar-cell voltage and temperature and the calibra-
tion data were employed to calculate alpha, which was previously
defined as the angle between the satellite spin axis and the sun’s rays.
This value of alpha is compared day by day in Figure 4, with the
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alpha calculated from the analysis of (1) the interaction of the earth’s
magnetic field and the magnetic dipole which characterizes the TIROS
satellite, and (2) the effect of differential gravity upon the satellite.

Throughout the period shown the difference between these alpha
curves is less than 5 degrees. Employing the alpha variation derived
from the magnetic dipole and differential gravity analysis as a refer-
ence curve, one deduces that little or no degradation in solar-cell
output has occurred because of the essentially constant difference
between the alpha curves. Thus, the effects of particle radiations and
micrometeorites upon solar-cell performance are negligible over a
three-month period for an orbit at an altitude of 380 nautical miles
at an inclination of about 51° to the equator.

Storage-Battery Performance

From the above, it is observed that the battery terminal voltages,
the input voltage to the voltage regulators, and all the regulated volt-
ages are sampled during peak loading periods (when the battery
voltages are at their lowest levels). A great number of telemetry
samples occurred when the solar cells were sharing the load with the
batteries, but much data was also recorded during orbital night when
the batteries supplied all the energy. Throughout the entire life of
TIROS 1, these battery terminal voltage readings remained between
the designed limits of 25.5 and 32.0 volts. The input to the voltage
regulator rarely fell below 25.8 volts.

The failure which occurred in the TIROS system and resulted in
the NASA decision to halt all interrogations was not caused by a
battery failure. The last telemetered battery voltages received were
in the above-mentioned normal operating range. The equipment
failure, which was positively identifiable, resulted in uncontrolled
prolonged loads upon the power supply and depleted battery capacity.
Limited operation of the remaining operational equipment is still
possible if the batteries are given a sufficient opportunity to recharge.

Temperature Performance

It is noted above that the thermal performance of TIROS I was
within 5°C of the predicted temperatures. The temperature of the
solar cells located on the top surface varied from a maximum of 60°C
for an alpha of 45° to a minimum of 0°C for alpha of about 80°. The
temperature range of the solar cells located on the side surface, which
is alternately illuminated and darkened, was about 0°C for alpha of
45° and 40°C for alpha near 80°. The temperature values quoted are
those which occurred near the end of the orbital day and so represent
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the maximum temperatures for the given spin axis orientation with
respect to the sun. From the data available on the baseplate tempera-
tures, it has been calculated that the battery temperature ranged from
a minimum of about 0°C to a maximum of 30°C during the three-
month period.

PROGRAMMING OF OPERATIONAL FUNCTIONS

The operation of the TIROS satellite was planned and coordinated
at the NASA Goddard Space Flight Center in Washington, D. C. For
each orbit, the specific programs of equipment operation were calcu-
lated and then relayed to the ground stations. The ground rules
employed at the control center to determine the satellite programs
were established by pre- and post-launch calculations of the daily
energy capabilities of the power supply. The daily average power
required by the equipment loads varied between a minimum of 15
watts and a maximum of about 25 watts.

CONCLUSION

On the basis of the post-launch data, it may be said that the
various elements of the TIROS I power supply performed within
design specifications and that the accuracy of the power-supply design
was substantiated as planned pre-launch programming requirements
were met or exceeded throughout most of the satellite’s useful life.



BEACON TRANSMITTERS AND POWER SUPPLY
FOR ECHO I*f

By

J. G. McCuBBINi AND H. B. GOLDBERG#

Summary—-“Echo I’ is a 100-foot-diameter passive communication satel-
lite designed to reflect radio waves. A special beacon transmitter and
power supply were designed for attachment to the external surface of
this satellite. The beacon permits tracking of the satellite and assists
in establishing ephemeris data. A design was required which would be
compatible with the folding and packing procedures for the satellite and
which would operate reliably in space environment after withstanding the
rigors of launching. The transmitter, which produces an output of 5§ to 10
milliwatts at 107.94 megacycles, is mounted along with silicon solar cells,
batteries, and antenna on « 10-inch diwmeter printed circuit board. The
package is 0.35 inch thick and weighs 11 ounces.

INTRODUCTION

Administration (NASA) launched the first 100-foot-diameter
passive communications satellite for Project Echo. This satel-
lite was placed in a terrestial orbit at an altitude of 1,000 miles.
It is a hollow sphere constructed from gores of 0.0005-inch thick
Mylar** with the external surfaces coated with vapor-deposited alumi-
num to provide efficient radio-wave reflectivity. Before launch, the
satellite, which weighed only about 160 pounds, was evacuated and
folded into a spherical container 28 inches in diameter. When this
container was placed in orbit it was explosively separated at its
equator, and the satellite was inflated by the small amount of residual
air entrapped within its interior. The spherical configuration was
maintained by a small gas pressure derived from sublimating solids
carried in the satellite.
This paper describes the two beacon transmitters and power supply
which are attached to the external surface of the satellite. Each of

@N AUGUST 12, 1960, the National Aeronautics and Space

* Manusecript received 4 November 1960.

T This paper is based on work done under the auspices of the National
Aeronauties and Space Administration, Contract NASW-97.

t Formerly RCA Astro-Electronies Division, Princeton, N. J.; presently
General Electric Co., Philadelphia, Pa.

#RCA Astro-Electronies Division, Princeton, N. J.
** Registered trade mark.
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these continuous-wave transmitters was to radiate a minimum of 5
milliwatts of power, at a frequency of 107.94 megacycles, to assist in
establishing preliminary ephemeris data. A design was required which
would be compatible with the folding and packing procedures for the
satellite and which would operate reliably in the space environment
after withstanding the rigors of launching. Since there are no means
of access or connection to the satellite in its packing container, the
system had to be complete within itself and to begin to operate auto-
matically when placed in orbit.

The time a satellite is in the sun in a 1,000-mile altitude orbit
may vary from 70 to 100 percent as the angle between the plane of
the orbit and sun vector varies. Because the temperature of the
attachments may vary over a wide range as the satellite traverses
through sun and shadow periods in its orbit, some means of tempera-
ture control is required to assure that the components will operate
within tolerable limits.

SYSTEM DESIGN

A solar-cell and storage-battery power supply was selected to power
the two beacon transmitters. Each of the two assemblies, located
diametrically opposite on the equator of the satellite, includes one of
the two transmitters, its associated antenna, a group of solar cells,
and one half of the storage-battery part of the power supply. Two
lengths of printed cable, which are redundant for reliability, connect
the assemblies, with each length traversing opposite halves of the
circumference of the satellite in a direction passing over one of the
poles. These conductors interconnect the storage-battery elements and
place the two groups of solar cells in parallel with the storage battery.
The system elements and their interconnections are shown in Figure 1.

Each solar-cell group, when it receives adequate solar radiation,
will power both transmitters and charge the storage battery simulta-
neously. The partition of the system into two assemblies, located
diametrically opposite, provides a balanced mass distribution, facility
of installation, simple electrical interconnections, and optimum oppor-
tunity for collection of solar radiation by either of the two solar-cell
groups.

The antenna for each transmitter is an erecting, quarter-wave,
monopole. A normally open miniature switch is associated with each
antenna. Either switch connects the storage battery into the circuit
upon antenna erection, preventing depletion of storage-battery charge
while the satellite is stored in its container.

If either of the two solar-cell groups receives adequate solar radia-
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tion, operation of the transmitters is assured. The storage battery
supplies the necessary power in darkness or in unfavorable positions
of the sun with respect to the solar-cell groups. Discharge of the
storage battery through the solar cells during dark periods is pre-
vented by two semiconductor diodes.

PRINTED CABLE ENCIRCLING

SATELLITE
SOLAR CELL %%NgECTIOgS SOLAR CELL
ABLE ON
Powzf SUPPLY SATENNTE powzf SUPPLY

DIODE_’i moos*i
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Fig. 1—Block diagram of the transmitter and power supply system.

TRANSMITTERS

The two beacon transmitters are identically constructed, crystal-
controlled, continuous-wave units with the same nominal frequency.
(The crystals actually chosen provide a frequency separation of 500 '
to 1000 cycles between the two transmitted signals.) Each transmitter
consists of two 2N1143 mesa transistors and associated components
mounted on a 1.4 by 2.0-inch glass epoxy printed-circuit board. A
schematic diagram of the transmitter is shown in Figure 2. Tran-
sistor Q,, used in the first stage, is a grounded-base, crystal-controlled,
oscillator. The second stage transistor, Q., is used as an amplifier
and also to isolate the oscillator from the antenna. Hand-wound,
ferrite-tuned transformers are used for coupling between stages and
to couple the antenna to the transmitter.
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Fig. 2—S8chematic diagram of beacon transmitter for inflatable satellite.
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Figure 3 shows the oscillator frequency and output power of a
beacon transmitter as a function of temperature. The antenna was
simulated with a 40-ohm load, and the collector voltage was maintained
constant at 14 volts to obtain these data. It is seen that a frequency
drift of about =+ 3 kilocycles from the center frequency occurs over
the range from —5 to 55°C. The power output is from 10.3 to 10.6
milliwatts and is constant to better than = 1 decibel over the same
range. The power input is 100 milliwatts.

Figure 4 shows the output power as a function of collector voltage
at 21°C. Collector voltage can vary from 15 volts with maximum solar
cell output to 12 volts when the storage battery, in a discharged state,
is supplying the power. This voltage range gives an output power
variation from 13 to 6.5 milliwatts.
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3 \ 2
107935 gk
NOTE 3
COLLECTOR VOLTAGE Jds
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Fig. 3—Transmitter frequency and output power as a
function of temperature.



BEACON TRANSMITTER FOR ECHO I 151

16
14 / -
§|2 e
z -~
10} -
E el
58
)
@« 6 / 1
w
5
a
2 _
o
10 T 12 13 14 15 16

COLLECTOR VOLTAGE

Fig. 4—Transmitter output power versus collector voltage at 25°C.

After the transmitter was assembled and tested, it was precision-
molded with polyurethane foam, and 0.001-inch thick brass shields
were bonded to the top and bottom of the unit. Figure 5 shows a
transmitter before and after foam molding. (The aluminum tubes
shown protruding from the unit provide access to the tuning elements
after the transmitter is foam-molded in the complete assembly.) Pre-
cision molding provides resistance to shock and vibration and gives
a repeatable range of intercomponent capacitance. Each transmitter,
after foaming, weighs less than one-half ounce.

