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the material is elastically isotropic. This is surprising
because it means that both 180° (electrical) and
109°/71° (mechanical) domain reorientation occurs. To
verify this conclusion measurements were made of the
compressional and shear stiffnesses through the pressure
cycle on unpoled specimens which are necessarily iso-
tropic before and after the transition. These data are
shown in Figs. 9 and 10. Following the initial pressure
rise it may be seen that Figs. 2, 3, and 9 and Figs. 4, 5,
7, and 10 are identical.

In Figs. 9 and 10 two differences may be noted be-
tween the first and subsequent pressure cycles. First,
the transition pressure is somewhat higher for the
initial pressure rise and second, both the compressional
and shear stiffnesses are slightly higher following the
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first pressure cycle. There is a residual change of about
+49%, in ¢z and about +29% in c¢g. The increase is
thought to be due to incomplete reversion to the FE
phase. If the residual AFE volume fraction at zero
pressure is assumed to be proportional to the ratio of
residual stiffness increase to the total change in stiffness
between the FE and AFE phases (extrapolated to zero
pressure), Figs. 9 and 10 indicate that about 7% of the
volume is AFE following the pressure cycle. The least
amount detectable by x ray is thought to be about
5-109%,, and in some cases it has been possible to detect
some of the AFE phase in this material shortly after
exposure to hydrostatic pressures in excess of 40 kpsi.
The x-ray results thus lend some support to this
explanation.
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The mechanisms of ion formation in cesium plasmas at relatively low electron temperatures (3500°K)
and pressures of a few Torr are investigated. It is concluded that most of the ions are molecular and that
they are formed by collisions between cesium atoms in the first excited state. The excited atoms are pre-

dominantly produced by inelastic electron collisions.

The excitation cross section is computed by means of the impact parameter method. It has a maximum
value of 100X 1071¢ cm? at 7 V. The de-excitation cross section is computed and found to be approximately
constant at 50X 10718 cm?. Radiation trapping and diffusion of excited atoms are also studied.

The ionization cross section is calculated by means of statistical thermodynamics from the measured re-
combination coefficient for the inverse of the ionizing process. It is found to be 1450X 10716 ¢cm?. The plasma
is uniform throughout its volume except in the immediate vicinity of the bounding electrodes.

The proposed mechanism results in performance characteristics for cesium thermionic converters, operat-
ing in the “ignited mode,” which are in qualitative and quantitative agreement with experimental data.

1. INTRODUCTION

HE purpose of this paper is to investigate theo-

retically the mechanisms of ion formation in

cesium plasmas at relatively low electron temperatures
and at pressures of a few Torr.

Performance characteristics of cesium thermionic
converters indicate that cesium plasmas at pressures of
a few Torr can act as effective ion sources requiring low-
voltage inputs. However, the nature of the ions and the
dominant ionization processes are not well understood.

It is proposed that most of the ions are molecular and
that the dominant ionization mechanism is a two-step
process:

Cs+e— Cs*+te, AE~14¢V, (1)
Cs*+Cs* — Cso* — Cspt+e, AE~O0. (2)

* This work was supported in part by the U. S. Army, Navy,
and Air Force, under contract DA36-039-AMC-03200(E); and in
part by the National Science Foundation (Grant G-24073).

t Present address: General Electric Research Laboratory,
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These two reactions are known to occur but the cross
sections have not been measured.! For the purposes of
this paper, the cross sections are calculated theoretically
and they are found to be large compared to atomic
dimensions. In addition, it is shown that they result in
high ionization rates and that they imply thermionic
converter performance characteristics which are in
agreement with experimental measurements.

In other treatments of volume ionization in high-
pressure cesium converters,?3 it is postulated that pre-
dominantly atomic cesium ions are formed, under the
assumption that the ionization cross section is large.
However, available experimental data on ionization
processes in cesium indicate that the ionization cross
section for atomic ions is smaller than the assumed

1 K. Freudenberg, Z. Physik 67, 417 (1931).
2 W. B. Nottingham, Thermo Electron Engineering Corporation,
Tech. Report No. TEE-7002-5 (1960).

3 K. G. Herngvist, Proc. IEEE 51, 748 (1963).
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values.*~® Furthermore, measurements of cross sections
for molecular ion formation in general yield values which
are large compared to atomic dimensions.?

The various aspects of the present plasma analysis
are carried out for the same reference plasma conditions;
L.e., a thin infinite cesium plasma is considered, bounded
by two electrodes 0.05 cm apart, with an atom density
of 2)X10' cm™3, an atom temperature of 1400°K, and
electron temperatures of the order of 3500°K. It is
shown that these values can be varied considerably
without affecting the major conclusions. They are
selected in this range because they are representative
of the plasma conditions of cesium thermionic converters
with high volume ionization rates.

In the plasma the electron temperature is maintained
by a low-voltage discharge. Electrons from the emitter
electrodes are accelerated through the emitter sheath
into the plasma where they share their energies with the
plasma electrons. The atom and ion temperature is
determined by the temperature of the electrodes and is
not affected by the electrons.

