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1 HE development of cathode electronics has recently
followed several new trends, which go far beyond the
confines of its previous scope of activity. One such
new trend, vigorously developing since 1958, is the
use of thermoelectronic emission for highly efficient
conversion of heat into electricity. Reports have al-
ready been made of small laboratory conversion units,
in which the efficiency r\ reaches 15%, and the spe-
cificpower ш (perunitcathodesurface) reaches
30 w/cm2. Even these figures are impressive, and
judging from convincing arguments, they will prob-
ably be considerably improved, fri addition, these
units, being high-temperature devices, can be con-
nected in series with equipment of different type, op-
erating at lower temperatures, thus noticeably increas-
ing the overall efficiency of the entire installation.
Mention must be made here first of the suggestion
made by A. F. Ioffe, that such "vacuum thermoele-
ments" be combined with ordinary semiconductors.1

Combined operation with steam-turbine units, etc, is
also conceivable, as is the use of the heat released
directly in nuclear fission in such devices.

The existing laboratory models of thermoelectronic
converters can be grouped into two categories; 1) vac-
uum, and 2) gas or vapor filled; because of their pecu-
liarities (see below), the latter have been most per-
sistently developed, m view of the small total number
of investigations in this field, we have thought it ad-
vantageous to adhere in the following description to the
historical order, illustrating the operating features of
each converter with data obtained by investigation of
related devices.

1. miTLALSTAGEOFDEVELOPMENT (1949-1957)

Although the question of power efficiency of thermo-
electronic emission was raised long ago, the essential
development began in 1949,2 when the first effective
principle was proposed and experiments on such a con-
version were performed. These experiments followed
the main trend of almost all modern researches in this
field. The particular investigation referred to con-
cerned thermoelectronic emission from pure tungsten
in cesium vapor. It was found possible to obtain a
volt-ampere emission characteristic which was close
to saturation and shifted noticeably to the left, as shown
in Fig. 1 for a cathode temperature T = 2500"K and
for a cesium vapor tension corresponding to t = 123" C
(p « 4 x 10"3 mm Hg). The reason for this is the pres-
ence of a noticeable contact potential difference vk
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with the anode positive. Actually, in this
case the cathode work function, q>^ « 4.5 ev (the
tungsten temperature is so high that the absorbed
cesium film cannot be retained on it), is considerably
greater than the anode work function, ^>a « 1.6 ev
(relatively cold metal, such as nickel covered with a
thin film of cesium), ш addition, the short-circuit
electron current I0 (in the absence of anode voltage)
is in this case quite close to saturation, because of the
practically complete neutralization of the electron
space charge by the cesium ions produced by thermal
ionization on the surface of the cathode.3 The produc-
tion of a "left-hand" characteristic, of the type shown
in Fig. 1, is quite remarkable, since it proves that the
tube is a generator of a current I, of approximately
constant magnitude, and a certain effective emf « v^,
capable of delivering toan externalresistance R a use-

All this is clear from Fig. 2,ful power Wu = I2R <
where tan в = R and the shaded area is equal to Wu.
At the optimum, IR = v^, the efficiency of such a sys-
tem is found to be

T ] = - (1)

where W; = Wj + l<p^ is the total power delivered to
the cathode, ш = Iv^ the optimum cathode specific
useful power, and W0 is the power lost to radiation.
Furthermore, for a conversion emf e, in the case of
an idealized characteristic consisting of a horizontal
portion of extent v^ followed by a Maxwellian "tail,"
we obtain;

for Ik » I a

[a
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The experiments set up to verify all these conclu-
sions2 confirmed all the foregoing. Figure 3 shows the
loadcharacteristics I(R), v(R), and WU(R) ob-
tained for the converter shown in Fig. 1. Actually, as
R is varied, the delivered useful power Wu goes
through a maximum when R equals the internal re-
sistance Ri; at this maximum we obtain r\ w l%, w
« 0.9 w/cm2, and v ^ « 2.4 v. Li addition we have
here I0 « 0.4 amp/cm2, Щ » 6 ohm/cm2 and e » 3 v.
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The values obtained for all these parameters are in
good agreement with those expected, in particular, from
Eq. (1). bi addition, it follows from this formula that
the quantities rj and w can be noticeably increased
by raising the cathode temperature. For example,
with T = 2800"K wecouldobtain rj«10% and ш
« 10 w/cm2. It was emphasized in reference 2 that in
this case a certain fraction of the thermal energy de-
livered to the cathode is converted directly into elec-
tricity through the use of the contact difference of
potential.

