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THERMIONIC CONVERSION

Thermionic (TI) energy conversion relies on the emission of
electrons by solids heated to a sufficiently high temperature.
Thermoelectron emission phenomenon was discovered by
Thomas Edison in 1883 and is still known as the Edison effect.
Herring and Nichols (1) published a review of thermionic
emission as early as 1949. The interest in thermionic conver-
sion was resurrected in the mid-1950s, when Hastopoulos (2)
published a description of two thermionic converters. The op-
eration of thermionic converters was first demonstrated in the
1950s by P. Marchuk in the USSR (3) and by Houston (4) and
Wilson (5) in the United States. Major advances in thermionic
technology had been made through the 1950s and 1960s in
the USSR, United States, France, Germany, and many other
European countries.

In the 1970s and 1980s, funding for the development of
thermionic technology in the United States was significantly
decreased. Research continued, however, but at a reduced
level, to demonstrate the operation of multicell thermionic
fuel elements at General Atomic and Los Alamos National
Laboratory. Basic research on thermionic conversion also con-
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Figure 1. A schematic of a thermionic converter.

tinued by Raser’s and Associates, Space Power Inc., Therma-
core, Thermoelectron, Inc., and a few universities in the
United States. The USSR had continued the development of
thermionic technology at a high level, focusing on both
multicell and single-cell fuel element concepts for integra-
tion into space nuclear reactor power systems. In 1987 and
1988, the USSR announced the successful operation of two
thermionic power systems in space for 6 and 12 months,
respectively. These power systems, which used in-core
multicell thermionic fuel elements (TFEs), became known
later in the West as TOPAZ-I. A number of Soviet TOPAZ-
II systems, which employed in-core single-cell thermionic
fuel elements, had been built and ground tested successfully
in late 1970s and in the 1980s, using tungsten electric
heaters, instead of nuclear fission, but they had never been
deployed in orbit.

Following the end of the Cold War, a joint technology pro-
gram (1991-1996) was initiated between the United States
and Russia and included participation from the United King-
dom and France. The objectives of the program were to (1)
perform full-scale tests of a number of TOPAZ-II systems, us-
ing tungsten heaters instead of nuclear fuel; (2) explore the
use of a TOPAZ-II type power system for future space power
and propulsion missions; (3) advance the technology of insula-
tion materials and ceramic-metal brazes; and (4) develop and
test advanced high-power density TFEs. This program contin-
ued successfully until it was terminated in 1996. The joint
tests of the TOPAZ-II system were performed in a special fa-
cility that was built for that purpose at the University of New
Mexico in Albuquerque.

BACKGROUND

A thermionic converter consists basically of two metal elec-
trodes separated by a small gap of either vacuum or rarefied-
vapor plasma. One of the electrodes, maintained at a high
temperature is referred to as the cathode or emitter, and the
other, maintained at a lower temperature, is referred to as
the anode or collector. The thermal energy supplied to the
emitter from a heat source enables some electrons to escape
its surface. These electrons traverse the vacuum or plasma
gap, separating the emitter from the collector, and are cap-
tured by the collector. They then return to the emitter
through an external load, hence producing electrical power
(Fig. 1).

The thermodynamic cycle that describes the operation of a
thermionic converter resembles that of Carnot, in which ther-
mal energy is ideally supplied to the emitter and removed

from the collector at constant temperatures. If joule losses in
the electrodes and the leads connecting the converter to the
external load are ignored, then the work done by the electrons
circulating through the load could be considered adiabatic.
The potential difference between the electrodes drives the
flow of the electrons through the external load. A converter
terminal voltage equals the difference between the electric po-
tentials of the emitter and the collector, minus any internal
voltage drop due to the flow of the electrons through the inter-
electrode gap. Therefore, thermionic converters have a poten-
tial for achieving a large fraction of Carnot efficiency. How-
ever, this requires the following:

1. Minimizing parasitic thermal losses from the emitter
surface (by lateral conduction in the electrodes and
leads; by thermal radiation to the collector surface and
other structure materials in the gap, such as insulation
and metal-ceramic brazes; and by conduction in the
plasma-filled gap)