ANTENNAS

The quarter-wave, monopole antenna for each beacon transmitter

Fig. 5—A transmitter before and after foam molding.
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erects normal to the satellite surface. Figure 6 shows the antenna
field-intensity pattern versus azimuth measured on a 100-to-1 scale
model. The pattern is similar to that of a monopole antenna above
an infinite ground plane, except that the main beam is shifted about
20 degrees. Nulls were about 20 decibels down from maximum in-
tensity.

120° 100° 80° 60°

140°

l60°‘

ANTENNA AZIMUTH

180 " LOCATION ANGLE | 5o

2001

7 T T
240 260° 280° 300°

Fig. 6—Relative field intensity versus azimuth.

Impedance measurements were made on the full-scale antenna
above a ground plane to determine the proper length which would
give a pure resistive load. A length of 25.5 inches was found to give
a resistance of 40 ohms. This is an excellent match for the transmitter
impedance of 36 ohms.

The antenna can be seen mounted with its transmitter on a base
in Figure 7. Its erecting force is derived from torsional energy stored
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in the long length of antenna wire passing through the metal tube
next to the transmitter. The signal is fed into the end of the wire
opposite to the antenna where it has a right angle bend: this end is
anchored by the shorter length of tube. The antenna wire is insulated
with Teflon® tubing within these tubes. When folded down, torsional
energy for erection is stored in the length of antenna passing through
the longer metal tube. The antenna wire diameter of 0.031 inch was
selected as the minimum which would support its own weight.

Fig. 7—Storage batteries, transmitter, and antenna mounted on the base.

POWER-SUPPLY SYSTEM

The power-supply system for the beacon transmitters consists of
three power sources connected in parallel —two groups of photovoltaic
solar cells and a storage battery. A group of solar cells is packaged
with each transmitter. Each storage battery consists of ten, series-
connected, nickel-cadmium cells, five of which are packed with each
transmitter. Although arranged physically in two packages, the com-
plete system operates the beacons continuously and independently of

* Registered trade mark.
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the satellite attitude with respect to the sun during sun and shadow
time. When either group of solar cells receives adequate solar radia-
tion, that particular group will power both transmitters and charge
the storage battery simultaneously.

The solar cells are single-crystal, boron-doped silicon wafers 1 by 2
centimeters in size. A total of 70 series crystals is required for each .
group. The individual cells mounted in a rectangular pattern, 3.65
by 5.70 inches, giving a total collector area of 20.8 square inches for
each group. The terminal voltage for these groups of cells is essen-
tially regulated by the storage battery load.

The ten unit cells comprising the storage battery are each 1-inch
diameter, 0.3-inch thick nickel-cadmium units. Each has a nominal
capacity of 100 milliampere hours at a temperature of 21°C. They are
fabricated in a welded steel container with a glass-to-metal seal at the
positive terminal, features which obviate vacuum and electrolyte
problems. Five of these unit storage battery cells are shown attached
to a transmitter assembly base in Figure 7. The nominal terminal
voltage of each unit ranges from 1.5 to 1.2 volts depending on its
state of charge. The storage battery is capable of supplying trans-
mitter power without receiving a charge for a period of 6 hours at a
temperature of 21°C. For continuous discharge, the voltage would
remain at about 14 volts for the first half of this period and drop
to an end voltage of 12 during the remaining time. However, consid-
ering the possible temperature variations in orbit, this discharge cycle
could occur in 2 to 6 hours.

The power-supply system was designed to supply 200 milliwatts
of continuous power to operate both beacon transmitters. Although
the maximum solar intensity at sea-level is 140 watts per square
centimeter of area normal to the sun vector, only a fraction of this
power is available from a square centimeter of solar-cell surface. The
power available is reduced by shadow time in orbit, by the conversion
efficiency of the cells, by geometric factors, and by several degradation
factors.

The 70 per cent sun-time orbit is the least favorable expected and
was used as a basis for the design. The shadow period in this orbit
is about 35 minutes out of a total orbit period of 120 minutes. The
output power in the analysis was reduced by 30 per cent to allow for
this possible dark period. The solar cells used in this power supply
were selected to have a minimum solar conversion efficiency of 9 per
cent when normal to solar radiation at sea level at a temperature of
30°C.

The angle between the sun vector and the normal to the solar cell
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collector surface is not always favorable. An average angle of 60
degrees was used for design purposes. With two diametrically oppo-
site solar-cell groups mounted on the satellite, there was equal chance
for the normal to one of the groups to form an angle greater or
smaller than this value with the sun vector. Random motion of the
satellite during the 85 minutes of sun time would provide sufficient
solar power to replenish the storage battery for depletion of charge
occurring during those times when the above angle is greater than
60 degrees for both solar-cell groups.

Since power output is proportional to the projected area of the
collector surface normal to the sun vector, it varies as the cosine of
this angle. Assuming an average angle of 60 degrees, the average
power will be only 0.5 (cosine 60°) of the maximum available. Ac-
cordingly, the output in the analysis was reduced by 50 per cent for
this factor.

The following degradation factors further reduce the solar cell
output power:
1. Temperature of cells greater than 30°C,
Storage-battery inefficiency,
Attenuation of solar radiation by the cell coating,
Micrometeorite bombardment,
Spectral shift of incident radiation at orbital altitude,
Loss in protective diode,
Reflection of solar radiation,

i A e

Loss of effective area due to electrical connections to the
collector surface of the cells.

Starting from 30°C, the power output of solar cells decreases with
temperature increases at a rate of 0.6 per cent per degree centigrade.
Although the solar cells may attain a temperature of 99°C when
normal to solar radiation, they have maximum power output at this
attitude. Because of this power-output-to-temperature relationship, it
was not necessary to derate the cells a full 41.4 per cent. A reduction
in power of 18 per cent for temperature considerations was adequate
and was used in this analysis.

The efficiency of the nickel-cadmium storage battery for complete
charge—discharge cycles was determined by laboratory tests which
showed that it would not be less than 45 per cent. The loss because
of battery efficiency would occur only during the 30 per cent shadow
time of the orbit. Consequently, the loss in available solar power due
to this factor is the product of 0.30 and 0.45, or a 13.5 per cent
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reduction. The remaining degradation factors reduce the available
power by an additional 53.5 per cent.

The effective power available from a single solar cell of two square
centimeters under the least favorable orbit conditions can be calcu-
lated by applying the reduction factors. To obtain the total power
remaining, a total reduction factor is obtained from the product of
all reduction factors expressed as the fraction of power remaining.

Total Reduction = (sun-time) X (conversion efficiency) X
Factor (average angle) X (temperature) X
(battery efficiency) X (other degrada-
tions)
= (0.70) (0.09) (0.50) (0.82) (0.865) (0.465)
=0.0104.
Effective Power per = (solar intensity) X (area per cell) X
Cell (total reduction factor)
= (140) (2) (0.0104) = 2.9 milliwatts per
cell

The total effective power required was 200 milliwatts; the number
of solar cells for a group on this basis is 200 divided by 2.9, or 69.
The voltage of the solar cell group must equal or exceed that of the
storage battery which is 15 volts. The minimum voltage of an indi-
vidual solar cell with its maximum temperature taken as 100°C is
0.242 volt. Therefore, the number of solar cells required for a group
on this basis is 15 divided by 0.242, or 62. For packing considerations
the total number of solar cells in a group was chosen to be 70.

PACKAGING

All the components of each transmitter assembly are mounted on
a 1/32-inch thick glass-filled epoxy printed circuit board which pro-
vides all the electrical interconnections. This board is shown in Figure
7. The terminal connections for the solar-cell shingles are seen in
the center of the board. After all the components except solar cells
were mounted, this board was foam molded with polyurethane foam
having a density of 12 pounds per cubic foot to bring all contours to
a uniform height. The resulting mold product had a faired outer edge,
a circular groove for storing the antenna, a depression for the solar
cells, and two tunnels leading to the slug-tuned transformers in the
transmitter circuit.

The solar-cell shingles were subsequently installed. Since the solar
cells were of silicon and very brittle, a rigid mounting was provided
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by bonding an 0.016-inch thick aluminum alloy mounting plate in the
depression reserved for the solar cells and then bonding the shingles
to this plate with epoxy resin and fiber-glass cloth. The solar-cell
shingles were then covered with a thin layer of clear transparent
epoxy resin leveled with the foam-molded surface. This installation
of the solar cells provided a very rigid mounting because the sand-
wich structure, with polyurethane foam bonded between the aluminum
mounting plate and the glass-filled epoxy circuit board base, resists
bending in the same manner as do honey-comb structures used in
aircraft. This design prevented damage to the cells during handling

Fig. 8—Transmitter and power supply assembly.

and launch and resisted bending during the packing operation. The
air was evacuated during folding of the satellite to obtain a compact
package. It was determined by tests that depressions, such as that
provided for storing the antenna, do not injure the satellite material
during the folding and packing procedures, but that protrusions will
stretch the satellite skin. The antenna was covered with Teflon sleev-
ing and was ball-tipped as a precaution against damaging the satellite
when it erected during satellite inflation. A completed transmitter
assembly covered with aluminum coated Mylar is shown in Figure 8.
The antenna was folded into the circular groove and held in place by
the folds of the satellite when the latter was folded and packed into
the container. The weight of each transmitter assembly is 11 ounces
and its total thickness is 0.35 inch.

The two 157-foot lengths of printed cable were manufactured by
bonding four 0.002 by 0.062-inch copper conductors between two
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15-inch widths of 0.0005-inch-thick Mylar tape. The two center con-
ductors were connected in common to reduce the resistance in series
with the storage battery elements to 2.7 ohms, and may be considered
as a single conductor. The two outside conductors which place the
storage battery and the two groups of solar cells in parallel have a
resistance of 5.4 ohms each. These resistances are negligible relative
to the transmitter input impedance. The two lengths of printed cable
added 18 ounces of distributed weight over the satellite.