The same investigation2 has simultaneously clarified,
under the foregoing conditions (Fig. 1), two other facts,
of great importance to the characteristics of devices of
this type: 1) the electron current can be controlled by
applying an external magnetic field parallel to the
cathode, as can be seen from Fig. 4; 2) when the space
charge at the cathode is completely neutralized the
ratio of the electron current ^ to the ion current I p

This agrees also with the results of reference 4, where
by using a probe technique it has been shown that under
similar conditions an analog of an ion-electron plasma
is produced near the cathode. We note that the latter
problem was considered theoretically in detail in ref-
erence 5; its importance lies in the correct choice of
the cesium vapor pressure necessary for the operation
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of the converter. It is interesting to note that the cesi-
um ions on the cathode may find themselves later on in
a "trap," owing to poor neutralization on the cathode
and owing to the positive contact potential of the anode.
The quantity y must therefore be quite large, and
only in the limit, when Щ = v^, do we obtain y
« VM/m . Finally, fluctuations of the anode current
may be observed here.3

Somewhat later, in reference 6, still another impor-
tant conclusion was drawn regarding the features of
such a conversion, that to increase rj and ш further
by increasing the electron emission ^ from the cath-
ode, it is also necessary to increase simultaneously
the ion current I p = I e /y, which neutralizes the space
charge, that is to say, it is necessary to increase the
vapor pressure p of the cesium vapor. This can be
seen from the relation I p = aep(2 тМкТ0)"1/2, where
a = [ 1 + 2 (vj - y) exp (e/kT)] " 1 is the probability
of the surface ionization. For we can assume a « 1
for cesium on tungsten (vj < q>). Under these condi-
tions, that is, at large values of I e and p, we un-
avoidably arrive at a possible occurrence of "com-
bined" low-voltage arc discharge in the cesium vapor,
with a potential drop vp.

The efficiency is thus

(2)

where v o » 2 k ( T k - T a ) / e : thequantity W0 should
now include also the losses by heat conduction through
the cesium vapor; consequently, the values of r\ and
ш will unavoidably be somewhat smaller here. This
discharge will be combined because the positive ions
will be due both to thermal ionization on the cathode
and partially to impact ionization within the volume.
This may reduce the cathode potential drop and in the
limiting case of thermal ionization, y « VM/m , may
cause it to vanish completely, m this case, under the
reasonable condition Xe « d, the interelectrode gas
will simply play the role of an additional ballast re-
sistance with a potential drop vp.

Earlierinvestigations (1949 — 1950) ofordinary
low-voltage arc discharges in cesium vapor7 yielded
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much valuable information on processes that are also
very important in the converter problem. These re-
searches have disclosed, in particular, 1) the com-
plete possibility of obtaining in this case a rather small
Vp <, 1 v, especially at small interelectrode distances
d, and 2) a limited possibility of phase control of the
current, similar to that of a cesium thyratron, as shown
in Fig. 5 for t = 250"C, i.e., p и 0.5 mm; the latter
is connected with possible flow of thermal current in
the control grid, which is also coated with a cesium
film and heated by the discharge. Another reason why
it is important in principle to be able to control the
current in the tube to suit the experimental conditions,
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either with a magnetic field (Fig. 4) or with a grid
(Fig. 5), is that it becomes possible to modulate the
current in the converter and to transform the converter
voltage to any desired value. Without the last circum-
stance, the converter output voltage is quite low (« v^).
The internal resistance decreases therefore with in-
creasing converter power, making the resistance of the
optimum external load low and operation difficult. It
is thus advantageous to connect converters in series.

This cycle of investigations yields also many valu-
able data on the properties of the converter anode, m
fact, during converter operation the anode should be
coated by a cesium film preferably one atom thick, so
that <p assumes a minimum value, фт, somewhat
lessthanthevalueof q>m correspondingtothecase
of a thick cesium film. Our latest investigations, per-
formed directly by the contact-potential method in the
cold state, yielded for the cesium-tungsten system
^?m и 1.3 ev, $>„ « 1.6 ev. But the converter heats
up in operation, since the power developed in it is Wa

= [I(<pa + va)+£Wo]»iLpa, where 0 < 1 and va is
the anode potential drop. Figure 6 illustrates heating
of this type produced in a copper (1) or covar (2) anode,
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made in the form of a sleeve over a low-voltage cesium
arc discharge at a typical t = 260°C (p « 0.6 mm Hg).T