2. Minimizing the voltage drop in the interelectrode gap

3. Minimizing joule losses in the electrodes and the leads
to the load

4. Minimizing the collector work function

WORK FUNCTION

Although electrons having an energy within the Fermi con-
duction band are free to move inside a metal, for them to es-
cape the metal surface they must have sufficient energy to
overcome a potential barrier, which is characteristic of the
type of the metal. This potential barrier, associated with the
electron’s positive image charge inside the metal and the un-
compensated surface charge, is equal to the difference be-
tween the metal’s Fermi energy level and the electron’s poten-
tial in vacuum and is known as the metal’s bare work
function, ¢ (typically expressed in electronvolts).

The metal bare work function depends on the crystallo-
graphic orientation of the surface (e.g., monocrystalline or
polycrystalline) and the type of the metal (6—13). The sorption
of rarefied vapor, such as cesium and barium, onto the metal
surface lowers its thermionic emission work function, de-
pending on the surface temperature and the vapor pressure
of the rarefied vapor (Fig. 2) (14). The sorption of very low-
pressure oxygen (<1072 Pa) onto a refractory metal surface
has also been shown to increase its bare work function (15).
When cesium is sorbed onto such a surface, the oxygenated-
cesiated work function of the metal is usually lower than its
cesiated work function, resulting in a higher electron emis-
sion. The potential difference between the effective work func-
tions of the emitter and the collector also increases, increas-
ing the terminal voltage and the electric power output as well
as the conversion efficiency of the converter.

The emission current density, J, is given by the well-
known Richardson—Dushman (16-18) equation:

J(A/em?) = AT2e=(e9/kT) )

In Eq. (1), e and m, are the electron charge and mass, respec-
tively, % is the Boltzmann constant, and 7' is the absolute tem-
perature of the metal surface. For an ideal, isothermal sur-
face, the constant, A(A/cm?-K?), derived theoretically by
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Material ¢ (eV) Material ¢ (eV)
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Figure 2. Work functions of refractory metals in cesium (14).

Richardson-Dushman, was given as
A = (4memck?/h%) = 120.4 2)

In Eq. (2), h is Planck’s constant. The actual value of A,
however, is determined experimentally and depends on the
surface characteristics and the experimental method used
and thus could vary slightly from one source to another. Ta-
bles 1 (16) and 2 list typical values of the bare work function
and the constant, A, for a number of typical electrode materi-
als. As Table 1 indicates, the actual values of A could be much
lower than the theoretical value of Richardson—-Dushman
[Eq. (2)].

All refractory metals, capable of prolonged operation at
typical emitter and collector temperatures between 1800 K
and 2000 K, and 800 K and 1000 K, respectively, have high
bare work functions (in excess of 4 eV) (Tables 1 and 2). The
electrode work functions are adjusted during operation by
controlling their respective temperatures and the cesium va-
por pressure in the interelectrode gap (Fig. 2). When Cs
atoms are sorbed onto a refractory metal surface, having a
higher bare work function higher than that of Cs (1.89 eV),
they are ionized (cesium’s first ionization potential, E; = 3.89
eV), producing a local electric field that reduces the metal’s
effective work. Since the high sorption energy of cesium and
the high bare work of an electrode material result in a low
cesiated work function, monocrystal tungsten is the preferred
electrode material for thermionic converters (Tables 1 and 2).

Table 1. Bare Work Functions and Emission Constant for
Selected Electrode Materials (16)

Electrode Bare Work A Constant
Material Function, ¢ (eV) (A/em? - K?)
Molybdenum (Mo) 4.2 55
Nickel (Ni) 4.61 30
Tantalum (Ta) 4.19 55
Tungsten (W) 4.52 60

4.54 46
W + Ba 1.6 1.5

The collector always operates near the minimum cesiated
work function, while the cesiated emitter work function
should be significantly higher (Fig. 2), in order to maximize
the terminal voltage and the conversion efficiency (7,10).