TEMPERATURE CONTROL

Radiation is the only mode of heat dissipation available to a satel-
lite. Internal conduction in the Mylar is negligible. Although satis-
factory operation of the solar cells and electronics is possible over a
very wide range of temperature, it was necessary to limit the storage
batteries to a range of —10°C to 60°C for best performance. A range
of 70 per cent to 100 per cent sun-time orbit had to be considered in
establishing the possible temperature extremes. Since the mass of
the assemblies is small, there is little thermal inertia, and equilibrium
temperatures were expected to be established quickly. The transmitter
assemblies were considered to be isothermal with no rotation of the
satellite in computation of the possible temperature extremes. The
main sources of radiation to the transmitter assemblies included in
the analysis were direct solar radiation, solar radiation reflected from
the earth, and direct radiation from the earth. Radiation to the under
side of the assembly from the interior of the satellite and power
dissipation by the components were also considered in the analysis.

Solutions for the extreme temperatures of the beacon transmitter
assemblies were obtained by using a computer. The results of the
analysis were 216 different solutions for the temperature for each of
five orbital positions corresponding to possible temperature extremes.
Each solution was for a combination of three temperature-control
parameters: the internal and external values of emissivity and the
external value of solar absorptivity.

The orbital parameters which determine the possible temperatures
of the transmitter assemblies are the per cent of orbit time that the
satellite is in the sun, and the position relationship between the trans-
mitter assembly, the satellite, and théwsun vector. The five possible
extreme temperature situations were as follows:

Case 1. The satellite is in a 100 per cent sun-time orbit with the
transmitter assembly located on the sun side of the satel-
lite normal to the sun vector. This is a steady-state
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condition with the transmitter assembly receiving direct
solar energy.

Case 2. The satellite is in a 100 per cent sun-time orbit with the
transmitter assembly located on the shadow side of the
vehicle, normal to the sun vector. This is a steady-state
position with the transmitter assembly receiving no direct
solar energy.

Case 3. The satellite is in a 100 per cent sun-time orbit with the
transmitter assembly located parallel to the sun vector
and perpendicular to the plane of the orbit. This is a
transient condition with the transmitter assembly receiv-
ing no direct solar energy.

Case 4. The satellite is in a 70 per cent sun-time orbit with the
transmitter assembly located on the sun side of the satel-
lite, normal to the sun vector. This is a transient condition
with the satellite receiving direct solar energy 70 per cent
of the time.

Case 5. The satellite is in a 70 per cent sun-time orbit with the
transmitter assembly located on the shadow side of the
satellite, normal to the sun vector. This is a transient
condition with the transmitter assembly never receiving
direct solar energy, but receiving reflected solar radiation
70 per cent of the time.

Lack of rotation of the vehicle was assumed in the analysis. Any
random rotation which the satellite might possess would be favorable
since the temperature extremes computed would not be realized.
(There are indications that the satellite is, indeed, rotating at a slow
rate.) Temperature values for any orbit falling between the 70 and
100 per cent sun-time orbits would have temperature extremes within
the computed limits.

The values of thermal emissivity and solar absorptivity which were
varied to obtain the solutions were values realizable from available
materials and coatings. The solution selected restricted the tempera-
ture of the transmitter assemblies to a range of —6°C to 54°C. The
values of the control parametérs to achieve this range are:

!
External emissivity: 0.04
Solar absorptivity: 0.02

Internal emissivity: 0.50
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The uncoated Mylar film surface on the interior of the satellite
has an emissivity value of approximately 0.5 which establishes the
internal emissivity. The ratio of solar absorptivity to external emis-
sivity was selected to give a reasonable steady-state temperature for
Case 1. The absolute values forming this ratio are low in order to
achieve a low value of external emissivity and thereby to increase the
thermal time constant and limit the minimum temperature occurring
in a 70 per cent sun-time orbit. The 54°C temperature is a constant
value for Case 1 and the —6°C temperature is the minimum for
Case 5.

The desired external thermal surface characteristics were obtained
first by covering the entire surface of an assembly, except for the
solar cells, with an aluminum-coated Mylar sheet identical to the
satellite material. The desired values of emissivity and absorptivity
were then obtained by placing an additional Mylar film over the areas
covering the storage batteries and transmitter electronics. This latter
film was separated from the first covering by a very small space to
preclude conduction. To assure this physical separation, a small, flat,
single-turn spring fabricated from 0.010-inch diameter wire was
placed between the films. This technique is analogous to vacuum-bottle
construction and resulted in very low effective values of absorptivity
and emissivity for the exterior side of the transmitter assembly. This
film is also identical to the satellite material, but mounted with the
aluminum-coated side facing the interior. The external, uncoated,
Mylar surface was covered with 0.125-inch-diameter black epoxy dots,
25 to the square inch, to produce a ratio of absorptivity to emissivity
of 0.5. The need for this thermal control is apparent when it is
realized that the surface of the satellite was expected to experience
temperatures ranging from —109°C to 150°C.

The transparent epoxy resin coating the solar cells had an emis-
sivity of 0.7 and a ratio of thermal emissivity to solar absorptivity
of 1.0. The temperature of the solar cells can vary between —51°C
and 99°C. Fortunately, these cells are not impaired by these tempera-
ture extremes and, for this reason, the degradation in power output
at the higher temperature was not considered in designing the power
supply.

INSTALLATION

The transmitter assemblies were installed on the deflated satellite
after the final tuning adjustments were completed and sealed and the
batteries were fully charged. The location for each transmitter assem-
bly was reinforced with 16 radial strips of one-inch wide Mylar
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adhesive tape attached in a spoke pattern, and each assembly was
bonded to this area with an exact-size, ten-inch-diameter, double-faced
adhesive sheet. Eight strips of the one-inch wide tape were used to
bind the assembly to the satellite with the strips passing over the
faired edge symmetrically about the assembly. The 3¥5-inch-wide
printed cable was attached to the satellite skin by centering it under
one-inch-wide Mylar adhesive tape and then soldering its ends to the
assemblies. Installation of the printed cable is shown in Figure 9.
The Mylar tape is 0.001 inch thick with a vapor-deposited alumi-
num coating on the exterior and an adhesive having 45 ounces peel
adhesion to the inch on the opposite side. The adhesive slowly cures
at room temperature to obtain maximum bonding strength and is
suitable for high temperatures and the vacuum environment.

Fig. 9—Installing printed cable on the satellite.

CONCLUSIONS

The Echo beacons were tracked for several days after the satellite
was placed in orbit. The successful operation of both transmitters was
indicated by the beat note produced. For one week, the transmitters
worked both when the satellite was in the sunlight and when it was
in the earth’s shadow. At the end of the week, a malfunction occurred
in the battery supply, and the transmitters would operate only when
a solar-cell pack was illuminated by the sun. It was found that both
transmitters operated simultaneously when powered by either solar-
cell pack. When the rotation of the satellite placed the solar cells in
a position tangent to the sun’s rays, both transmitters ceased to oper-
ate. This type of performance indicates that the cable connecting the
two transmitters has not been broken.
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equation given in Reference (1) for electron beams of finite diameter
is subject to the condition

@p
— <KL 1. (6)

[

Here o, is the plasma frequency in the drift space, and o the angular
signal frequency. Unfortunately, C; in Equation (4) is found in
klystrons to be eliminated by assumption (6). Thus the two-dimen-
sional theory of Reference (1) cannot predict nonlinear phase dis-
tortion. However, a one-dimensional theory published earlier® is not
restricted to small values of o,/ and can therefore be used to calculate
the phase distortion. In this one-dimensional model, the beam is
assumed to be velocity modulated by a double layer at

aT
IBpx = (7)
2
with a sinusoidal r-f voltage
aT w
V:—Vlsin ot + — — (8)
2 o,

The second-order solution yields an amplitude-dependent electric d-c
field (Equation (18) in Reference (3)) given by

®po Vi \? .
Po==— sin 283,%. (9)

io av,

Here 7, is the time average of the second-order axial dielectric dis-
placement, 4, the d-c density, and V, the beam voltage; v, is the value
of the plasma frequency before the beam crosses the input gap. The
value in the drift space, o,, is slightly increased due to the reduction
in average stream velocity by the r-f voltage in the gap (Equation
(16) in Ref. (8)). Integration of Equation (9) leads to a d-c poten-
tial, V, given by

T—v, 1 v \?
=— cos?B,x. (10)
Vo 2\ 2V,

3 F. Paschke, “On the Nonlinear Behavior of Electron-Beam Devices,”
RCA Review, Vol. XVIII, June, 1957, p. 221.
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The variation of d-c potential along the beam is caused by the r-f
excitation and would adjust itself to the value given by Equation (10)
provided there were no boundary which would enforce a different
potential. In practice, the presence of a drift tube would most likely
suppress the axial potential variation.! However, in the one-dimen-
sional model used here, there is no radial boundary, but the presence
of an output cavity, ignored in Reference (3), will influence the poten-
tial distribution. Suppose the output gap is located at

B,& =a, (11

and is kept at the beam voltage, V,. Then the time-average part of
the second-order solution given in Reference (3) has to be modified so
as to take this boundary condition into account. This is done by
addition of a proper solution of the homogeneous part of the differen-
tial equation for the second-order perturbation (Equation (12b) in
Reference (3)). The modified time-average second-order solution is

opo Vi 2 . .
Jo= v (—sin 28, + cos a sin B,x). (12)

1:0 0

Equation (12) leads to the following d-c potential distribution:

V-V, 1/ V,
2V,

2
) (cos? B, —cos a cos B,x). (13)

It 1s seen that both at the input and output gap, V="V,

The modification of the second-order solution requires a recalcu-
lation of the third-order perturbations (Equation (12¢) in Reference
(8)). The second term in Equation (12) gives rise to the following
third-order terms which have to be added to the solution given by
Equation (18) in Reference (3):

o 1/ Vy\3
ﬂhadd = ’ > cos a |— (cos 2B,z — sin B,x) sin (ot — Bx)
1:0 2V’O L

4 The variation of this “rectified potential” is important for the con-
servation of kinetic power flow in the one-dimensional model of the beam.
The reader is referred to H. Kogelnik, “Uber die Energieverhiltnisse in
Elektronenstromungen,” Arch. d. elekt. Ubertrag., Vol. 12, p. 419, Sep-
tember, 1958.
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® 1
— <— sin 28, + cos Byx) >cos (ot — ,Bex):, (14)

®pg \ 2

At the input gap (8,x=—m/2), the velocity and convection-current
density associated with this additional term are, in accordance with
the boundary conditions, equal to zero.