The properties of the plasma can be-calculated by a
simultaneous solution of numerous equations governing
reaction rates, transport effects, and energy transfer,
subject to the appropriate boundary conditions. In
order to simplify the presentation and to emphasize the
physical aspects of the problem, some of the results
can be anticipated and incorporated in the analysis. To
this end, the analysis begins by considering a uniform
plasma with a fractional ionization of 0.25%, and an
electron temperature of 3500°K. Then it is shown that
the plasmas of interest are indeed uniform practically
everywhere except in very small regions near the elec-
trodes, that the fractional ionization depends on the
electron temperature and that the assumed values are
consistent.

The paper is organized as follows. In Secs. 2 and 3 the
densities of excited atoms and molecular ions in a uni-
form cesium plasma are determined from rate balances.
In Sec. 4 the effects of the transport of electrons, ions,
and excited atoms are investigated and in Sec. 5 the
results of the analysis are combined to derive perform-
ance characteristics of cesium thermionic converters.
The calculated characteristics are compared with some
experimental data and good agreement between theory
and experiment is established.

2. THE DENSITY OF EXCITED ATOMS
General Remarks

The density of cesium atoms in the first excited state
can be determined from a rate balance between the

4J. T. Tate and P. T. Smith, Phys. Rev. 46, 773 (1934).

5 A. vonEngel, Ionized Gases (Clarendon Press, Oxford, 1955),
. 53.

8 W. B. Nottingham, Advan. Energy Conversion 3 245 (1963).
7T. Jarvis, Advan. Energy Conversion 2, 437 (1962).

8 G. O. Brink, Phys. Rev. 134, A345 (1964)

9F. L. Mohler and C. Boeckner, Bur. Std. J. Res. 5, 51 (1930).
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Fic. 1. The 6s-6p excitation and de-excitation electron collision
cross sections of cesium calculated by means of the impact param-
eter method.

predominant excitation and de-excitation processes
Rz= Rdz+Rp+Rd’ (3)

where R, is the rate (per unit volume) of electron excita-
tion, Ry, is the rate of electron de-excitation, R, is the
rate of photon decay, and R, is the rate of diffusion of
excited atoms.

The rate of electron excitation is

fe(E)oo(E)v.(E)dE,

By

Ro=Noneo 4)
where Ny is the density of cesium atoms in the ground
state, 7,0 is the electron density, f.(E) is the electron
energy distribution function, o.(£) is the excitation
cross section, v.(E) is the electron speed, and E, is the
excitation threshold energy. Similarly,

Rdz=N,0mO/ fe(EYoaz(E)v.(E)dE, (5)
0

where N, is the density of excited atoms and ¢4:(E) is
the de-excitation cross section. If the electron energy
distribution is assumed Maxwellian, then integrals (4)
and (5) are unique functions of the electron temperature
T.. More specifically,

R./Ras= (No/N z0) (ws/wo) exp(—E./kT.), (6)

where w, and wy are the statistical weights of excited and
ground state atoms, respectively. From what follows,
it is seen that, for the plasmas of interest to this paper,
R.~R,.. Consequently,

N oo/ No= (ws/wo) exp(—E/kT.). ¢
Inelastic Electron Collision Cross Sections
and De-Excitation Rate

Figure 1 shows the calculated cross sections for
electron excitation of cesium atoms to the first excited
state and for electron de-excitation from the first ex-
cited state to the ground state.

The excitation cross section is calculated by means of
the semiclassical “impact parameter” method that has
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been developed by Seaton.”® This method has been previ-
ously applied to a very similar case, the electron excita-
tion of sodium to the first excited state, and gave results
which are in good agreement with experimental data 01
In the calculation for cesium the oscillator strength is
taken as f=1. At electron energies near the threshold
(E.=1.4 eV) the impact parameter method is not valid.
Judged from the data for sodium the calculated cross
section for cesium should be fairly accurate down to

electron energies of about 2.2 €V. At lower energies the

cross section may be approximated by
a.(E)=a(E—14), 14<EZL22, 8

with ¢= 75X 10716 cm?/eV as shown in Fig. 1. This ap-
proximation is in rather good agreement with the value
a=120X10"1 cm?/eV that Nolan and Phelps®? derived
from their measurement of electron drift velocities in
cesium-argon mixtures. Recently, Hansen® reported a
similar cross section curve calculated by means of
Seaton’s quantum mechanical method which is within
109 of the impact parameter results except for energies
near the threshold.

The de-excitation cross section is calculated from the
excitation cross section by means of the principle of
detailed balance®:

0aa(E)=[ (wo/ws) (E+EL)/EJoo(E+E.).  (9)

In the energy range of interest (Fig. 1) the de-excitation
cross section is approximately constant (F4.= 50X 10716
cm?) so that the rate of de-excitation becomes

(10)

Rdz= Na:(]”eo&dzﬁe-

Radiation Rate

Cesium atoms in the first excited state decay to the
ground state by the emission of resonance radiation.
This radiation is strongly reabsorbed by atoms in the
ground state. Thus the rate of photon decay is

Rp= eGNzo/Tn, (11)

where ¢ is the spectral emissivity of the electrodes, G is
the average photon escape probability, and , is the
natural lifetime of the excited atoms.