It must be pointed out that there is nothing wrong with
this temperature rise, for the hot anode can be used as
the heating element for the next stage (thermoelectric
or steam) of the converting device. Even in the now
readily attainable ^ » 12 amp/cm2 we obtain in a
plane-parallel system Wa « 20 w/cm2, approximately
as in modern steam-boiler installations. It is impor-
tant, however, that the anode temperature T a be not
high enough to produce either a noticeable reverse cur-
rent,thelimitingvalueofwhich (when Ш = Ук) is I a

= ATa exp ( — e^ a /kT a ) , or a noticeable desorption of
the cesium film from the anode. At cesium vapor pres-
sure this desorption can no longer be investigated by
the well known Langmuir classical electronic method,
owing to space ionization. A method recommended for
this case is that of the adsorption probe,8 the application
of which to a molybdenum substrate is illustrated in
Fig. 7. It is seen from this diagram that near t
s» 260° C the desorption of the cesium film begins at
rather high values, T и 1300°K. bi addition, from the
analysis of a similar family of curves we can deter-
mine the work function <p and the adsorption energy
q for an optimum film on the substrate; values q>
= 1.1 ev and q = 1.5 ev were obtained for the Cs-Mo
combination.
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Thus, along with producing effective thermoelectric
conversion, this cycle of investigations2'6'7'8 yielded
much information of value to the understanding of its
operating principle. Naturally, some of these data, of
purely illustrative character and obtained incidentally
in connection with another problem (the investigation
of low-voltage cesium discharge7), must now be im-
proved upon if they are to be applied directly to the
converter. The possibilities and prospects of such a
conversion are illustrated in Fig. 8, taken from refer-
ence 9, which shows the values obtained from Eq. (1)
for the conversion efficiency at different values of work
functions q>fc and cathode temperatures T. It is as-
sumed here that ^ a = 1.8 ev (corresponding approxi-
mately to a thick film of cesium on the metal), and
that the cathode has the same radiating ability as tung-
sten. We see here a possibility, of great practical sig-
nificance, of obtaining very high efficiencies, provided
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that stable and long-lived cathode materials correspond-
ing to the data of Fig. 8 are found.

A detailedtheoretical paper10 appearedin 1951, devoted
to thermoelectronic energy conversion and to the calcu-
lation of the efficiency of a vacuum thermoelectronic
converter for the cases q>k. > <Pa. and <pk < <pa- These
calculations yielded many curves for the efficiencies
under different experimental conditions. For cpk > ^a>
naturally, an expression analogous to (1) was obtained,
but unfortunately no emphasis was placed on the role
played here by the contact potential difference, in the
sense indicated above. Later in the same year a brief
note was published,11 also reporting a similar energy
conversion due to the presence of a suitable contact
potential difference; it is demonstrated, however, under
much poorer experimental conditions, bi this work, a
low-voltage arc discharge was produced in an atmos-
phere of inert xenon at p = 0.1 mm Hg. The cathode
was made of tantalum and the anode was metal coated
with a film of barium. The results under these condi-
tions were e = 0.8 v, I = 0.5 amp, and r\ « 0.3%. So
far, this is the only example of conversion without the
use of cesium, bi view of the total lack of thermal
ionization on the cathode, we have here an ordinary
low-voltage arc discharge. On the other hand, if
cesium is used, we obtain for quite understandable
reasons a combined discharge with a much lower value
of vp, meaning with a higher efficiency, as follows6

from Eq. (2), and a film with low value of ^>a is auto-
matically produced on the anode.

For several years following the publication of that
paper, no one investigated thermoelectronic energy
conversion experimentally. Only a few theoretical
calculations were published,12 dealing with electron
current flow in vacuum. These papers emphasized, in
particular, the advantages of reduction of interelectrode
distances to a minimum so as to decrease the elec-
tronic space charge and to obtain the maximum pos-
sible short-circuit electron current (see below),
since the power delivered was found to be w
= (DcT/e) exp (-1) cm"2.

II. CONTEMPORARYRESEARCH (1958-1959)

ш 1958, great interest developed in the problem of
thermoelectronic energy conversion, and a large num-
ber of scientific publications and publicity releases
began to appear in print. Many laboratory models
have been produced, particularly of devices in which

the converter cathode was heated by nuclear fission.
It is interesting to note that the indispensable element
in almost all these converters is cesium vapor, which
performs the two important functions indicated above;2

1) production of a suitable contact potential difference
to increase the efficiency of conversion, and 2) neu-
tralization of the electron space charge by thermal
ions from the cathode.