At this point the writer finds it desirable to change to a coordinate
system which is more convenient than the one used in Reference (3).
In the new system the input gap is located at

By =0, (15)

and the gap voltage is assumed to be
V =V, sin ot, (16)
in contrast to Equations (7) and (8) of the old system. The field
distributions in the new system are obtained from the equations in
Reference (8), supplemented by Equations (12)-(14) of this paper;

Bpx is replaced by Bpx — /2, ot by ot —7a/20, and V, by —V,.
One finds for the fundamental convection current at the output gap

oV, o 1/V, o\3 1
—= ——sin 6 cos (vt — B,2) — — — { ——{1
i 2V, 16 \ 2V, oy 2

(Dpo 2 1 (Dpo 2
+5 sin3¢ +—( 3—17 sin 0
(] 2 w

(J.)po 2 ll)po
—4 sin 26 |[cos (of —B2) + —| 2 (cos 30 — cos 9)
w

—3(1—cos20):lsin (ot — B,x) } am

Here ¢ is the distance between the cavities measured in plasma-phase
angle.

Under the assumption of relatively small space-charge densities,
Relation (6), one obtains the expression

to V, o 1/V, o \ 2
—_— sinf] 1 —— ——sinf cos (ot —B,x). (18)
1y 2V g 8 \ 2V, wy
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Note that Equation (18) is a series approximation of the familiar
Bessel function found by Webster.® Equation (18) predicts a satura-
tion efficiency of (2/3)3/2 = 54.4 per cent, independent of the cavity
distance . The Webster theory predicts about 58 per cent, also
independent of . Thus the convergence of the Taylor series, Equation
(18), can be considered satisfactory. It would be interesting to know
how the higher-order space-charge terms in Equation (17) influence
efficiency. Unfortunately, such a large gap modulation, V,/V,, is
required to saturate the convection current for relatively large o,/o,
that a third-order perturbation theory is insufficient. However, one
can show from Equation (17) that in the region where the one-
dimensional theory can be applied! (6 < «), space charge improves
the saturation efficiency. This can be attributed to the bunching effect
of the harmonic velocity modulation caused by the large sinusoidal
r-f gap voltage.

Turning back to the prime objective of this part of the article, one
derives from Equations (5) and (17) the nonlinear phase-distortion
(phase-delay)

4
14+ —cos¥f

oy 3 Vi o 2 3
¢, = arc tan — —sing) ———|. a9
w 8 ZVO (Dpo Sin 0

It must not be forgotten that the time average of the velocity with
which the stream is injected into the drift space depends on the gap
voltage. This d-c injection voltage is, from Equation (16) in Refer-

ence (3), equal to
vV, \2
Vo= (27]V0)1‘<1-—< > > (20)
4V,

Thus the drift angle B, =owx/v, in the argument of the cosine in
Equation (17) is increased due to the gap modulation by

o 6 Vi o 2
Po = sin ¢ (21)
o 4 sin2f 2“/0 Dpo

The total amplitude-dependent phase delay is therefore given by

5D. L. Webster, “Cathode-Ray Bunching,” Jour. Appl. Phys., Vol. 10,
p- 501, July, 1939.
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¢1 + ¢2. To obtain a practical formula, the saturation voltage, Vi,
is calculated from Equation (18):

Vls ® 2 8
~—~—sinf | =—. (22)
2V0 wpo 3

1t should be recalled that Equation (22) is valid only for relatively
small values of w,o/e. The total nonlinear phase delay can be written
from Equations (19), (21), and (22) as

#, 70~
UEGREES
1 60

1 1 L 1 s
20 40 60 80 100 120 140 160 180

Fig. 1—Phase delay versus normalized cavity distance in a two-cavity
klystron for w,/w =10.1. The parameter is the input power with zero deci-
bels corresponding to saturation.

4
14 —cosf

oy 20 Vi \2 Wpo 3 Y, \?2
= -+ arc tan B
o 3sin%d Vls « sin 6 V1g

(23a)

Figure 1 shows this phase delay versus the drift length for v,o/0 = 0.1.
The input voltage serves as a parameter; zero decibels corresponds
to saturation. It should be noted, however, that the one-dimensional
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model treated here is applicable only for relatively small drift dis-
tances.! Thus an agreement of Equation (23) with experiments is
expected only for 8 < #. Unfortunately, there are, to the author’s
knowledge, no experimental data published in the literature.

As a result of the amplitude dependence of the phase shift, ampli-
tude modulation will be, to a certain degree, converted into phase
modulation. The conversion factor k, is defined as the change in
phase shift per decibel change of input power. In most practical cases
the arctan function in Equation (23a) can be replaced by its argu-
ment, so that the phase delay is a linear function of input power.
Then

dé ¢ ¢
k,= = - (23b)

" 20dlog V,/V,, 10loge 4.34

NONLINEAR THEORY OF THE TRAVELING-WAVE AMPLIFIER

The theory is based on the model used in References (1) and (3).
To solve the three linear differential Equations (12) in Reference
(3), the following assumptions are made:

1. The beam is modulated at z = — < by an infinitesimal mono-
chromatic signal. Thus, in first order, only the exponentially growing
wave needs to be considered.

2. The harmonics do not interact with the delay line.
3. The gain parameter® C is very small.

Solution of Equation (12a) in Reference (3) yields the well-known
small-signal theory. One obtains for the convection-current density

il 1 Nel L
e e — cos (ot — B2). (24)
1y y C

Here 7%, is the electronic efficiency of the linear theory (at small
signals), and B the real part of the propagation constant of the grow-
ing wave. The normalized real part, 9, of the propagation constant,
must not be confounded with the variables ¥, (displacements) in
References (1) and (3). Solution of Equation (12b) in Reference
(3) for m, =0, i.e., no interaction at the second harmonie, yields the
second-harmonic current

6 The parameters used throughout this paper are from J. R. Pierce,
Traveling-Wave Tubes, D. van Nostrand Company, Inc., Princeton, N. J.,
1950.
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fog 31 9y
—_—=——— [(2? 4+ )2 —QC (y*> —x*)] cos 2(wt — B2)
1o 4y C
—1
— 22yQC sin 2 (ot — Bz) ) < (2 —y* 4+ QC): + 4x2y2> (25)

Here z is the normalized growth constant and QC the passive-mode
parameter.® Use has been made of the well-known relation

4QCS = (mp/m)2. (26)

The third-order solution derived from Equation (12¢) in Reference
(3) consists of both fundamental and third-harmonic terms. To obtain
the fundamental third-order term the interaction with the delay line
must be taken into account. It is plausible to assume that, in com-
plex notation,

A A A A

Yp—my Y31 — Mgy

= b (27

A A

Y1 Ys1

where the index 31 designates third-order terms of the fundamental
frequency. The circumflexes designate complex quantities. Physically,
Equation (27) means that the complex ratio of the fundamental
component of the axial electric field strength to the fundamental com-
ponent of the lateral electric field strength is determined by the
boundary conditions and is not a function of signal strength. This
technique of determining the higher-order fringe-field terms has been
successfully used in an analysis of velocity-modulated beams (Equa-
tion (8), Reference (1)). With the third-order fundamental coupling
term g4, calculated from Equation (27), and the third-harmonic
coupling term mgs; =0, the solutions of Equation (12c¢) in Reference
(8) for the convection current are

131 7)31/0 3/2
— = [A3; cos (ot — B2) + Bjy sin (ot — Bz)], (28)

?:0 —Y

i /C 3/2
2 < et > [Ass cos 8 (ot — B2) + Byg sin 3(uf — B2) 1, (29)
1y —y
1 7x6 + 1dzty? + 1124QC + Ta2y* + 282242QC + 422 (QC) 2 + 9y4QC
Ay =— » (3

16 [(x2—y2 + QC)2 + 4x?y?] [4a? 4 2]
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By =

l: 27x8 + 5925y2 — 25QC + 3Txiyt — 27x4y2QC
— T3z (QC) 2 + ba2y® — 1222y4QC + 30x2y2 (QC) 2

— 4422 (QC) % — 3y°QC + 15y (QC)2 — 12942 (QC)3 ]l: (x?

—1 -1
—¥*+QC)% + 49622/2] l: (422 + y*) (22 4 QC) ] » (31)

5 17
Aug=( —- (g — o) + 10222 p2 + 2202 4+ QU WP —a?) | — (g2
v 2 9

7 4
+x2)2—? (y2—w2)2—14x2y2]—— (QC)?2 l:—9— (Y2 —a2)2

4 32 8
+ ? (y2 + x2)2 4+ ——3——x2y2:| + (QC)s_g_ (y2 — z2) ><4 l:[xz

4 2 —1
_y2+QC]2+4x2y2:l [(xZ_y2+_QC> +4x2y2 :|>
9

(32)
74
By =—QCxy | 1222y2 + 3(y2 —22)2 + — (y2 + 22)2
9
40 16
—QC— (2 —a?) — (QC)2— 41 (#2—y?+ QC)2
9 9
4 2 =
+ 4x2y2:”:< 2 —y?+-—QC > + 4z%y? _'> (33)
9 -

Saturation

The term with the factor 4;, in Equation (28) is opposite in phase
to the small-signal current, Equation (24), and therefore accounts
for saturation of the convection current. Unfortunately, the converg-
ence of the series is not nearly as satisfactory as in the case of the
two-cavity klystron.!® For example, one can see from Equation (30)
that the third-order saturation term vanishes for QC =10 and z— 0;
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the saturation efficiency would then be unlimited. The same discrep-
ancy arises in a similar theory by Kiel and Parzen.” Vainshtein
(Wainstein)®? pointed out that the addition of some terms of higher
than third order in the series does not lead to a significant improve-
ment of the analysis. It is clear that the poor convergence must have
a physical basis, and that saturation cannot be simply explained by
a gradual drift of the bunches from the retarding into the accelerating
phase of the electric field. This is well known since Cutler!® demon-
strated experimentally the turbulent nature of the electron flow at
large signals. Because of this apparent failure of the univelocity
hydrodynamic model, the question of saturation will not be further
discussed.