The average photon escape probability is calculated
for a thin infinite plasma slab. A photon of frequency »
emitted at a distance x from one electrode in the direc-
tion # has the probability exp(—No,r) not to be ab-
sorbed within a distance r, where o, is the radiation
absorption cross section at the frequency ». The photons
are emitted with equal probability in all directions so

10 M. J. Seaton, Proc. Phys. Soc. (London) 79, 1105 (1962).

U, L. Witting, RLE Quarterly Progress Report No. 70, MIT,
153 (July 1963).

2], F. Nolan and A. V. Phelps, Bull. Am. Phys. Soc. 8, 445

(1963); A. V. Phelps (personal communication).

uL K. Hansen, J. Appl. Phys. 35, 254 (1964).

UM, J Seaton, Proc. Phys. Soc. (London) AG8, 457 (1955).

1t R. H. Fowler, Phil. Mag 47, 257 (1924).
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that

/dxf ——dr/ P exp(—Ngo,r)dv, (12)

where p,dv is the probability that the emitted photon
has a frequency between » and »+dy and s is the plasma
thickness.

The absorption and emission spectra are identical
when the plasma is in thermodynamic equilibrium.!®
If it is assumed that the spectra are equal even when the
electrons and atoms are not at the same temperature
then only, say, the absorption spectrum is needed for
the evaluation of G.

The shape of the absorption spectrum is affected by
pressure, Doppler, and Stark broadening. In the
plasma under consideration, the dominant effect is pres-
sure broadening in which collisions between excited and
ground-state atoms result in frequency shifts and asym-
metry of the spectrum.'” As it will become evident
later, G depends primarily on the shape of the spectrum
at the wings. In these regions o, follows closely the Breit-
Wigner formula and is given by

62f r,/2

M (Tp/ 204 (r—vo)?

where I', is the half-width of the pressure broadened
spectrum, f is the oscillator strength, and the other
symbols have their standard meaning.

The absorption cross section in the wings of the pres-
sure broadened cesium 65-6¢ line has been measured by
Gregory.”® His data agree with the theoretical results of
Furssow and Wlassow® who calculate the half-width
to be

(13)

Pp= 282N0f/37rm3110. (14)
Thus the emission probability density is
1 T,/2
py=—— / pdv=1.  (15)
w ([p/2)+ (v~ o

The combination of Egs. (12)-(15) yields the average
photon escape probability in terms of a complicated
integral. A first approximation to this integral is found
by neglecting (T',/2)? in comparison with (v—»g)?:

G=(4/37)(\o/35)}, (16)

where Ao is the wavelength at the resonance frequency
vo. This approximation neglects the contributions to G
from photons with frequencies near the resonance.

A second approximation to G is obtained by separating
the integral into two parts, for small and large values of

16 J. H. Van Vleck and H. Margenau, Phys. Rev. 76, 1211 (1949).

17 A, C. G. Mitchell and M. W. Zemansky, Resonance Radiation
amisgxcited Atoms (Cambridge University Press, London, 1961},
p- 158.

18 See Ref. 17, pp. 96, 185

¥ C. Gregory, P Iﬁys Rev. 61 465 (1942).
(1;"3\()5\; Furssow and A. Wlassow, Physik. Z. Sowjetunion 10, 378
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r. Thus
G={(4/3m) o/ 3)H{1—0.9(0o/35)%). {an

Since A¢<<'s the correction introduced by the second ap-
proximation is negligible. Equation (16) gives G with
sufficient accuracy and justifies the assumption that
the shape of the spectrum near the resonance is not
important. Therefore, the rate of photon decay is

= (4/37) (N o/35) (N 20/ 7). (18)

It is interesting to note that the average photon
‘escape probability G is independent of the cesium atom
density. This is only true as long as collisions with cesium
atoms are the dominant source of spectrum broadening.
The equation for G agrees with the formula derived by
Holstein® for pressure broadened spectra in a cylindrical
geometry,

The present treatment of resonance radiation trapping
applies to the two members of the first resonance lines
(65-6p4 and 6s-6p;) separately. Since the wavelengths
of the two lines are close together (8521 and 8943 &),
the two members have essentially the same escape
probability and are treated as one.

Diffusion Rate

The rate at which excited atoms diffuse to the walls
containing the plasma depends on the density distribu-
tion of excited atoms near the walls and is treated in
detail in Sec. 4. An upper limit to the diffusion rate can
be derived by assuming that the density of excited atoms
is uniform right up to the walls. Then the diffusion
current is N ,0,/4, where 3, is the average velocity of
the excited atoms. Excited atoms diffuse to both walls of
the plasma, so that the average diffusion rate is

Ry=N o0,/ 2s. (19)

Density of Excited States

For the reference plasma under consideration
Ao=8700 A, 5=0.05 cm, =04, 7,=3.5X108 sec,?
#ao=0X108 cm™3, 54,=50X1071% cm? 7,=3.5X107
cm-sec™t, and #,=4.7X 10* cm-sec™®. Thus, comparison
of Egs. (18) and (19) with Eq. (10) yields

Rp/Raz= (4/3m) (No/35)(e/ 7 atte06 aab.) = 0.013, (20)
Ri/Riu=10./250005 ¢20.=0.054. (21)

Since R is an estimated uppef limit it is concluded that
R.~Ri,[Eq. (3)] and that the density of exmted states
is given by Eq. (7).