The emitter temperature and the operating cesium reser-
voir temperature (or vapor pressure) are, therefore, selected
to reduce the effect of the space charge near the emitter and
at the same time increase electron emission. For a given emit-
ter temperature, low cesium pressure increases the effective
emitter work function and, hence, the terminal voltage but
fails to eliminate the space-charge effect, lowering the elec-
tron emission and increasing the voltage drop in the gap. The
space-charge effect can be eliminated through the combina-
tion of using a small interelectrode gap and/or introducing
cesium at the proper vapor pressure into the gap. The Cs ions
for the plasma in the gap are produced mainly by surface ion-
ization at low vapor pressure and by impact, or volume ioniza-
tion, at high cesium vapor pressure. The plasma density, n,
due to Cs ionization is given by the Saha—Langmuir equation:

—e(E;—¢)

oS (3)

Nt 8o

where n and ny,; are the plasma density and total density of
charged and neutral particles, respectively, and g; and g, are
statistical weights for ions and atoms, respectively. The ion-
ization of Cs atoms can occur through a single step (Cs +
e — Cs™ + 2e7) or a multistep (Cs + e — Cs* +
e ; Cs* + e” — Cs" + 2e7) ionization (where Cs* denotes a Cs
atom in the excited state). In the case of the impact ioniza-
tion, the plasma concentration distribution in the interelec-
trode gap is influenced by the various transport effects (dis-
cussed later) as well as the local net rate of ion generation
(ionization-recombination rate), I'(x), which can be given as

3

2

where 7; is the effective ionization time, n;(x) is the local
plasma concentration, and n(T,) is the equilibrium plasma
concentration [Eq. (3)], at T, the local electron temperature.
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MODES OF OPERATION

This section describes the different types of thermionic con-
verters and the mode of electron discharge in each. The earli-
est types of converters are those that employ vacuum or
quasi-vacuum discharge. Because of the inherently very low
emission current, their use is limited to special-purpose appli-
cations such as radiation-hard integrated circuits. For electric
power conversion applications, however, in which an electric
power density of 1 W/em? to 15 W/em? or higher is required,
other discharge mode converters are more suitable, such as
those that operate in the Knudsen and ignited modes of dis-
charge. The major features of the different discharge mode
converters as well as the advantages and limitations of each
are discussed in the following subsections.

Vacuum and Quasi-Vacuum Modes of Discharge

The most familiar thermionic converters are those that oper-
ate in the vacuum and quasi-vacuum modes of discharge.
However, because of their low power density, they are of very
limited practical use. Vacuum discharge converters have no
Cs in the interelectrode gap, which is kept very small, on the
order of 1 um or less, to avoid the formation of a space charge.
In these converters, the discharge current density is typically
very small (mA/em?). This would require a very large elec-
trode area or operating at very high emitter temperature to
achieve a meaningful electric power output (=mW/cm?).
High-temperature operation in vacuum converters, however,
is not possible because it risks closing the gap, due to the
thermal expansion of the electrodes, and shorting the con-
verter.

In the quasi-vacuum mode converters, Cs is introduced
into the interelectrode gap, but its pressure is kept quite low
(a few millitorrs), just enough to adjust the electrodes’ work
function, as discussed earlier, but not sufficient to neutralize
the space charge near the emitter surface. Very little or no
surface or impact ionization of cesium takes place in the gap,
since the electron mean free path, A, is much larger than the
interelectrode gap size, d(A. > d). Consequently, the space
charge forming at the emitter surface repels the emitting elec-
trons, limiting the converter’s discharge current. In other
words, the space charge increases the effective emission work
function by a certain amount, Ap, that depends on the extent
of the space-charge region near the emitter surface. In this
type of converter, the emission current can still be calculated
using the Richardson-Dushman relation [Eq. (1)], but after
accounting for the space-charge effect, as follows:

J(A/em?) = AT? exp(g + Ag)/ET) (5)