Frequency multiplication

In the traveling-wave frequency multiplier introduced by Schnitger
and Weber'! and Uda ef al.,'® the electron beam passes two helices in
cascade. The first helix is tuned to the fundamental and serves as
modulator. The second helix is tuned to the desired harmonic, and
amplifies and couples the harmonic power out of the premodulated
beam. In this part of the paper, discussion is restricted to the problem
of harmonic generation.

The second- and third-harmonic convection currents are given by
Equations (25) and (29), respectively. It is seen that the ntt har-
monic current is predicted for relatively low levels to be proportional
to (ns/C)/2. This agrees with experimental findings."® Of par-
ticular interest is the case where the denominator vanishes (x=0,
y*=@QC). Since the second harmonic does not couple to the delay
line, the plasma-frequency-reduction factor is

" A. Kiel and P. Parzen, “Nonlinear Wave Propagation in Traveling-
Wave Amplifiers,” Trans. 1.R.E. PGED, Vol. 2, p. 26, October, 1955.

8 L. A. Vainshtein (Wainstein), “Electron Waves in Delaying Systems.
Non-Linear Equations of Travelling Wave Valves,” Radio Eng. and Elect.,
Vol. 2, No. 6, p. 22, 1957.

? L. A. Wainstein (Vainshtein), “Electronic Waves in Delay Lines,”
L’Onde Electr., Vol. 38, p. 766, November, 1958.

10 G, C. Cutler, “The Nature of Power Saturation in Traveling Wave
Tubes,” Bell System Tech. Jour., Vol. 35, p. 841, July, 1956.

11 H, Schnitger and D. Weber, “Die Wanderfeldrohre als Hilfsmittel
der Zentimeterwellen-Messtechnik,” VDE Fachber., Vol. 17, No. 5, p. 40,
1953.

12 8. Uda, K. Kamiryo, T. Fujii, 8. Shoji, 8. Takachita, and S. Tsuda,
“Traveling-Wave Tubes as Straight Amplifiers and Frequency Multipliers,”
Jour. Inst, Elect. Comm. Eng., Japan, Vol. 36, p. 315, June, 1953.

13D, J. Bates and E. L. Ginzton, “A Traveling-Wave Frequency Multi-
plier,” Proc. I.LR.E., Vol. 45, p. 938, July, 1957.
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P (20) =1. (34)

According to Pierce® the reduction factor at the fundamental fre-
quency, p(w), is linked to the normalized propagation constant, y, by

2
% (o) = : (35)
4QC
For y2=QC,
1
p(o0) =—. (36)
2
From Equations (34) and (36)
P (20) =2p(o). (37

This relation throws some light on the physical reason for the polef
in the expression for the second-harmonic current, Equation (25).
Suppose that outside of the amplification range, x =0, the funda-
mental modulation is given by a space-charge wave;

wip(w)w‘,
1y = A sin{ ot —— z ). (38)

Vo
This eigen-wave propagates along the beam and, via the second-order
nonlinearity, produces a forced wave which is described by a harmonic
function with twice the argument of the exciting wave;

20 * 2p(w) o,
T, ~ A?sin| 20t —————2 ).

(39)
Vo
An eigen-wave at the second harmonic would be given by
. 20 = p(2w) o,
dpy~sin [ But—— T ) (40)
Vo

i.e., a space-charge wave with a plasma-frequency-reduction factor
p(20). It is seen from Equations (39) and (40) that under condition

T The same pole occurs in the equation for the second-harmonic current
of the theory of L. N. Loshakov, “Nonlinear Effects in a Waveguide in
the Presence of an Electron Beam Near Synchronism Between Electron
and Wave Velocities,” (in Russian) Jowr. Tech. Phys. USSR, Vol. 25,
No. 10, p. 1768, 1955.
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existence of these higher-order resonances appears verified by a large-
signal experiment,’® in which more than one peak in harmonic output
was observed at helix voltages below the amplification region.

Nonlinear Phase Distortion

The failure of the univelocity perturbation theory in calculating
saturation efficiency suggests that the nonlinear phase distortion
cannot be predicted by this theory either. However, the measured

tan ¢

de0.125

-0+

-oaf

} '

- -

Fig. 3—Phase delay, ¢, in a traveling-wave tube with efficiency 7, gain
parameter C, and passive-mode parameter QC versus velocity parameter b.

phase delay turns out to be a linear function of output power almost
up to the saturation level. Because of this linearity, the third-order
perturbation theory which is strictly valid only for relatively low
levels, can be extrapolated up to saturation.

The deceleration of the beam associated with the power extraction
is regarded as the prime cause for the amplitude-dependent phase
delay. However, intricate mixing phenomena complicate the picture
considerably.

From Equations (24), (28), and (5), one finds for the phase
delay, ¢,

NeB3a1
tan ¢ = , (45)
Cy

where By, is given by Equation (31). In Figure 3, the value of B3 /y
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is plotted versus the velocity parameter, b, for various values of the
passive-mode parameter, QC. The propagation constants were taken
from Reference (16). To obtain the curve for QC = 0.05, the following
approximation of Equation (45) for QC K 1 has been used:

1 ng 2728 + 59z4y? + 37x%y* + 5y6 — 3y*QC/a?
32z C 428 + 9xty? + 622yt + ¥° + ¥8QC/x? )

(46)

tan ¢ =

Since x and y for QC = 0.05 are not given in the literature, the known
values of z and y for QC=0 have been used in conjunction with
Equation (46) to calculate the curve for QC = 0.05. This approxima-
tion is inadequate for b < 0, of course.

In most practical cases ¢ K 7/2 s0 that
tan ¢ = ¢. 47)

Thus the phase delay is predicted to be a linear function of output
power. Under the condition (47), and within the limits of the third-
order perturbation theory, the AM-to-PM-conversion factor, k,, meas-
ured in degrees per decibel is given by

S SR (48)

" 10loge 434

In the following, the theoretical results are compared with measure-
ments on traveling-wave tubes of various manufacturers. To obtain
the “theoretical” value of ¢ or k, the measured value of the output
power is used. Although in most practical tubes d < 0.125, the curves
plotted in Figure 3 can be applied because the loss parameter has
little influence on the phase delay.

RCA Low-Noise Tube

Figure 4a shows the phase delay versus output power measured
by Beam and Blattner.” The saturation power is about 10 milliwatts.
The theoretical tube parameters were obtained from the Pierce
theory.® The agreement is satisfactory. Figure 4b shows the ampli-

16 G. R. Brewer and C. K. Birdsall, “Normalized Propagation Constants
for a Traveling-Wave Tube for Finite Values of C,” Hughes Aircraft
Corp., Tech. Memo. No. 331, QOctober, 1953.

17 W. R. Beam and D. J. Blattner, “Phase Angle Distortion in Travel-
ing-Wave Tubes,” RCA Review, Vol. 17, p. 86, March, 1956.

P
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WATTS

Fig. 5—Phase delay versus output power in the RCA A-1138
traveling-wave tube.

RCA A-1138

The experimental data on this tube, shown in Figure 5, were com-
municated to the author by D. J. Blattner. The helix voltage is ad-
justed for optimum small-signal gain. The saturation power is about
1.2 watts. The theoretical tube parameters were obtained from a
small-signal theory'® similar to Pierce’s.® The Pierce theory leads to
a larger QC (=0.1), and to theoretical phase angles about 10 per

18 F, Paschke, “Die Wechselseitigkeit der Kopplung in Wand o
réhren,” Areh. d. elekt. Ubertrag., Vol. 11, p. 137, li)pril%r 11957. anderfeld
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tude-dependent phase delay for constant output power of 1.4 milliwatt
versus helix voltage for three values of beam current. The experi-
mental curves actually lie at lower helix voltages but have been dis-
placed by about 17 volts in order to match the theoretical curves and

$/DEGREES RCA LOW-NOISE TUBE

24_T
¢ =0.02

20} Qc=0.05 _

-0.22 EXPERIMENTAL -0
”~

d =o0.25 \ -~

16} Io= 3004A

Vo = 580 VOLTS
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cent below the theoretical results plotted in Figure 5. However, even
for QC =0.1 the agreement can be regarded as satisfactory.

RCA A-1093

The data on this tube shown in Figure 6 were communicated to
the author by R. R. Lorentzen. The saturation power is about 23
watts. The theoretical tube parameters were obtained from the Pierce
theory. Two curves which were measured at elevated helix voltages
(b>1) and therefore reduced gain deviated considerably from the
predicted straight line; this is not shown in Figure 6.
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Fig. 6—Phase delay versus output power in the RCA A-1093
traveling-wave tube.

Hughes MAX-3

The experimental data and theoretical small-signal parameters of
this tube were communicated to the author by D. J. Bates. The satu-
ration power is about 16 kilowatts for b=—0.075, and about 13
kilowatts for »=0.45. Figure 7a shows the excellent agreement of
the experiments with the theory for relatively small b. For larger
values of b the agreement is not so good, as can be seen from Figure
7b. For still larger values of b the measured relation between phase
and output power becomes highly nonlinear in this tube. However,
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the applicability of the simple theoretical model is rather limited in
this case because the delay line of the MAX-3 is tapered and exhibits
several severances.
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Fig. 7—Phase delay versus output power in the Hughes MAX-3 traveling-
wave tube for (A) relatively small values of b and (B) for larger

values of b.
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Bell Telephone Laboratories M-1789

Experimental data and the theoretical values for the small-signal
parameters of this tube are available in the literature.’® The experi-
mental results shown in Figure 8a verify the predicted linear relation

Kp/DEGREES B.T.L.M-1789
1 db
S o
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AN b =113 o~
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Fig. 8—AM-to-PM conversion factor in B.T.L.’s M-1789 traveling-wave
tube'® (A) versus output power, and (B) versus helix voltage for constant
output power.