3. THE PLASMA DENSITY
General Remarks

The plasma density can be calculated from a balance
between the rates of ionization and recombination. It is

2 T, Holstein, Phys. Rev, 72, 1212 (1947).
2 See Ref, 17, p. 146,
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assumed that all the ions are molecular, that they are
produced by collisions between excited atoms and that
recombination occurs only by the reverse ionization
process. It is shown that these reactions occur at high
rates so that other ionization and recombination
mechanisms can be expected to have only a small effect
on the plasma density. Diffusion losses that occur near
the boundaries of the plasma are examined in Sec. 4.

Recombination Rate

The rate at which molecular cesium ions recombine
with electrons is

Ry= Q401 0y

(22)

where o, is the recombination coefficient for the reverse
ionization process [Eq. (2)], and 5, is the density of
molecular ions.

The only measurements of the molecular ion—electron
recombination coefficient in cesium are those of Dandu-
rand and Holt.” These authors deduced from their meas-
urements a value of 2 107% cm? sec™ at electron tem-
peratures of about 1400°K. The recombination coef-
ficient varies approximately with the minus three halves
power of the electron temperature® so that

=2X10-%(1400/7.)% cm® sec ™. (23)

This coefficient is very large. The only mechanism that
can yield such high values is dissociative recombination??
which can be thought of as occurring in two steps. The
first step results in a highly excited cesium molecule

Csgt-e— Cso*, (24)

In the second step the excited molecule dissociates in
two neutral atoms, one or both of which may be in an
excited state. The lifetime of this process may be ex-
tremely short,® of the order of 1075 sec. According to
the Franck-Condon principle? the probability of a
transition is high if the potential energy curves for the
initial and final states are close together when plotted
against internuclear distance. While these curves are not
known for cesium, it is likely that there will be a high
probability of transition to two excited cesium atoms
because the heat of reaction for this process is very
small. Accordingly, it is assumed that the molecular
recombination coefficient measured by Dandurand and
Holt is appropriate for the reverse ionization mechanism
[Eq. (2)]. This interpretation is contrary to that offered
by Dandurand and Holt who observed almost a purely
molecular spectrum in the afterglow of their discharge
and concluded that recombination leads to the ground
state of the cesium molecule. However, their observa-

% P, M. Dandurand and R. B. Holt, Phys. Rev. 82, 278 (1951);
and P. M. Dandurand, Ph.D. thesis, Harvard Umver51ty (1950).

%D, R. Bates, Phys Rev. 78, 492 (1950).

2 1. B. Loeb, Basic Processes of Gaseous Electronics (Umvers:ty
of California Press Los Angeles, California, 1955), p. 591.

28 G. Herzberg, Molecular Specira and Molecudar Structure
(D. Van Nostrand Company, Inc., New York, 1950), p. 420,
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‘tion was more likely due to resonance absorption of
atomic lines as pointed out by Loeb.?

Ionization Rate

The cross section for ionization by collisions between
excited cesium atoms is calculated from the recombina-
tion coefficient by applying the principle of detailed
balance to a plasma at thermodynamic equilibrium. The
calculated cross section is then used to determine the
rate of ion formation in the nonequilibrium reference
plasma.

In a plasma at equilibrium temperature 7', the ioniza-
tion rate by collisions between excited atoms [Eq. (2)]
is27

Ri=(1/2)}N’6.9:(T), (25)

where &; is the average ionization cross section and
7(T) is the average speed of the cesium atoms. This
rate is equal to the recombination rate® R,=a,(T)n:#.0
and therefore:

SliGS) GO

The equilibrium constant K(T) is determined from
statistical thermodynamics®%:

K(T)= (wawi/w.k) (memi/ms2)
X (4m2ART/B2) (kT /hvy). (27)

27 J, Jeans, The Dynamical Theory of Gases (Dover Publications,
Inc., New York, 1954), p. 37.

8 S, R. DeGroot, Thermodynamics of Irreversible Processes
(North-Holland Publishing Company, Amsterdam, 1951), p. 169.

2 K. Denbigh, The Principles of Chemical Equilibrium (Cam-
bridge University Press, London, 1961), p. 380.

# R. H. Fowler and E. A. Guggenheim, Stastical T hermodynamics
(Cambridge University Press, London, 1952), p. 97.
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The moment of inertia 4 and the lowest vibration fre-
quency »; for cesium molecular ions are not known. They
may be approximated by the corresponding known
values for cesium molecules since most of the measured
values of 4 and »; for molecules and molecular ions of a
species are nearly equal.® For the cesium molecule
A=2.3X10"%" g-cm?® »;=1.26)X10"* sec .3 The sta-
tistical weights are: for electrons w.=2; for cesium
atoms w,=6; for molecular ions w;=2. Thus the equi-
librium constant is K(T)=1.2X10"°72, where T is
expressed in °K. This result is close to the one obtained
by Clifton.®

The combination of Eqgs. (23) and (26) and (27)
leads to

&:=1450X1071 cm?. (28)

This cross section is independent of temperature and
it is large. Its magnitude could have been expected
since the reaction involves two cesium atoms at thermal
velocities in a radiationless transition.