Reference 9 deals with conversion by using high
temperature tungsten cathode in cesium vapor. The
idea, the procedure used, and the results obtained in
this work essentially duplicate those of reference 2,
but in a larger temperature range, from 2350 to 2910°
K. The experimental efficiencies obtained here are
represented by circles in Fig. 9; they are in good
agreement with the theoretical curve, plotted from
formula (1) for v^ = 2.5 v, yielding 77 w 10% at
2900"K. The table for u), taken from the same ref-
erence, is of interest; here ш = Jv^ for v^ = 2.5 v,
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the efficiency r\ is calculated from (1), and q is the
rate of flow or evaporation of the cathode tungsten,
in millimeters of thickness per thousand hours of work
(the melting point of tungsten is 3650"K). We note,
incidentally, that in a cesium atmosphere the sputter-
ing of tungsten from the cathode to the anode should
not disturb the operation of the converter and that
this loss in tungsten material is fully recoverable.
Such a converter could be presumed energetically
feasible at 3000 —3200°K were a source of such high
temperatures available. Finally, the same paper ad-
vances the idea, not verified experimentally, of obtain-
ing substantial short-circuit electron currents by
means of external fields, a plasmatron system, etc.

One might think that high-temperature pure metals
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other than tungsten could be used as cathode material
for a converter, for example Re and Ta.13 Tantalum
was indeed used14 in an experimental tube of greatly
improved construction, in which the following could
be produced: 1) controlled heating of an equipotential
tantalum cathode by electron bombardment, 2) inde-
pendent and accurate control of the temperatures of
the copper anode and of the cesium vapor, etc. A plot
of useful power obtained in this manner vs. the load
is shown in Fig. 10 for different cathode temperatures
andfor t = 253"C (p « 0.5 mm Hg). Atthemaximum,

10г R ohm 10s

T = 2900° K, values of ш = 10 w/cm2 and rj « 5% were
obtained, as well as a short-circuit current I0 ss 20
amp/cm2, bi this case a combined low-voltage dis-
charge was produced in the interelectrode space, and
this gave the authors grounds (in our opinion insuffi-
cient, see below) to call this converter "plasma ther-
mocouple."

This investigation was subsequently15 continued,
and the author could obtain with the same system 77
*» 15%, ш ю 30 w/cm2, and I0 = 62 amp/cm2. It is
easy to estimate from the last value the temperature
of the tantalum cathode in this experiment, found to
be approximately 3000"K. This is obviously a very
high temperature, considering that tantalum melts at
3270"K, and it is indeed this temperature that is re-
sponsible for these converter parameters. Figure 11,

WOO £400 TK'K

FIG. 11

taken from this reference, shows the dependence of
the conversion emf on the cathode temperature at vari-
ous cesium-vapor pressures; a) p = 0, b) p = 10"5

c) p = 10~2, d) p = 0.4 mm Hg. The same figure shows
clearly how sharply the occurrence of an interelectrode
discharge reduces the emf, as follows from (1) and (2).

The classical method of decreasing electron space

charge in a vacuum by bringing the electrodes very
close together was used in reference 16. The con-
verter electrodes were two identical low-temperature
metal-film hollow cathodes, separatedby dak « 10pi.
bi the case of a similar "vacuum thermocouple," where
the contact difference of potentials should be zero, high
efficiency is attainable only if a large electronic short-
circuit current ^ is produced simultaneously with low
power consumption, as in similar low-temperature
cathodes.13 The foregoing pertains to some degree also
to the case of a low-temperature cathode (i.e., with
small <p̂ ) m эл atmosphere of cesium vapor, where
the contact potential difference will also be relatively
small. The result obtained in this investigation for Tk
= 1270"C, T a = 540°C, and d ^ = lOfx is shown in
Fig. 12 in the form of two delay curves, experimental
to the left and theoretical to the right. The left curve
can be obtained from the right by assuming that a volt-
age vk = 0.3 volts of suitable sign is produced here by
some means. The optimum values obtained from the
data of this figure are ш « 0.8 w/cm2 and rj ?

0w1
-u> -as vv 0

FIG. 12

there are grounds for assuming, however, that the last
figure is somewhat overestimated. The authors be-
lieve that a pile of 30 cathodes would deliver a useful
power of 0.5 to 1.0 kw at e « 15 to 20 volts and r\
sj 10 to 15%. At the present time this is the only experi-
mental investigation with a vacuum gap between the
converter electrodes, although in a recent theoretical
paper17 there is an indication of a similar, experimental
investigation as yet unpublished.