18 J. P. Laico, H. L. McDowell, and C. R. Moster, “A Medium-Power
Traveling-Wave Tube for 6000-Mc Radio Relay,” Bell System Tech. Jour.,
Vol. 85, p. 1285, November, 1956.
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of the AM-to-PM conversion factor and output power. The saturation
power is about 10 watts. Figure 8b shows the dependence of the
conversion factor on helix voltage for a constant output power of 5
watts. Note that the theoretical curve is valid for @C = 0.25, which
does not deviate appreciably from the theoretical design value,
QC =0.29, given in Reference (19). The agreement is quite satisfac-
tory below and around the nominal helix voltage, V,=2400 volts,
which corresponds to maximum gain at 5 watts output power. For
elevated helix voltages, the measured conversion factor increases with
increasing helix voltage, in contradiction to theory. However, it is
noteworthy that the experiments show a linear relation of k, and
output power even at elevated helix voltages.

kp DEGREES SIEMENS RW-6
db
T — N
X4 \
C =0.06 V0=2'625 KV ./~ f
=0.125 e
101~ e & /
I1p=45MA > QC=0.116,
s z b=0.54
Ve
/o/ QC=0.2,
Ve b=06.77

THEORETICAL

WATTS

Fig. 9—AM-to-PM conversion factor versus output power in the Siemens
RW-6 traveling-wave tube.2l Both theoretical curves correspond to the
nominal helix voltage, Vo —=2.47 kv.

Siemens u. Halske RW-6

The data on this tube, communicated to the author by R. Liebscher,
will soon be available in the literature.?? Figure 9 shows the AM-to-
PM conversion factor versus output power for two values of helix
voltage. V,= 2470 volts is the nominal helix voltage of the tube and
corresponds to maximum gain at 10 watts output power. To obtain

20 R, Liebscher, W. Eichin, H. Heynisch, and P. Meyerer, “Die Siemens-
Wanderfeldendrshre im J-Band RWS6,” International Congress on Micro-
wave Tubes, Munich, June 7-11, 1960.



184 RCA REVIEW March 1961

the lower and upper theoretical curves, the parameters QC and b have
been calculated according to References (6) and (18), respectively.
With both methods the agreement can be considered very satisfactory.
However, for an elevated helix voltage of 2625 volts, the experimental
conversion factor increased appreciably, while the theoretical curves,
not shown in Figure 9, differ negligibly from the values for V,=2470
volts.

In summary, the agreement of Equation (45) with experimental
results is quite satisfactory. The measured phase angle, or AM-to-PM
conversion factor, tends to exceed the theoretical value at elevated
delay-line potentials. However, at the nominal operating voltages
where large gain is achieved, the measured values agree very well
with theory.
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NOISE SMOOTHING BY REACTIVE DAMPING IN
FINITE MULTIVELOCITY ELECTRON BEAMS#*}

By
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Princeton, N. J.

Summary—The dispersion relation for a finite-diameter multivelocity
beam having a rectangular distribution of electron wvelocities is derived.
It is found that in addition to the usual Hahn-Ramo waves, a pair of
reactively damped waves can exist. The significance of these waves for
noise-smoothing in long low-velocity beams of finite geometry is discussed.

INTRODUCTION

noise reduction!? has led to a re-examination of the noise
processes in the low-voltage regions of the electron gun. In
particular, attention has been focused on the multivelocity aspects of
the one-dimensional beam, and it has been shown that multivelocity
flow can partially correlate the current and velocity fluctuations and
thereby lower the noise figure.3* Similar results have been obtained
by a Monte Carlo calculation which takes account of nonlinear
processes.®
This paper is concerned with another noise reduction mechanism,
reactive damping, which is particularly effective in long low-velocity
beams of high density and finite transverse dimension. On the basis
of the macroscopic equations for a drifting beam having a rectangular

RCENT EXPERIMENTAL SUCCESS in traveling-wave-tube

* This work was in part supported by a Signal Corps contract.

T Manuscript received 13 February 1961.
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5C. A. Lambert and A. H. Dayem, “Noise Near the Potential Minimum
of an Open Circuit Diode,” paper presented at 1960 Electron Tube Re-
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distribution of electron velocities, it is shown that in addition to the
usual Hahn—Ramo waves, there exists another pair of waves. These
additional waves are reactively damped (i.e., are evanescent) under
certain conditions. A simple model for the low-velocity region of a
finite beam is used to demonstrate the effect of the reactively damped
wave on the noise figure of beam-type amplifiers.

DISPERSION RELATION

For the derivation of the dispersion relation, it is assumed that
the charge density of a cylindrical beam is uniform and the usual
linearization can be made. It follows from Maxwell’s equations that
the axial electric field, £, must be a solution of the wave equation.
In a cylindrical coordinate system, the wave equation, neglecting azi-
muthal variations, is

r— — = —+ LW
or 022 ¢z o2 ot € O%

1 2 < aE> 2E 1 o %, 1 3p
+

r °or

The small-signal current and charge density are designated by N

and p,, respectively. Assuming a wave propagation of the form

expj (ot — Bz), one obtains, from the linearized continuity equation,

the relation

[0
ilzf’l_- (2)

B

Linearization of the current equation i = pv, with use of Equation (2),
yields

o — B, .
Vy=—p, 3)
Bpo

where v, is the average drift velocity. Furthermore, the linearized
force equation of Reference (6) for a drifting beam becomes

. . ng
Ho—Bv) e, =98 + jB ——p,, (4)
Po

6J. Berghammer and S. Bloom, “On the Nonconservation of Noise
Parameters in Multivelocity Beams,” Jour. Appl. Phys., Vol. 31, p. 454,
March, 1960.
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where vy characterizes the thermal velocity, as defined later. Intro-
ducing the exponential factor expj(ot —Bz) into Equation (1) and
using Equations (3) and (4), leads to

r dr

1 d dE
3
dr

) +y2E =0, (5)

where y is the radial propagation constant (see Equation (6), below).
The solution of this equation is

E=AJy(yr) + BN,(yr),

where J, stands for the zero-order Bessel function and N, for the
zero-order Neumann function. For a solid beam the integration
constant, B, is zero and A must be determined from the boundary
condition at z=0. The square of the radial propagation constant is

given by
(1)2 (1)1)2
we(m= 2 ] e
c? (o — Bvo) 2 — vy2B32

where the plasma frequency is o, = (7po/€) /2. The radial boundary
condition determines the value of y2. For the present purpose, it is
sufficient to mention that the radial propagation constant for a beam
surrounded by a metallic drift tube of radius a is inversely propor-
tional to the beam radius b, (for a/b—=1, y=2.4/b).

For an infinite beam, y =0, the dispersion relation, Equation (6),
yields the roots

© ® = =i
,81,2=|:——i ? /‘/1—-0'2 ><1— ]<1—02> (7)
Vo Vo wp®

where ¢ = v7/v, is a measure of the relative width of the distribution
function. The exact treatment of multivelocity problems is based on
the linearized Boltzmann equation without collisions which leads, via
the open-circuit relation, to the well-known dispersion integral

7 /‘ folmw)
——du=1. (8)
€ (0 — Bu)?
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The density of electrons having velocities between # and u + du
is characterized by the d-c distribution function fo(u). It is of inter-
est to note that the dispersion integral, Equation (8), leads to exactly
the same roots as those obtained above from the macroscopic equa-
tions, provided that a rectangular distribution function is used. This
distribution function is defined by

folw) =2 [S(u—w) —S(u—up]l, 9)

2vp

where p, is the d-c charge density of the electrons, u,, signifies the
slowest and fastest electron velocity, and S denotes the unit step
function. The thermal velocity, vy, = (u,—u,)/2, characterizes the
width of the velocity distribution function, and the average drift
velocity is given by vo= (u, + us) /2.

To investigate the dispersion relation for the finite beam, y <0
in Equation (6), it is convenient to use the normalized variables
w/wp, BAp and

0=YAD’ (10)

where Ap stands for the Debye length,

P
Apa—. (11)

It is also useful to introduce the ratio of doppler-shifted frequency
to plasma frequency

p==———=——— , (12)

which is commonly known from single-velocity theory as the plasma-
frequency reduction factor.

With the slow-wave assumption (8 > o/c¢), the dispersion rela-
tion, Equation (6), can be written in terms of the normalized variables
defined by Equations (10-12) as

1
2= (BAp)2| 1+—-——— |. (13)
pi= (PAo) [ <BAD>2+02:’
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For vy =0, this relation reduces to the results known from single-
velocity theory. The behavior of Equation (13) is shown schemati-
cally in Figure 1. It is seen that the one-dimensional dispersion
relation, labelled 62=0, is asymptotically approached by the two
branches corresponding to a finite #2, i.e., for a finite beam diameter.
Branch A lies in the right half-plane where (8A;)2> 0. The propa-
gating waves associated with this branch correspond to the well-known
Hahn-Ramo waves. Their propagation constants are, however, modi-
fied by the presence of the velocity distribution of the electrons. In
general, in the region where (B8\Ap)2 < 0, a pair of complex conjugate

620,
p? /

/

BRANCH B

//
méu -8%0 I

(Brl——

™

Fig. 1—Schematic representation of the dispersion relation for a finite
(6254 0) and an infinite (82 =0) multivelocity beam.

propagation constants is indicated. These new waves arise only be-
cause of the assumption of a finite diameter beam. One of the waves
associated with the propagation constants of branch B is an evanes-
cent, or reactively damped, wave, with Im(BA,) <0, according to
well-known criteria.” The other wave, which propagates with the
complex conjugate propagation constant (increasing amplitude in the
positive z-direction), corresponds to a reflected wave which is reac-
tively damped in the negative-z direction. This wave will not be
excited unless there are discontinuities in the propagating medium
or in its environment. The appearance of these evanescent waves is
reminiscent of the reactively attenuated waves appearing in a wave-
guide below cutoff. It can easily be verified from the dispersion
relation, Equation (6), that for v,=0, an infinite stationary plasma
of electrons does indeed have a dispersion similar to that of a high-
pass filter, with its cutoff frequency given by the plasma frequency.