Knudsen Mode of Discharge

In Knudsen mode converters, the interelectrode gap size is
significantly larger than in vacuum and the quasi-vacuum
mode converters. Also, the Cs pressure in the gap is suffi-
ciently high to partially, or completely, neutralize the space
charge by the Cs ions generated by surface ionization at the
emitter surface. In Knudsen discharge, the Cs pressure is not
high enough, however, to produce volume ionization by the
collisions of electrons with neutral Cs atoms in the gap (in
Knudsen mode A, >d). The condition for a complete space-
charge neutralization (i.e., n. = n;), when operating in Knud-

sen discharge, can be written as

T )
Je Mmeg

where j. and j; are the electron and ion currents, respectively,

and mc, is the mass of a Cs atom. The minimum bare work

function of the emitter, ¢, required for complete space-charge

ionization, is given as

1

1 2AT2 m
ZE. + = kT,1 E [ 7
2 1+2 E n( en, mcs) ()

where n, is the flux of neutral Cs atoms to the emitter and
Ty is the emitter temperature. When j; > j.Vm./mg,, there are
excess ions and the converter is said to operate in the over-
compensated mode. In the undercompensated mode, how-
ever, j; < j.Vm.mg, and the rate of ion generation is not suf-
ficient to neutralize the space charge fully (hence the emission
current becomes space-charge limited).

Assuming complete space neutralization (ideal Knudsen
mode converter), the relation between the interelectrode volt-
age and net emission current density, j (the voltampere char-
acteristics) can be readily determined from the following
equations:

¢p =

_og _eleg=V)
Jp=ATge & and j,=ATée  *c for V <¢p—¢c
(8a)
_elpptV) _evg
Jp=ATZ & and j,=ATZ "¢ for V > g5 — ¢
(8b)
and
J=Jg—Jc (8¢)

In these equations, ¢¢ and 7T are the collector work function
and temperature, respectively; and j; and j. are the electron
emission current densities from the emitter and the collec-
tor, respectively.

The voltampere characteristics of an ideal, Knudsen mode
converter is shown in Fig. 3. In the saturation region of the
voltampere characteristics, all the electrons from the emitter
are accelerated in the gap and reach the collector; however,
those emitted by the collector are partially repelled back.
Only those electrons with energy higher than (¢g — ¢c — V)
would reach the emitter. In the obstructed region, the situa-
tion reverses. According to Eq. [8(c)], the resulting net current
equals the difference between the emitter and collector elec-
tron currents.

In the Knudsen discharge, a Cs pressure of only a few
millitorrs (or tens of pascals) is needed to neutralize the space
charge fully. However, such low Cs pressure does not suffi-
ciently lower the emitter work function to produce the high
current density required for energy conversion applications.
When the Cs pressure is increased, while A, is still larger
than the gap size, d, losses of electron energy due to collisions
with neutral Cs atoms become significant and the operation
of the converter transitions to the diffusion mode of discharge.
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Figure 3. The voltampere characteristics of an ideal, Knudsen mode
converter and the corresponding electron motive diagrams.

Diffusion Mode Discharge

The diffusion mode of discharge occurs when the emission
electrons undergo frequent collisions with neutral Cs atoms
in the gap (diffusion) but the contribution of volume ioniza-
tion to current discharge is negligible. Hence, the diffusion
mode voltampere characteristics and the electron motive dia-
grams are qualitatively similar to those of the ignited mode.
Because of the significant losses of electron energy, diffusion
mode discharge is not desirable in thermionic conversion for
electric power generation, due to the low conversion effi-
ciency. However, thermionic converters may operate in this
mode when Cs pressure and/or load voltage are off optimum
and when it is desirable to operate at very high current
density.

In diffusion mode discharge, as the load voltage is lowered,
the emitted electrons gain more kinetic energy as they are
accelerated by the interelectrode voltage drop, AV. When
their energy becomes sufficiently high to cause volume ioniza-
tion, the operation mode of the converter transitions to the
ignition mode discharge. The ignited mode discharge is char-
acterized by overcompensated plasma in the interelectrode
gap, due to the high ionization rate of Cs atoms and the low
ion diffusion rate as compared with that of the electrons. The
emitter, AVy, and collector, AV, plasma voltage drops change
their sign as compared with the diffusion mode (i.e., the emis-
sion electrons are accelerated near the emitter and deceler-
ated near the collector) (Fig. 4).