It is appropriate to ask here the following question:
is it possible to use an inactive low-temperature cath-
ode, for example the same hollow cathode, but in
cesium vapor, to obviate the need for such small inter-
electrode distances, which are difficult to maintain
between large cathode surfaces? This question is im-
portant because low-temperature (1000 — 1500° C)
heat sources will undoubtedly remain more readily
available than high-temperature ones (2800 — 3000° C).
To answer this question we used in the second stage of
our investigation18 the idea of producing positive cesium
ions by local ionization of grains of the metal-film
cathode. These grains were shaved off from micro-
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regions of the cathode surface, where <p > Vj(Cs)
= 3.9 v. bi view of the applicability of two known wave
inequalities in this case, \p « a and \ e » \p (where
\p and Xe are the ion and electron wavelengtos, and
a is the linear dimension of the shaved microregions),
one >can expect not only a noticeable ion current, but
also a substantial interaction between the space
charges of the ions and electrons, i.e., significant
values of ^ , r], etc. The experiments confirmed all
the foregoing. One of the load characteristics obtained
is shown in Fig. 13. It pertains to a hollow cathode at
1300"Cand t=180"C ( p « 3 x l O " 2 m m ) . These
curves are similar to those of Fig. 3, the optimum
occuring at w = 0.6 w/cm2, rj ss 5%, Ri ss 0.6 ohm/
cm2, удщ » 0.7 v, and ^ = 2 amp/cm2. The value
obtained for the emf shows that v^ * 0. A serious
shortcoming of such a cathode, compared with a purely
metallic one, is its relatively limited operating life,
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owing to gradual evaporation of the active emitter,
barium. The calculated lifetime in this case, for ex-
ample, is approximately 200 hours. One must also
note the low values of I0, w, and other parameters,
obtained in the experimental part of reference 19, also
with a hollow cathode in cesium vapor. We, too,
obtained similar results with a pressed Ba-Ni cathode
of rather high grade, from the point of view of its or-
dinary emission in vacuum. This can obviously be at-
tributed to the production of a relatively small amount
of cesium ions, owing to the high homogeneity of the
active barium film on the cathode. From this point of
view, a metal-film cathode of "average" quality is ob-
viously needed for the energy converter. Finally, we
must note that under suitable conditions an adsorbed
film of cesium can be formed on the surface of such
a cathode,20 impairing the operation of this converter.

The feasibility of low-temperature effective (for
example, metal-film) cathodes was recently analyzed
also in reference 21. The author indicates that a con-
verter yielding r\ ss 25 to 30% at 1100° C, used in con-
junction with a steam turbine, could raise the overall
efficiency to as high as 50 or 60%. He considered in
this light a hypothetical system consisting of a cathode
with ^k - 1-7 ev (for example, a hollow cathode)
and an anode with the rather low ^ a

 = l-° e v (BaO-Ni
etc). Such a system can actually yield a noticeable w
and very large rj. For example, at 1130°C with the
obtainable I = 9 amp/cm2, the author's calculations

yield ш « 6 w/cm2 and r\ ss 32%. To neutralize the
electron space charge, the author proposes to place
in the interelectrode space a purely-metallic incan-
descent surface with a work function ^k > vi> o n which
the necessary ions, say of cesium, will be produced.
This surface should have a positive potential v
= (^k"*Pk) w i t n respect to the cathode, as can be
seen from the potential diagram of the system (cath-
ode, anode, and ionizer), shown in Fig. 14 for IR = v^.
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No attention is paid, however, to the following difficul-
ties: 1) the ionizer will also consume a certain amount
of power, thus reducing the system efficiency, 2) at I
= 9 amp/cm2 the cesium ion current density at the
cathode must be rather high, £ 50 ma/cm2, and will
therefore be difficult to control under these conditions,
and, 3) at the high cesium vapor pressure necessary
for operation under these conditions, the anode surface
will probably be coated with a thick film of cesium,
having ^a « 1-6 ev. To produce a monatomic coating
with a low <p&, ss 1.0, the temperature will have to be
so high (see Fig. 7) that these very delicate surfaces
will probably be damaged, bicidentally, these factors
are partially touched upon in the experimental paper
by Wilson.22