TP. A. Sturrock, “Kinematics of Growing Waves,” Phys. Rev., Vol.
112, p. 1488, December, 1958.
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The discussion which follows is concerned with branch B of the
dispersion relation. For a “nonmoving” beam, vy=10, p reduces to
o/w, and branch B of Figure 1 represents a reactively damped wave
for all frequencies. Its attenuation constant decreases with increasing
frequency. For practical purposes, it is necessary to inquire into the
condition for which the reactively damped wave exists in a moving
beam. For the infinite beam, § = 0, the condition

w2 -1
o2é<1— 2> >0 (14)

@p

follows from Equation (7). The radicand appearing in the propaga-
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Fig. 2—Limiting curves for reactive damping in an infinite beam, 62 — 0,
and in a finite beam, 62 > 0.

tion constant of Equation (7) becomes zero when the equality sign
holds. This limiting curve is shown in Figure 2. It is seen that the
necessary conditions for the existence of reactive damping are ¢ > 1
and o < w,. How is this condition affected by the finite transverse
dimension of the beam? Branch B of Figure 1 can be approximated
near p2=0 by a straight line (dotted line in the Figure). This
approximation leads to the propagation constants

[}

[0) @p 2 172
/3:{_1-_<[1+02]2—02[1+02]l:(1+02)2— :|> }
’UO ’UO 0)02

—1
'<1—02[1+02]> . (15)
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The condition for B to be complex is consequently modified by the
finite beam geometry and is now given by

o2 -1
o2§<1+02>|: 1462)2— ‘ :] 5 (16)
(Dp"

This result is applicable only for w/w, < 1, and the limiting curve,
Equation (16), is shown in Figure 2. In most practical cases, the
value of § =2.4 A,/b is of the order of a few tenths or smaller. The
finiteness of the beam thus allows the reactive damping region to
extend slightly into the region o2 < 1, at low frequencies.

In many practical applications, it can be assumed that the beam
drifts with almost zero mean velocity. The dispersion equation, Equa-
tion (13), gives for v,—= 0, (i.e., 0 = ),

1 2
—(,3/\1))02:?<1+92—- >

2
@p

1 2 2 w2 \1/2
+ — 14 62— + 462 . amn
2 wp? wp?

The subscript zero refers to the case of zero mean velocity. For branch
B of Figure 1, the plus sign in Equation (17) applies. It is seen that
(BAp), is imaginary for all frequencies. The effect of a small drift-
velocity, vy < v, on the propagation constant can be found from
Equation (18). For this purpose the following assumption is made:

BAp = (BAp) (1 +38). (18)
Assuming that § << 1, one obtains

1 o A
st (BAn)o _ )

c »? 2
"1t (,3/\1))02—|: = (,3/\1))02]

0),,2
Since 3§ is purely imaginary, it follows that a small drift velocity does
not affect the imaginary part of the propagation constant to first
order in 1/o, but merely introduces a phase factor. This result leads
to the conjectured continuation of Equation (16) to higher frequen-
cies, as indicated by the dotted line in Figure 2.
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NOISE SMOOTHING BY REACTIVE DAMPING

The fact that a reactively damped wave can exist in a low-velocity
drift space suggests that this wave may in part be responsible for
the noise-smoothing observed in some of the modern ultra-low-noise
traveling-wave tubes. A complete study of the possible effectiveness
of this wave for noise-smoothing purposes would require a detailed
consideration of the noise excitation mechanism. However, some
insight can be gained by analyzing the following simple model.

The multivelocity region in front of the cathode is approximated
by a drift space of length L. The electron beam in this region drifts
very slowly and furthermore includes returning electrons, v, <K vyp.
These conditions are approximately realized if, for example, a virtual
cathode is established due to space-charge instability® in the cathode—
first-anode region of the electron gun. To obtain the most optimistic
estimate of reactive damping effects on the noise figure, it is assumed
that only the reactively damped wave is excited by full shot-noise
current fluctuations at the cathode surface, i.e., at 2=0.

According to these assumptions, the noise current at a distance L
from the cathode, if there is no reflected wave, is given by

{ — |BAplo(1+3)L
1 =1, exXp } , (20)
Ap

where the imaginary quantity (8Ap), is given by Equation (17). The
factor 7, corresponds to full shot noise at the cathode and the imagi-
nary quantity 8 is given by Equation (19). Therefore, the noise
reduction factor, R, is

[¢]2 \2 — |BAp|oL
R = - —eXxp4—mm— ¢ . n
[2s]2 Ap

Ignoring any beneficial correlation effects which arise in multivelocity
flow, one finds for the minimum noise figure of a traveling-wave tube’
(with QC=0=4d),

T,
Fon=1+R , (22)
T,

8 J. Berghammer, “Space-Charge Effects in Ultra-Low-Noise Electron
Guns,” RCA Review, Vol. 21, p. 369, September, 1960.

9S. Bloom and R. W. Peter, “A Minimum Noise Figure for the
Traveling-Wave Tube,” RCA Review, Vol. 15, p. 252, June, 1954.
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where T,/T, is the ratio of cathode to reference temperature.

The reduction factor as calculated from Equation (21) is shown
as a function of (v/w,)? in Figure 3. It is seen that in the case of
an infinite beam, § =0, R is appreciably smaller than unity at fre-
quencies below the plasma frequency, becomes unity at the plasma
frequency, and remains at unity for higher frequencies. For a finite
beam, however, the curves labelled #2=0.01 show that smoothing
occurs above as well as below the plasma frequency. This noise reduc-
tion becomes more effective for an increased length of the low-velocity
drift space.

L2
8%:0 2

Thp=2

m
05 A

=

(w/ wp) —

Fig. 3—Noise reduction factor, R, for a finite beam of length L, 62 —=0.01,
and for an infinite beam, ¢2=20.

CONCLUSION

The propagation of space-charge waves on a beam with a rectan-
gular velocity distribution has been considered. It is shown that four
waves are possible, a pair of Hahn-Ramo waves and a pair of evanes-
cent waves, both of which decay, one in the forward direction, the
other in the backward direction. If it is assumed that only the for-
ward evanescent wave is excited by shot noise at the cathode, the noise
current is reduced by the factor

{_ | BAp|oL
R=-exp ———} (21)
Ap

as a function of L, the distance from the cathode. To make R small,
the following conditions are necessary:

(a) The plasma frequency must be equal to or greater than the
signal frequency. This condition implies a high current density at
microwave frequencies,



194 RCA REVIEW March 1961

(b) The beam must drift very slowly and include returning elec-
trons (vy K v;), as provided, for example, by a virtual cathode,

(¢) The beam must be of finite transverse dimensions (62 +0)
if the signal frequency is above the plasma frequency,

(d) The low-velocity drift space must be long compared to the
Debye length.
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FERROELECTRIC SCANNING OF
ELECTROLUMINESCENT DISPLAYS*

By

MICHAEL COOPERMAN

RCA Home Instruments Division
mden,

Summary—This paper describes a new method for scanning flat electro-
luminescent display devices. The basic element of this scanning system is
a barium titanate (BaTiOs) crystal which is activated to switch wvideo
information to the appropriate element of the display device. In order to
demonstrate the principle, an array of five lines, each having five elements,
was addressed with this technique. The circuits are simple in construction
and low in power consumplion.

This scheme, although it looks promising, is in its infancy and a
number of problems remain to be solved before it can be considered prac-
tical. The immediate and most important problem is lack of brightness
of the displayed information. This condition becomes more severe as the
desired picture detail, and consequently the number of picture elements,
are increased. As electroluminescent materials with more brightness are
developed, this problem will become less serious.

INTRODUCTION

developing a solid-state display device has been carried out.:™

Such a device might replace the cathode-ray tube in industrial
television and military display applications. Among the attractive
features of a solid-state display are its small volume and weight for
a given viewing area.

]:[N RECENT YEARS a considerable amount of research aimed at

One of the most difficult problems encountered in the design of a
flat display is to find a suitable means for scanning, i.e., distributing
the video information to the appropriate spot on the panel. Schemes

* Manuscript received 6 January 1961.

! Jess J. Josephs, “A Review of Panel-Type Display Devices,” Proc.
LR.E., Vol. 48, p. 1380, August 1960. (This reference contains a very
extensive bibliography on different type display devices.)

2J. A. Rajchman, G. R. Briggs, and A. W. Lo, “Transfluxor Controlled
Electroluminescent Display Panels,” Proc. I.R.E., Vol. 46, p. 1808, Novem-
ber 1958.

3 Michael Lorant, “Electroluminescent Pattern Display,” Wireless
World, p. 606, December 1958.

¢R. C. Lyman and C. L Jones, “Electroluminescent Panels for Auto-
matic Displays,” Electronics, Vol. 32, No. 28, p. 44, July 10, 1959.
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to accomplish this are usually complex, power consuming, and unsuit-
able for mass production.

This paper describes a scheme which uses ferroelectric materials
for switching sequentially the video information to a flat electro-
luminescent panel. This scanning scheme is low in power consumption
and, due to its simplicity, is suitable for mass production. The paper
also describes an experimental model employing this principle for
scanning.

PRINCIPLE OF OPERATION

The basic circuit for using a ferroelectric material for sequential
switching is shown in Figure 1. The ferroelectric capacitor C; uses
a BaTiO; crystal for a dielectric. The characteristic of C; is shown
in Figure 2a as capacitor charge versus applied voltage. The capacitor

Es SIN wt
Ct

SAWTOOTH
GENERATOR

_;LEb
T

FERROELECTRIC
DIELECTRIC

Rt output

33K

Fig. 1—Basic circuit for sequential switching.

has a hysteresis loop similar to that observed in magnetic materials.
The hysteresis loop of Figure 2a has been idealized in order to sim-
plify the analysis of switching.

Let it be assumed for the moment that in Figure 1, E,=0. C;
and R, are so proportioned that the sawtooth produces a negligible
drop across E;. Consequently, most of the sawtooth appears across C,.
The voltage drop across C; produced by the sawtooth and the battery
voltage is shown by curve 2 in Figure 2b. As the sawtooth voltage
goes through amplitudes a,b,c,d,e,f, and back to @, the hysteresis loop
is traversed in the order a,b,c,d,ef,a. As the hysteresis loop is tra-
versed, the reactance of C; is changed so that it is relatively high in
the region @ to b and ¢ to d and relatively low from b to ¢. (The
reactance is also changed in the region d to a, but this is of no interest
here.) The ratio of high to low reactance can easily be made 100:1.
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R; and C; are so proportioned that E sin of, whose frequency is high
compared to the sawtooth fundamental and its harmonics, appears
across Ry only during the time #3; to ¢,, corresponding to the interval
b to ¢, when the reactance of C, is low. It has been assumed in this
analysis that the amplitude K, is sufficiently small that it swings over
a small portion of the characteristic of Figure 2a.

w
&
=4
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Fig. 2—Graphical analysis of sequential switching.

If E, is positive, the sawtooth voltage is shifted to the right as
shown in curve 3 of Figure 2b. This causes C; to conduct earlier,
namely from ¢, to ¢,. If £, is negative, the sawtooth voltage is shifted
to the left, as shown in curve 1 of Figure 2b. Under these conditions
C; conducts later, namely from ¢; to {;. Thus the time of conduction
relative to the sawtooth timing is a function of the d-c bias, E,.