The significance of the large ionization cross section
can be best demonstrated by calculating the total ion
current /;; that is produced in a plasma of thickness
§=0.05 cm. For the nonequilibrium reference plasma
conditions N ,=0.03N,, [;;=Res=14 A-cm~2 This
current is very large compared to the ion diffusion cur-
rent leaving the plasma at the boundaries. As it is shown
in Sec. 4, the diffusion current is of the order of 0.3
A-cm? for the same reference plasma conditions.

The Plasma Density

For the reference plasma that consists of electrons at
temperature 7', and molecular ions at the atom tempera-
ture T, the rate of ionization is

R;= (%)%‘7\7,026727,(]‘,1), (29)
and the rate of recombination is
Rr= niﬂneﬂar(Ta> (Tu/Te)%- (30)

The plasma is electrically neutral, #.0=#,0= %, and the
rates of ionization and recombination are equal.
Therefore :

no=1.06X 102N T :T} exp(— E./kT.). (31)

Note that the fractional ionization (#,/N¢) is inde-
pendent of the cesium density and that it is only a weak
function of the atom temperature (7',!). This weak
dependence shows that only a small error is introduced
by replacing the atom temperature profile across the
plasma by an average temperature. It also shows that in
the absence of atomic ions only a small correction is
necessary to account for the fact that the electron and
atom temperatures are not equal. It is also worth noting

3 G. Herzberg, Molecular Spectra ond Molecular Structure
(D. Van Nostrand Company, Inc., New York, 1950), Appendix.

2 H. O. Jenkins, Trans. Faraday Soc. 51, 1942 (1955).

#D. G. Clifton, Los Alamos Report No. LA-2419 (1960).
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that the absolute values of @, and &; do not appear in
Eq. (31). Nevertheless they are necessary to establish
the importance of the proposed ionization mechanism.

The fractional ionization /N, and the fractional
excitation N.o/No are plotted in Fig. 2 as functions of
the electron temperature. At the reference electron
temperature of 3500°K the fractional ionization is ap-
proximately 0.25%, consistent with the value assumed
in Sec. 2.

4. TRANSPORT EFFECTS
General Remarks

In the vicinity of a flat electrode, which constitutes
a plasma boundary, the plasma consists of three distinct
regions as shown in Fig. 3. In the main plasma region
the densities of excited and charged particles are uni-
form (and they are calculated in Secs. 2 and 3) and the
flow of an electron current 7 results in a constant
potential gradient. The resistivity, po, of this region is

i belc?
1.164(2kT.)}
XIn{(3/2¢%) (BT 3/mno)t}, (32)

where o, is the effective momentum transfer collision
cross section approximately equal to 200X 1026 cm?.34-%7
The first term on the right-hand side of Eq. (32) is
due to electron atom scattering® and the second to
electron-ion scattering.®

In the transition region a positive space charge de-
velops and the particle densities are not uniform because
of ambipolar diffusion. In the sheath region, which
extends over a distance comparable to a Debye length,
the transport of charged particles is determined by the
electric field and collisions can be neglected.

What follows is an analysis of the transition region
considering the main plasma and the sheath as boundary
conditions. The purpose of this analysis is to verify
that the plasma is uniform in a major fraction of its
volume and to derive formulas for the remaining effects
of the transport of electrons, ions, and excited atoms
throughout the plasma.

Me U'm'l—)e
po=-——- N
e n()/A\ 0

Basic Differential Equations for the
Transition Region

The density of excited atoms N, in the transition
region can be determined from the rate balance

Rx=Rdz+Rd- (33)
The rate of photon decay is neglected from Eq. (33)

3% R. B. Brode, Phys. Rev. 34, 673 (1929).

3 D. Roehling, Advan. Energy Conversion 3, 69 (1963).

3 R, K. Flavin and R. G. Meyerand, Jr., Advan. Energy Con-
version 3, 3 (1963).

371, P. Harris, J. Appl. Phys. 34, 2958 (1963).

38 H. W. Lewis and J. R. Reitz, J. Appl. Phys. 30, 1439 (1959).

® 71, Spitzer, Physics of Fully Ionized Gases (Interscience
Publishers, Inc., New York, 1962), p. 139.
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because it is shown in Sec. 2 that R,<&< R4, To a first
approximation the net diffusion rate is

Ry=—D,@N,/d, (34)

where D, is the diffusion coefficient for excited cesium
atoms in a cesium vapor. Replacing Egs. (6), (7), (10),
(34) in Eq. (33) yields

(N o/ N z)/da*=— (1/0®) (n/10) (1—N2/Nz), (35)

where o®=D,/54.5.n and n=n, is the electron density
in the transition region. This density is almost equal to
the ion density #.

The jon density can be determined from a balance
between the rates of ionization, recombination, and
ambipolar diffusion:

R;=R.+R,. (36)
The ambipolar diffusion rate R, is
Ro=—D d*;/dx?, (37)

where D, is the ambipolar diffusion coefficient.® Re-
placing Eqgs. (29), (30), and (37) in Eq. (36) and assum-
ing noen,=n yields

& (n/no)/dx’= — (1/26)[(N o/ N 2o)’— (n/n0)*],  (38)

where 82=D,/2a,(T,)n,.