Wilson22 returns, so to speak, to a purely metallic
cathode. He uses a molybdenum cathode (#>k = 4.2 ev)
and a Cs-O-Ag anode of the photoelectric type, with
a proposed #>a ss 1.0 ev to produce a maximum contact
potential difference. He also uses an additional ionizer
(see above) in the form of a filament placed in the inter-
electrode space, at approximately 1 volt above the cath-
ode potential. It must be pointed out first that the effect
of this ionizer was quite inconclusive. Its use raised
the conversion efficiency in one case and reduced it no-
ticeably in another. The article contains no explana-
tions of these facts. Turning to the operation of this
converter in the diode mode, without an ionizer, which
theauthors themselves used toillustratetheoperationof
thesystem,the results at T = 1900°K and t = 290°C
(p ss 2 mm Hg), were Ц = 4 amp/cm2, v j ^ = 0.8 v,
e = 0.8 v, w ss 3 w/cm2, and r; ss 9.2%. To obtain this
emission at this value of T it is necessary that the
emitting surface have a work function ^k = 3.0 ev (A
= 120 amp/cm2deg2). However, since thermal ioniza-
tion of the cesium on the cathode necessitates q?
> vi(Cs) = 3.9 ev, it is concluded that under these con-
ditions the cathode surface is only partly covered by
the adsorbed cesium film, i.e., that it has "spots" with
cp = 3.0 and 3.9 to 4.2 ev. It can be shown at the same
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time that these experimental data can be explained
even without resorting to this hypothesis, by assuming
that the entire cathode is homogenously coated with a
cesium film having q>^ « 3.0 ev. The point that at
such high values of cesium vapor pressure, even at
the low thermal-ionization probability a » 2 x 10~3

obtained here, the number of cesium ions produced on
the cathode may be sufficient to neutralize the electron
space charge. It is difficult to say how convincing the
foregoing arguments are. The very fact that an effi-
ciency г] и 9.2% was obtained with a purely metallic
cathode at 1900"K is undoubtedly of great interest.

bi the third stage of our investigation23 we turned
to a search for a single-component cathode material
of intermediate properties, capable of noticeable
emission at T £ 2000"K at not too small a work func-
tion >̂k- The latter is necessary both to obtain notice-
able thermoionization over the entire cathode surface,
and to obtain significant values of v^, i.e., ш and r\.
We chose for this purpose thorium bicarbide, ThC2,
on which only very skimpy data were available13 The
preliminary results of this investigation have dis-
closed that the thermoelectronic and thermoionic
emissions in cesium vapor were quite satisfactory for
our purpose, bi particular, the figure y = 3.2 to 3.4
ev was confirmed. The material was subsequently
tested in a converter. One of the resultant load char-
acteristics is shown in Fig. 15, for T = 2100"K and
t = 250"C (p «s 0.5 mm Hg). This characteristic has
the usual appearance (see Figs. 3 and 13), and yields
at the optimum ш « 16 w/cm2 and an efficiency be-
tween 10 and 15%, with Ц « 19 amp/cm2 and e « 1.7v.
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bi addition, this investigation yielded many other data,
on which we shall not dwell here. We do submit, how-
ever, Fig. 16, which summarizes our data on tungsten
(I) ThC2(II), and hollow cathode (Ш) from Figs-
3, 15, and 13 in the form of delay curves with indica-
tion of the values of v^m- This figure shows, in par-
ticular, the great advantages of the use of pure metal-
lic cathodes for conversion purposes, although unfor-
tunately they make high operating temperatures neces-
sary. It is interesting to note a recently published
brief communication,24 also concerning the use of tho-
rium carbide in cesium vapor for thermoelectronic en-
ergy conversion. It merely cites ш > 15 w/cm2 and

v) 3.2 2A I.B

FIG. 16

0,8

7) > 15% for this material, but does not state the con-
ditions.

We note, finally, new theoretical papers25 devoted
to the analysis of the operation of converting devices
with allowance for the contact potential difference.

Of very great interest are experiments in which the
converter cathode is heated directly by nuclear fission,
i.e., in which the nuclear energy is converted directly
into electricity. At present there are two brief com-
munications on the subject. The first26 describes a
cathode in the form of a rod of uranium compound
(6.3 mm in diameter and 19 mm long), operating at
T = 1900"K. The anode and the cesium vapor were at
300°C. This system operated continuously for 12 hours,
delivering 25 watts. These data lead to the estimates
w ss 6 w/cm2 and 77 < 8%. bi a second, more detailed
communication15 it is indicated that the cathode used
was a ZrC : UC solid solution in cesium vapor, placed
in a five megawatt reactor with a neutron flux of 1013

cm"*sec"1. Althoughvalues I ow35amp and e
ss 3.5 v were obtained, the maximum useful power at
Tk = 2000° C was only 30 w at r] « 5%.