Ignited Mode of Discharge

This is the operation mode of choice in the state-of-the art
thermionic converters for electric power applications. It is
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characterized by the ion generation in the gap by volume ion-
ization of Cs atom due to the collision with emitted electrons.
In this mode of discharge, the interelectrode voltage is low
enough and the Cs pressure is high enough that the emitted
electrons gain sufficient kinetic energy, as they are acceler-
ated in the sheath near the emitter surface, to cause volume
ionization of Cs atoms in the gap.

When the load voltage is slightly lower than the ignition
voltage, Vi, the overcompensated plasma in the interelec-
trode gap does not occupy the entire gap and a small region,
with a negative space charge, AV*, exists near the emitter.
This space charge is called virtual cathode because the effec-
tive emitter work function now becomes ¢§ff = @5 + AV*. The
corresponding portion of the voltampere characteristics is
called the obstructed region [Figs. 4(a) and (b)]. As the con-
verter voltage is reduced further, AV* is also reduced, until
the transition point or the “knee” is reached, at which the ion
generation is just sufficient to neutralize the space charge
near the emitter (i.e., AV* = 0). In the saturation region the
plasma throughout the gap is overneutralized and all emitted
electrons reach the collector. In addition, the high concentra-
tion of positive Cs ions near the emitter creates a strong posi-
tive electric field on the emitter surface, increasing the satu-
ration current, due to the Schottky effect, above the emission
current given by Eq. (1). The voltampere characteristics of an
ignited mode converter and the corresponding electron motive
diagrams are shown in Fig. 4.

The performance and the plasma behavior in the ignited
mode converters are described by the following transport
equations for electrons and ions, respectively (3):

e T,
— eDen— —uene(1+ lge)k_
dx

dx (92)

Je = —€UeNle——

dx

and

dv T

Ji = —eu;n;— + eDiE +un(1+p)k==—R, (9b)
dx dx dx

where . and B; are the electron and ion collision coefficients,

and R; is the friction force due to ion-electron collisions. The

corresponding electron and ions continuity equations are

dje _ dj

de  dx (10)

=el'(x)

The equations for the electron energy flux, S., and its energy
balance are

Se=—Jo <§ +Be> e pv]-nre (11a)
2 e dx
and
‘ZSE =—ET(x) — AS,,q — ASy — ASeq (11b)
X

In these equations, A, is the thermal conductivity of electrons,
and AS..4, AS,, and AS,, are the losses of electron energy by
radiation and by electron—ion and electron—atom collisions,
respectively.

When supplemented by the appropriate boundary condi-
tions, electron energy fluxes to and from plasma at both elec-
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trode surfaces, Eqgs. (9) to (11) could be solved for the distribu-
tions of T, n, V, j., ji, and S, across the interelectrode gap,
and the net current discharge as functions of the interelec-
trode voltage.

CONVERSION EFFICIENCY

The total heat flux from the heat source to the emitter sur-
face, g, is the sum of several energy quantities:

Qin = Gec + Qraq T 9cs T Qeon + Qreqq — 0-54; (12)

In this equation, q. accounts for the electron cooling of the
emitter, q,,q accounts for thermal radiation to the cooler col-
lector surface, g¢, accounts for the heat conduction through
the Cs-vapor-filled interelectrode gap of the converter, g.q
and q,q account for the conduction losses through the elec-
trodes and the leads, respectively, and g; is the heat generated
in the leads by joule effects. The electron cooling heat flux,
Qe 18 given as

J

Qec = ;(2kT+e<,))T2e%—eT"i (13)

The thermal radiation heat flux from the emitter to the collec-
tor through the interelectrode gap, q..q, is given as
Qraq = O'Geﬁ'(TIf}L - Té) (14)

In this equation, o is the Stefan—Boltzmann constant (5.67 X
1072 W/em? - K*), and €4 is the effective emissivity of the elec-

trodes. The latter depends on the emitter temperature and
the electrodes geometric mean temperature, T, = (T X
To)"®, and is given as

o = (1/eg(Tg) + 1/ec(Tm) — D71 (15)