The characteristic lengths a and 8 are indicative of
the size of the transition region. The length o depends
on D, which in turn for spherically symmetric, mon-
atomic gases is calculated to bet!

D.= (3/8Nowip) (nkTa/m.,)*. (39)

The average diffusion cross section &p for collisions
between excited and ground-state cesium atoms is
not known. It is expected to be much larger than the
diffusion cross section between ground state atoms

“D. J. Rose and M. Clark, Plasmas and Conirolled Fusion
(Technology Press, Cambridge, Massachusetts, 1961), pp. 75-77.

4 A, Dalgarno, in Afomic and Molecular Processes, edited by
D. R. Bates (Academic Press Inc., New York, 1962), Chap. 16,
p. 644.
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because of excitation transfer, a process that has a
strong effect in the present case of an optically allowed
transition.”? Therefore, 6p is approximated by the total
cross section of 2350X 10~¢ cm? % for cesium atoms in
the ground state. For the reference plasma conditions,
it is found that D,=4.2 cm? sec™! and a=0.7X10~% cm.

The value of B depends on the ambipolar diffusion
coefficient®

Da= (Deﬂi+Diﬂe)/ (P‘i'l'ﬂe)zﬂi(kTe'l_kTa))

where Dj, u; are the diffusion coefficient and mobility
of particle j, respectively. The mobility of molecular
cesium ions is not known. If it is approximated by the
mobility of atomic cesium ions then?:#

wi=50N /Ny cm? V1 sec™

(40)

(41)

where N,; is the density of a perfect gas at 1 Torr and
0°C. Thus, for the reference plasma conditions D,=37
cm? sec and 8=0.85X 10* cm. Note that both lengths
a and B are very small compared to the thickness
5$=50X10"% cm of the reference plasma. In addition, the
values of o and 8 are nearly equal. For simplicity, in
the subsequent analyses a will be assumed equal to 83,
for all plasma conditions of interest. Since the ratio
@/Bis independent of any particle densities and depends
only on T, this simplification does not introduce ap-
preciable errors in the temperature range of interest
(T ,=3000°-5000°K).

Density Distributions

Equations (35) and (38) are difficult to solve ex-
plicitly. Approximate solutions, however, can be ob-
tained by considering limited ranges of values of the
normalized variables.

Consider the region N,/N.o~1, n/ne~=1. With a=8
and the boundary conditions dN,/dx=dn/dx=0 at

4 See Ref. 41, p. 650.
( “417) Estermann, S. N. Foner, and O. Stern, Phys. Rev. 71, 250
1947).
# J. W. Sheldon, J. Appl. Phys. 34, 444 (1963).
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2=0 and N,= N3, #=mn, at x=2x,, the solution is
N:/Nzo=1—(1—N_.p/N ) exp[— (xs—x)/e], (42)

n/ﬂo= 1— [(1—nb/no)+ (1—sz/Nzo) (xb—x)/Za]
Xexp[— (xp—x)/a]. (43)

Equations (42) and (43) are useful only for densities
that are close to those in the main plasma. As a first
approximation, however, they are plotted in Fig. 4 for
all values of #/10, N./N z.

As a second approximation, consider the region
(N /N 20)— (n/10)<<1. Under the same boundary condi-
tions as before it is found that

(xs—x)/2a=tanh [ (14-2N /N z0)/3 ]}
— tanh [ (142N .5/ Nao)/3 . (44)

This solution is very close to that given by Eq. (42) as
shown by the dotted line in Fig. 4.

These two approximate solutions show that diffusion
losses lower the densities of charged and excited particles
only over a distance of a few characteristic lengths from
the boundaries. This confirms the previously made as-
sumption that most of the plasma is uniform.

The boundary between the transition region and the
sheath is somewhat arbitrary. If it is defined as the
point at which an electron receives from the electric
field an amount of energy comparable to the thermal
energy over a distance of one mean free path,*® then:

8(xb)/cr,,,No=kTe, (45)
where the electric field &(x) is given by*
8(x)=1./eumst (kT ./no)dn./dx. (46)

For the electron currents of interest, it is found that the
plasma density in the transition region drops by less
than 509%, before the electric field becomes so large that
ambipolar diffusion is no longer applicable. Conse-
quently, it is not necessary to have more accurate solu-
tions for the density distributions than those given by
Eqgs. (42) and (43) or (44). '

Potential Drops
The potential drop across the main plasma can be
readily calculated from the resistivity po.
The potential drop V', across the transition region can

EMITTER COLLECTOR

Fic. 5. Schematic
of the potential dis-
tribution in a thermi-
onic converter.