After a certain forming operation, the converter
could operate five hours without noticeable change in
its parameters; a schematic diagram of the converter
is shown in Fig. 17. Mention should also be made of
another project,21 as yet untested, of a similar section-
alized cesium-filled converter with a Th-W cathode
on a UC core and a Cs-O-W anode, the schematic
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— n ^ bisulator

Cooled collector

Cathode (Zrc:UC)

Plasma

Coolant (oil)

Vacuum

'ool

FIG. 17
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diagram of which is shown in Fig. 18. It is indicated
that such a setup should produce 27 kilowatts with an
efficiency т\ = 9.7%.

Cesium vapor Cathode
Anode^athode

connection

Reflector To load
Anode UC^raphite

core

FIG. 18

to all these cases, it must be remembered that the
possibility of radiation damage to the cathode material
and the effect of the strong neutron flux in the reactor
on the thermionic emission still remain undetermined.27

It is suggested21 that since the cathode is not made of
single-crystal material, these effects should not be
significant. The favorable effect of ionization of the
interelectrode gas by the gamma rays from the reac-
tor is also mentioned.

bi conclusion we return briefly to the physical op-
erating principles of such converters. It is interesting
to note that along with the foregoing considerations, it
was recently shown28 that the ordinary formula for the
Seebeck thermal emf yields in the case of an inter-
electrodeplasmaat Tk=3000"K, Tk-T a=2000°
and n e = 1015cm"3 a value of about 3 volts for e, the
same as experiment. The same paper lists many use-
ful data on such a plasma. A rough estimate suggests
an attainable efficiency on the order of 25%.

However, without denying the need for taking into
account the many features of this plasma, as indicated
in reference 28, one might think at the same time that
the essential factor in the operation of most modern
converters is precisely the use of the contact differ-
ence of potential. This follows from the results of
many experiments, in particular, from Fig. 9, where
good quantitative agreement has been obtained between
experiment and Eq. (1). to addition, it must be borne
in mind that the polarity of the thermal emf of the elec-
tron plasma should be the opposite of the one which is
actually obtained and which makes possible the opera-
tion of the converter. The fact that this thermal emf
plays a minor role in the experiment may be due to the
fact that the energy released in the plasma by the flow-
ing current leads to ordinary heating of its electron
gas, that is, in fact to a violation of the correspondence
between this temperature and the temperatures of the
two contacts; this can be seen from reference 7. It is
therefore more likely that we deal here with a certain
unique type of heat machine with certain features of a
galvanic cell, the current of which has a purely thermo-
electronic, i.e., thermal, origin. The presence of this
current is due to the heating of the cathode, i.e., a def-

inite temperature difference Tk — T a must be pro-
duced in the converter; it cannot exceed the ordinary
thermoelectronic saturation current. On the other
hand, the processes in the interelectrode space deter-
mine the internal resistance of the converter, Rj,
which can be changed, for example, by neutralizing
the electron space with positive ions. The latter may
be produced by a variety of methods; 1) thermoioniza-
tion on the cathode or on a separate ionizer, 2) impact
ionization in the interelectrode plasma or in a separate
discharge, etc. By virtue of this, we have tentatively
named this converter, in agreement with reference 10,
a "thermoelectronic cell".18 Naturally, we do not pre-
tend this name to be the best or the most descriptive.

Summing up, the use of thermoelectronic emission
for direct conversion of heat energy into electricity
can be thought to offer serious promise of practical
solution of many important problems of modern tech-
nology. However, much research and technical work
is still necessary, and it is hoped that this will be
successfully carried out in the nearest future.

A. F. Ioffe, Полупроводниковые термоэлементы
(Semiconductor Thermal Cells), Acad. Sci. U.S.S.R.,
1956, p.84.

2N. Morgulis and P. Marchuk. Report, tost. Phys.
Acad. Sci. Ukr. S.S.R. 1949, Registered by 'Gostekh-
nika' U.S.S.R. 22 June 1950 as No. 1546-50-7; P. Mar-
chuk, Candidate's Dissertation, tost. Phys. Acad. Sci.
Ukr. S.S.R. 1951, part II, Ch.3, Trudy tost. Phys. Acad.
Sci. Ukr. S.S.R. No. 7, 3 (1956) (submitted to press 15
Oct. 1954).