Actual photographs of the input and output waveforms of the
circuit in Figure 1 are shown in Figure 3. The input consists of the
sawtooth in series with E, sin »t. The output is a burst of E, sin of.
Photographs (a), (b), and (¢) show the relative timing between the
output burst and the sawtooth for positive, zero, and negative bias
conditions. The negative spikes in the output waveforms are due to
the conduction of C, during the sawtooth retrace. The frequency of
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INPUT
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{¢). BIAS Ep=-100 VOLTS

Fig. 3—Waveforms of input and sequentially switched output of circuit
shown in Figure 1.

E, would normally be made higher than shown in the photographs.
Here the frequency was reduced so it could be observed cycle by cycle.

EXPERIMENTAL CIRCUITS

Line Scanning

An experimental circuit using this principle for sequential switch-
ing and scanning one line is shown in Figure 4. This is essentially

—! 10MSEC.

!_,.-"'I >
| o | SAWTOOTH
| S |GENERATOR
-i00v
vt L

i

Fig. 4—Experimental circuit for a five-element secanning line.
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the same circuit as that of Figure 1. Here, however, the sawtooth
in series with E; sin ot is applied across five C;R, combinations con-
nected in parallel. These are biased so that the ferroelectric capacitors
conduct in the sequence of the indicated numbers. An electrolumi-
nescent cell is connected across each of the resistors. A typical bright-
ness characteristic of an electroluminescent cell is shown in Figure 5.
As each C; conducts, its corresponding electroluminescent cell emits

) -

’ .32 7f—
/
06 /
I
02 /
/

o] 20 40 60 80 100
PEAK CELL VOLTAGE

CELL BRIGHTNESS IN FOOT-LAMBERTS

ol

Fig. 5—20-kilocycle sinusoidal excitation of electroluminescent cell.

light for the period of conduction. The five electroluminescent cells
comprising a scanning line are triggered sequentially. If E, sin ot is
amplitude-modulated with video information, the brightness of each
cell will be proportional to the instantaneous amplitude of E,. Thus
the information with which E, sin of is modulated is displayed as the
line is scanned.

A more practical arrangement of the circuit of Figure 4 is shown
in Figure 6. Here the individual ferroelectric capacitors are formed
by using a single strip of ferroelectric material with one common
connection. Each capacitor formed by the bottom connection and the
common top conductor can be operated with essentially no interaction
with the rest. In the actual experiment the bottom connections were
spaced 1/16 inch apart. The various bias voltages necessary for se-
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quential switching are obtained from a bias distributor. The a-c
impedance at the various taps of the bias distributor must be suffi-
ciently low to prevent crosstalk between cells. This can be accom-
plished by making the resistors in the bias distributor smail. The
4,000-ohm resistors used here were found to be quite satisfactory.
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Fig. 6-~Experimental circuit for a five-element scaaning line.

Horizontal and Vertical Scanning

Both horizontal and vertical scanning can be accomplished by using
the circuit of Figure 6 for horizontal scanning and another such
circuit for vertical scanning. Such an arrangement is shown in Figure
7. The H conductors are switched at a horizontal rate and the V
conductors at a vertical rate.

Electroluminescent cells, represented by equivalent capacitors, are
connected between sets of conductors. The voltage across each cell is

the difference between the potentials of its intersecting H and V
conductors.

For the purpose of illustration, it will be assumed that the ferro-
electric strips are perfect switches, (i.e., when conduction takes place,
all of F, is connected to the switched conductor). If, for example, at
a particular instant the H; and V; conductors are switched, then the
potential across the cell connected between them is 2E, = 80 volts peak
at that instant. The doubling of the voltage is due to E, in the hori-
zontal circuit being out of phase with E, in the vertical circuit. At
the same time all remaining cells connected to the H; conductor and
V3 conductor can have a maximum voltage across them of E,= 440
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volts peak and —F,=—40 volts peak, respectively. The electrolumi-
nescent cells have a typical brightness characteristic as shown in
Figure 5. It can be seen that a voltage change from 40 to &0 volts
peak produces a brightness change of .32 to 7.5 foot-lamberts. That
is, a 2:1 change in voltage produces a 23:1 change in brightness,
which is sufficient to turn a cell on and off. With proper design, the
cell between two switched conductors will emit light and the remaining
cells will appear dark.
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Fig. T—Experimental circuit for horizontal and vertical scanning.

Thus, as the H and V conductors are switched in sequence, scan-
ing proceeds from left to right horizontally, and from top to bottom
vertically. Information can be displayed by modulating E, in the
vertical scanning circuit, horizontal scanning circuit, or in both.

A more practical arrangement of the interconnection between H
and V conductors and electroluminescent cells of Figure 7, is shown
in Figure 8. It consists of a glass plate having a set of transparent
V conductors printed on it. Next comes a layer of electroluminescent
phosphor which is then covered by a set of H conductors. When an
a-c voltage is applied between an H and V conductor, the phosphor at
their interaction emits light. Due to the high resistivity of the electro-
luminescent phosphor, only the area sandwiched between the two
intersecting conductors emits. Such panels are available commercially.
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Fig. 8 —Commercial electroluminescent panel for horizontal and
vertical scanning.

PRrOPOSED CIRCUITS
Line Scanning

An alternative arrangement using ferroelectric switching in con-
junction with electroluminescence to form a display is shown in Figure
9. A strip of glass is covered with a transparent conductor, a layer
of electroluminescent phosphor, a layer of ferroelectric material, and
a coating of resistive paint. At each end of the resistive coating is a
conductor for contact with terminals a and ¢. This arrangement can
provide continuous scanning of one line. The equivalent circuit of
this arrangement is shown in Figure 10. The principle of operation
is the same as that of Figure 6. Resistors R; which represent the
resistive coating provide the d-c potential distribution for sequential
switching. These resistors are sufficiently small so that there is neg-
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I —————
TRANSPARENT GASS
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Fig. 9—Suggested construction for single-line continuous scanning.
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ligible a-c potential difference between the top terminals of C. C;
represents the ferroelectric capacitance while E; and R, represent the
resistivity of the electroluminescent phosphor. The inductors L pre-
vent the sawtooth and the a-c signal from shorting to ground.

The capacitor C prevents the d-c bias from being shorted to ground.
Thus the bias distributor circuit and the scanning circuit do not
interfere with each other’s functions. If R, is considered infinite,
then the remainder of the circuit and its function becomes identical

L Ep E‘b L
+ = =
(TO i = 4r—fmq‘

Es c R R, Ry
VC\D/\I\%/\I ‘[\g/\ﬂ
_L_C¢ Ce Ct C¢ _L_Ct
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GENERATOR| TV VVFFVVVI " -=—-

?Rf Rt R¢ R¢ ng

Fig. 10—Equivalent circuit for Figure 9.

to that of Figure 6. As the ferroelectric capacitors are switched, the
a-c signal appears across their corresponding resistances R, and
continuous scanning of the strip results. The presence of R, does not
alter the principle of operation, it merely provides some interaction
between adjacent R, resistors, thus limiting the resolution.

Horizontal and Vertical Scanning

A configuration for horizontal and vertical scanning is shown in
Figure 11. The horizontal strips with terminals a, b, and ¢ are iden-
tical to those in Figure 9. The horizontal sawtooth and biasing are
applied to each strip in the same manner. Terminals b are connected
to a vertical scanner. This consists of a ferroelectric switch which
is similar in construction and operation to that described in Figure 6.
The vertical sawtooth switches £, to each R; and corresponding scan-
ning line in succession. The horizontal sawtooth switches all lines at
the same time. However, only the line which receives E, from the
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vertical scanner produces a visible scan. Here again information is
displayed by amplitude-modulating E,.
BRIGHTNESS LIMITATION

With presently available electroluminescent materials, about 60
volts peak of continuous excitation is required to light a cell. This
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Fig. 11—Suggested scheme for horizontal and vertical scanning.

voltage is in the order of magnitude obtainable with the scanning
technique described. In order to produce a larger output, the thick-
ness of the ferroelectric material and the amplitude of the sawtooth
would have to be increased.

However, for a given excitation amplitude, the brightness is also
a function of the portion of time during which a cell is excited. If
five elements are scanned, then each element is excited for about one-
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fifth of the time. For ten elements this time is about one-tenth, etc.
Consequently, as the number of elements is increased, the brightness
for a given excitation voltage is reduced. One method of increasing
brightness is to have some external circuitry which would maintain
the excitation of each cell once it has been briefly excited.’?
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Correction: In the paper entitled “Nonlinear Theory of a Velocity-
Modulated Electron Beam with Finite Diameter,” by F. Paschke,
which appeared on pages 53-74 of the March 1960 issue, Equation
(17) on p. 61 contains two errors. The denominators of the last two
terms, (14 &)2— (1/0)2 and (1 —§&)2— (1/0)2, should be replaced by
(L4 82— (£/6)2 and (1 —£)2— (&/0)2, respectively. Also the curve
for the third-harmonic current in Figure 5 has unfortunately been
evaluated from the incorrect formula. The accompanying figure shows
the correct current distribution.
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Fig. 5—Convection current of the nth harmonic versus distance from the

input cavity measured in plasma-phase angle. B.b = 1.2, and b/a =2/3,

which corresponds to £ = 0.707, and ¢ = 0.64. The normalized input voltage
A defined by Equation (25) is 0.1.

Correction: In the paper entitled “High-Frequency Varactor Diodes,”
by C. W. Mueller and R. D. Gold, which appeared on pages 547-557
of the December 1960 issue, the last two column headings in Table I
(p. 555) are transposed. The corrected table is given below.

Table [—Effect of Out-Diffusion on Electrical Characteristies for
Diodes with the Same Breakdown Voltage

Base Vs, c* * foo
wafer (at 1 ma) (upf) (ohms) (kmc) A F*
No
Outdiffusion—6.8 X 1016 Sb 6.5 9 10.2 18 .21 3.8
Outdiffused —2.7 X 1018 Sb 7.5 1.15 .95 150 .15 22.5

* 3 C, feo are evaluated at —1 volt bias; S ~ (G — C:)/Csy, FF = feo Se.
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