I,>le1, b g

4 E. 0. Johnson, RCA Rev. 16, 510 (1955).
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be found by integrating the electric field [Eq. (46)]:

V= / B &(x)dx, (47)

assuming that the thickness of the transition region is
%3. Since the flow of ions is small, the electron current is
practically constant and thus

V=1 2/ enop+ kT . In(ny/n0)

=TI xppo+ kT, In(ny/ne). (48)
Current and Particle Losses
The electron losses to an electrode are given by
I,=1I.exp[— (V. +V.)/kT.]
=1, exp(—Vs/kT.), (49)

where 1., is the random electron current in the main
plasma region and V, is the sheath potential.
The ion current losses are

I,=—eDdn/d%| smzy (50)

An estimate of this current is found by taking the den-
sity gradient from Eq. (46), neglecting the electron cur-
rent, and replacing #(x3) by #o. Thus

I;=0.63(14-T./T ) .. (8D

Note that the ion losses are greater than the random ion
current, 7;,. This is due to the electric field in the transi-
tion region. For the reference plasma conditions 7 ;= 0.15
A-cm™2, which is much smaller than the electron current
necessary for the maintenance of the plasma.
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F1c. 6. Calculated thermionic converter performance character-
istics for Tx=1608°K, s=0.025 cm, and ¢.=1.6 V.

Cs PLASMA 1335
IG__I,-zo
- - 15 (a) s20.025¢cm
Vel
o =
i 10
<ef
- -
5
4_
B N N Y TR O N B T
-02 0 Q2 04 06 08 LO
Vo (V)
16— .
Is=20 (b} 8=0.043¢cm
— 2 15
~N
IE L.
S
<
— s 5
L
o) S DU S T S VO N T Y W |
-02 0 02 04 06 08 10

Vo (V)

Fic. 7. Calculated thermionic converter performance character-
istics for Tp=1785°K, No=2X101 cm™3, and ¢.=1.6 V.

The excited atom current loss is given by
Jo=—D. AN ;/dx| sz, (52)

An estimate of this current is derived by considering
the maximum gradient given by Eq. (44). Thus

Jo=5(o/No)}(To/ To)"J 21, (53)

where J,, the random current of excited atoms in the
main plasma. For the reference plasma conditions
J.=0.34 J.n.

5. APPLICATIONS
General Remarks

The purpose of this section is to examine whether the
proposed ionization mechanism can account for ob-
served performance characteristics of cesium thermionic
converters.

It is observed experimentally that cesium thermionic
converters, operated at emitter temperatures of about
1600°K and cesium pressures of a few Torr,*® produce
high output currents. These currents can be justified
only if there is a high rate of ion formation in the volume
of the cesium plasma. Therefore, a valid test of the pro-
posed dominant ionization mechanism is achieved by
neglecting all other ionization mechanisms, by calculat-
ing current-voltage characteristics on the basis of the
results of Secs. 2-4, and by comparing these character-
istics with available experimental data.

Computation of Cesium Thermionic Converters
Performance Characteristics

Performance characteristics for cesium thermionic
converters, operated in the ignited mode, can be derived

46 This is called the ignited mode of operation (see Ref. 47).
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Fic. 8. Comparison of experimental performance characteristics
with calculated envelope of optimum performance for a Ta-Mo
thermionic converter.

from the voltage, current, and power balance equations.
Such equations have been used by many other authors*”
but are repeated here for convenience.

The voltage balance is based on the potential distri-
bution across the. converter, shown schematically in
Fig. 5. The output voltage is

Vi=¢r—dc—Vp, (54)

where ¢z and ¢¢ are the emitter and collector work
functions, respectively, and Vp is the plasma potential
drop

Vp=Vg—Vc¢+ V. (55)

The voltages Vg and V¢ are the potential drops in the
emitter and collector transition plus sheath regions and
V r=posI is the plasma resistance drop, where s is the
converter spacing, I is the converter output current, and
po the plasma resistivity [Eq. (32)].

The current balance is

I=1,~Ig=Ig, (56)

where I,=120T z? exp(—¢x/kT z) is the emitter satura-
tion current at temperature I'g, [ z=1., exp(— Vg/kT,)
is the electron current returned by the plasma to the
emitter, and T ¢c=1T,, exp(—~V¢/kT,) is the current that
reaches the collector. The main plasma random current
I.,=eng,/4 is calculated from the plasma density #,
[Eq. (31)].
The electron power balance is

2T gl +IVp=2kT (Ix+I)+P,, (57)

where P, is the power lost by collisions in the plasma.
Most of the collisional power loss is caused by inelastic
electron collisions that raise cesium atoms to the first
excited state. Therefore, P, can be approximated by the
rate at which the excitation energy is lost to the elec-
trodes by photons and diffusion of ions and excited

atoms,
P.,=P,+P,+P.. (58)

47 J. M. Houston and H. F. Webster, Advances tn Electronics and
FElectron Physics (Academic Press Inc., New York, 1962), Vol. 17,
pp. 125-206.
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The photon power loss is

Po=seE.R,= (4/77,)(\os/3)}eeE. Ny

Xexp(—Ez/kT,). (59)
The excited atom diffusion power loss is
P.=2eE,J =15/ No) (T o/ To)letNoE
Xexp(—E./kT.). (60)
Similarly, the ion diffusion power loss is
Pi=2QE);=0.63(1+T./T)esmoE,  (61)

Combination of Eqgs. (54)-(61) yields the current—
voltage characteristics that are desired for different
values of the input parameters No, s, Tg, ¢&, and ¢c.
The emitter temperature is selected smaller than 1800°K
so that surface ionization is negligible. Typical calcu-
lated current—voltage characteristics are shown in
Figs. 6 and 7. These characteristics have the expected
shape. The current approaches saturation for negative
output voltages. At low currents the curves fold under,
i.e., the output voltage decreases with decreasing cur-
rent because electrical energy input is required to main-
tain the discharge [Eq. (57)]. This eifect has been ob-
served experimentally.*® It should be pointed out that
experimental thermionic converter current-voltage
characteristics do not usually represent constant values
of I, and may therefore differ from the curves of Figs.
6 and 7.