3M. Gurtovoi and G. Kovalenko, Физ. зап. АН УССР
(Phys. Notes Acad. Sci. Ukr. S.S.S.R.) 9, 240 (1941);
M. Gurtovoi, Физ. сб. КГУ (Phys. Coll. Kiev State
Univ.) No. 7, 189 (1955); M. Gurtovoi and N. Livshits,
ibid. No. 9, 93 (1955).

4S. Ptitsyn and I. Tsukkerman, Сб., посвящ. 70-летию
акад. А. Ф. Иоффе (Anthology Commemorating the 70th
Birthday of Acad. A. F. Ioffe) Acad. Sci. U.S.S.R., 1950,
p.l73.

5N. Morgulis, JETP 4, 489 (1934); 16, 489 (1946);
Gurtovoi, Ostroumov, and Pekar, Научи. ежегодникКГУ
(Scient. Annual, Kiev State Univ.), 1956, p.336, Phys.
Coll. Kiev State Univ. No. 10, 1959.

eN. Morgulis and P. Marchuk, Укр. физ. журн. (Ukr.
Phys. J.) 2, 379 (1957).

7 Morgulis, Marchuk, and Dyatlovitskaya, Report of
tost. Phys. Ukr. S.S.R. for 1950. N. Morgulis and P.
Marchuk, loc. cit. ref. 6, 1, 59 (1956) and 3, 95 (1958).

8 P . Marchuk, Trudy, tost. Phys. Acad. Sci. Ukr.
S.S.R. No. 7, 17 (1956).

'Hernquist, Kanefsky, and Norman, RCA Rev. 19,
244 (1958).

10A. I. Ansel'm, Термоэлектронный вакуумный
термоэлемент (Thermoelectronic Vacuum Thermal
Cell), Acad. Sci. U.S.S.R., 1951.

U G . Medicus and G. Wehner, J. Appl. Phys. 22, 1389
(1951).



CONVERSION OF THERMAL ENERGY INTO ELECTRICITY 259

I 2 M . Champeix, Le vide 6, 936 (1951). M. J. 0.
Strutt, Proc. IRE 40, 601 (1952). H. Moss, J. Electron.
2, 305 (1957).

1 3See, e.g., N. Morgulis, Usp. Fiz. Nauk 53, 501
(1954).

1 4Grover, Roehling, Salmi, and Pidd, J. Appl. Phys.
29, 611 (1958).

1 5 G . Grover, Nucleonics, No.7, 54 (1959).
1 6 G. Hatsopoulos and J. Kaye, J. Appl. Phys. 29,

1124 (1958). Proc. IRE 46, 1574 (1958). Nottingham,
Hatsopoulos, and Kaye, J. Appl. Phys. 30, 440 (1959).

1 7 H . Webster, Bull. Am. Phys. Soc. 3, 266 (1958);
J. Appl. Phys. 30, 488 (1959), J. Beggs, Bull. Am.
Phys.- Soc. 3, 266 (1958).

1 8 N. Morgulis and A. Naumovets, Радиотехника и
электроника (Radio Engineering and Electronics) 4,
1065 (1959), Физика твердого тела (Solid State Physics)
2, 537 (1960), Soviet Phys. Solid State 2, in press .

19W. Nottingham, J. Appl. Phys. 30, 413 (1959),
Paper at 4th bitl. Conf. on Gas Discharge, Upsala,
August 1959.

2 0 N . Morgulis and Yu. Korchevoi, Изв. вузов СССР,
сер. физ. (News of the Colleges, Phys. Ser.) in press.

2 1 K. Hernquist, Nucleonics No.7, 49 (1959).
22V. Wilson, Bull. Am. Phys. Soc. 3, 266 (1958),

J. Appl. Phys. 30, 475 (1959).
2 3 N . Morgulis and Yu. Korchevoi, Атомная энергия

(Atomic Energy), i n p r e s s .
2 4 R. Fox and W. Gust, Bull. Am. Phys. Soc. 4, 322

(1959).
2 5 G . Feaster, J. Electron. 5, 142 (1958). J. Houston,

Bull. Am. Phys. Soc. 3, 266 (1959), J. Appl. Phys. 30,
481 (1959).

26Атомная техника за рубежом (Atomics Abroad), No.
7, 41 (1959).

2 7 Debiesse, Challansonnet, and Neyret, Compt. rend.
232, 602 (1951). Debiesse, Neyret, Challansonnett,
and Amoignon, ibid. 2015 (1951).

2 8 H . Lewis and J. Reitz, J. Appl. Phys. 30, 1149
(1959); Bull. Am. Phys. Soc. 4, 420 (1959).

Translated by J. G. Adashko