The conduction heat flux through the Cs-vapor-filled inter-
electrode gap is given also in terms of the emitter T, and the
collector, T, temperatures, using the following empirical rela-
tion (17) as

Qoong = koo (T — Te)/1d + 1.15 x 1075(Ty + T,)/Pe,)}  (16)
In Eq. (16), d is the interelectrode gap in cm, P, is the cesium
pressure in the gap in torr [Pg, = 2.45 X 108 (T¢,) %5 exp(—
8910/T¢y)], Tcs is the cesium reservoir temperature in kelvin,
and k¢, is the thermal conductivity of cesium at the effective
temperature, 7%, given as

T+ =2/3{(Ty — T8)/(Tg — T¢)*} (17)

For optimized leads, qi..q and g; are given in terms of the con-
version efficiency of the converter, as follows (18):

Qreaa = JolL(Tg — TG)(2 — n/4n)1°? (18a)

and

q; = JoIL(Tg — T&) (/2 — m1°® (18b)

In these equations, L is the Lorenz universal number for met-
als. It varies from 2.2 to 2.9 X 1078 V¥/K? for pure metals at



273 K and changes very little with temperature above 273 K,
increasing typically about 10 to 20% per 1000 K. The voltage
drop in a pair of optimized leads can also be expressed in
terms of the converter efficiency as (18)

Vieaa = IL(T§ = T3) (/2 — )1*? (19)
Therefore, the conversion efficiency of a thermionic converter,

with optimized leads and negligible lateral heat conduction in
the electrodes (isothermal electrodes), can be expressed as

n= (- Vlead)Jo/Qin (20)
where V is the measured terminal voltage of the converter.
This equation is solved for the efficiency after substituting for
the input heat flux to the emitter, ¢;, [Egs. (13) to (19)]. The
total heat rejection to the heat sink from the collector and the
leads, q., is given as

rej = 1- mq;n (21

TYPES OF THERMIONIC CONVERTERS

Thermionics technology for converting heat to electricity has
been under development in the United States, USSR/Russia,
France, Germany, and many other countries for more than
four decades. These static converters had been developed
mostly for space power applications. In such applications, typ-
ical emitter (cathode) and collector temperatures are 1850 K
to 1900 K and 800 K to 900 K, respectively, and the interelec-
trode gap is typically 0.1 mm to 0.5 mm wide. The gap is filled
with cesium vapor at a pressure as high as 3 torr (400 Pa).
The electrodes in thermionic converters (TICs) are usually
made of high-temperature refractory metals, such as tung-
sten, molybdenum, or rhenium. These materials have rela-
tively high bare work functions (4 eV to 5 eV), but their cesi-
ated work functions could be as low as 1.2 eV. The advantages
of using TICs in space power and propulsion systems are as
follows:

1. There is an absence of moving parts, which potentially
increases the converter’s operation lifetime, up to 10
years, as well as the system’s reliability.

2. The hottest temperature in a TI power system is limited
to the emitter (or cathode) assembly (Fig. 5), thus
allowing the use of nonrefractory metal, such as stain-
less steel, as structure material for the coolant loop and
the heat rejection radiator.

3. There is low specific mass, since TICs can be operated
at very high power density, in excess of 20 W/cm?. The
peak electric power density, however, depends on the
electrode temperatures, the type of the converter, the
electrode material, the size of the interelectrode gap,
and the cesium vapor pressure in the gap. The tempera-
ture on the outside of the collector (or anode) assembly
(Fig. 5) of about 800 K is low enough to use stainless
steel as the structure material but high enough to reject
heat by radiation to space at high heat flux, resulting
in a lower radiator size and mass.