The dotted lines shown in Figs. 6 and 7 are the loci
of optimum performance at given values of Ny, s, and
Tz They constitute envelopes of the calculated per-
formance curves. The envelopes are useful for compari-
sons with experimental data as discussed in the next
paragraph.

Comparison with Experimental Results

A direct comparison between calculated and experi-
mental characteristics is not possible because the ef-
fective emitter work function of converters operating in
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F16. 9. Comparison of experimental performance characteristics
with calculated envelope of optimum performance for a Ta-Mo
thermionic converter.

8. 8. Kitrilakis, M. E. Meeker, and N. S. Rasor, Thermo
Ialg%tsr)on Engineering Corporation, Report No. 2-63, Vol. I, p. 65
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Fig. 10, Comparison of experimental thermionic converter
performance characteristics with calculated envelope of optimum
performance.

the ignited mode cannot be accurately measured. For
this reason, experimental envelopes of optimum per-
formance are compared with similar envelopes derived
theoretically. The input data are the emitter tempera-
ture, Tg, the converter spacing, s, and the collector
work function, ¢¢, which can be measured and the den-
sity ¢ which is inferred from the cesium bath tem-
perature Tcs by assuming that the cesium vapor is a
perfect gas, at an average temperature 7T',=1400°K
and calculating the pressure from the empirical
equation?:

Pos= 245X 10T 6, exp(—8910/T¢,) Torr.  (62)

The experimental data are from Refs. 49 and 50.
These data were taken with the same apparatus and pro-
cedures with tantalum, rhenium and iridium emitters
and molybdenum collectors. Experimental current-
voltage characteristics and the corresponding theoretical
envelopes of optimum performance are shown in Figs.
8-10. The agreement between theory and experiment is
quite good.

Experimental performance characteristics are also
available at much lower converter spacings and/or
cesium densities where the thickness of the plasma
boundary regions is of the same order of magnitude asg
the converter spacing. Under these conditions the
results of the preceding plasma analysis are not directly
applicable because the densities of ions, electrons and
excited atoms are no longer uniform over most of the
plasma volume.

For completeness, a summary of the computed plasma
parameters T, Vp, Vg, V¢, Vi is included as Table I
for the curves of Fig. 6(a). The numerical values apply

4 See Ref. 48, Vol. I1.
®$, S. Kitrilakis, N. S. Rasor, and L. vanSomeren, Thermo
Electron Engineering Corporation, Report No. 20-63 (1963).
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TasBLe I. Plasma conditions in a converter operating at
Tp=1608°K, s=0.025 cm, No=2X10"* cm™3, and ¢c=1.6eV.

Ve Ve Ve Vg

I, on T, I Vo
(A-em™) (V) (°K) (A-cn™) (V) (V) (V) (V) (V)

20 2.29 4000 1672 —0.14 083 0.81 137 027
3500 13.80 004 065 054 081 038
3000 10.03 0.12 057 030 030 0.57
15 233 4000 1312 —017 090 0.89 1.58 0.21
3500 11.30 0.08 0.65 0.60 0.94 031
3000 8.40 0.19 054 034 041 047
10 239 4000 940 —0.25 1.04 105 194 0.15
3500 822 009 0.70 0.69 1.17 0.22
3000 642 027 052 041 057 036
2506 3.90 030 049 018 005 062
5 249 3500 469 001 088 086 061 0.13
3000 3.88 033 056 0.54 0.88 0.22
2500  2.50 0.47 046 027 031 042

to the particular conditions 7= 1608°K, s=0.025 cm,
No=2X10 cm~® but they are typical of the values
that are calculated for the other characteristics as well.
Table T shows that the plasma electron temperature
varies between 2500° and 4000°K with the optimum
performance near 3500°K.

6. CONCLUSIONS

A mechanism of ion formation in a low-energy cesium
plasma at pressures of a few Torr has been investigated.
It is concluded that most of the ions are molecular and
that they are formed by collisions between cesium atoms
in the first excited state. This conclusion is based on the
following evidence:

(a) The density of excited atoms in the plasma is
found to be a few percent of the cesium atom density.
This high density is due to the large cross section for
electron excitation and to the strong trapping by the
plasma of the resonance radiation emitted through the
decay of excited atoms.

{b) The rate of molecular ion formation by collisions
of excited atoms is high because of the high ionization
cross section that is obtained from the measured re-
combination coefficient.

{(c) A plasma analysis, in which only cesium molecu-
lar ions formed by collisions between excited atoms are
assumed, yields results that are in qualitative and quan-
titative agreement with experimental data on perform-
ance characteristics of cesium thermionic converters
with high plasma ionization rates.

It is hoped that this study will stimulate further
experimental investigations of low-energy cesium
plasmas and particularly of the role that molecular ions
play in them.