4. Thermionic converters could be planar or cylindrical, for
optimum integration with the heat source (e.g., a nu-
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Figure 5. Schematics of a planar and a cylindrical TI converter. (a)
Planar TIC. (b) Cylindrical TIC.

clear fission reactor or a solar concentrator) [Figs. 5(a)
and (b)]. A cylindrical TIC [Fig. 5(b)] could be assembled
in single-cell (Fig. 6) and multicell configurations. These
configurations are preferred for compact arrangement
in a nuclear reactor core, where heat is generated by
nuclear fission in the fuel pellets stacked inside the cy-
lindrical emitter tube [Fig. 5(b)]. Cylindrical thermionic
elements can also be used outside the nuclear reactor
core, where heat is transported to the inside of the emit-
ter surface using high-temperature heat pipes. The heat
pipe working fluid could be sodium or lithium, de-
pending on the reactor operation temperature.

Planar TICs [Fig. 5(a)] can be heated in space using
energy from a parabolic solar concentrator. Unlike a nu-
clear reactor TI power system, a solar TI space system
typically has a thermal energy storage unit. Excess
thermal energy, while in the sunny portion of the orbit,
is stored in a thermal energy storage unit. The stored
thermal energy is then recovered and transported to the
TICs by the working fluid or by conduction while in the
eclipse portion of the flight orbit. Such an energy stor-
age unit adds to the total mass of a TI solar space power
system, which is not an issue with terrestrial solar TI
power systems.

5. Thermionic converters are inherently radiation hard de-
vices and thus could be used in satellites operating
within the Van-Allen ionizing radiation belt, or in
power systems for deep space exploration missions.

Depending on the desired operation conditions, however,
there are several types of TICs that have been developed and
operated successfully. Some have been tested and operated in
a laboratory setup, under well-controlled conditions. A few
have been integrated into a nuclear reactor power system
(TOPAZ type systems) and were operated in space for up to
a year by Russia in 1997. The latter were in-core multicell
thermionic fuel elements, cooled by a sodium (23 wt%)-
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Figure 6. Longitudinal cross section in a fully assembled TOPAZ-I,
single-cell thermionic fuel element.

potassium (78 wt%) molten alloy (NaK), which has a freezing
temperature of 261 K. Except for the emitter assembly, the
rest of the TOPAZ system operates at or below 800 K. Hence,
stainless steel has been used as the structure material for the
coolant loop. The NaK coolant is circulated through the sys-
tem using a passive electromagnetic pump, transporting the
excess heat from the nuclear reactor core to the system’s ra-
diator.

In the following sections, a number of advanced TICs, such
as high-temperature cesium TICs, with and without oxygen-
ated electrodes, and cesium—barium high-temperature TICs,
are described. These converters have the potential of deliv-
ering high conversion efficiency (>15%) and high electric
power density (>10 W/cm?).

In the advanced, high-temperature TICs, the emitter and
collector temperature could be as high as 2000 K to 2500 K
and 1200 K to 1400 K, respectively. In addition, a brief review
and an update on the development of low-temperature planar
TICs with grooved electrodes is presented. In these convert-
ers, the emitter and collector temperatures range from 1600
K to 1880 K and 800 K to 1200 K. The effect on the TIC
performance of introducing inert gases, such as helium and
xenon, into the cesium interelectrode gap is also discussed.
Finally, the operation principle of microgap TI converters is
described.

High-Temperature Cesium Converters

These converters operate at an emitter temperature of 2000
K to 2300 K and a collector temperature of 1000 K to 1200 K
and have a relatively small interelectrode gap (<0.5 mm).
They have the potential for operating at conversion efficiency
of about 12 to 15% and electric power density up to 15
W/em? to 20 W/em? These very high emitter temperatures,
however, necessitate using low vapor pressure refractory ma-
terials, such as rhenium, as the emitter material to minimize
material loss from the emitter surface. The issues of material
loss from rhenium (Rh) electrodes at such high emitter tem-
peratures, and in the presence of gaseous traces, such as oxy-
gen, have not yet been investigated. However, the sublima-
tion of Rh would be much lower than tungsten, due to its
lower vapor pressure.

High-Temperature Cesium Converters
with Oxygenated Electrodes

Many investigations have attempted to increase the conver-
sion efficiency of thermionic converters, beyond the typical 10
to 12% of conventional or common TICs, either by increasing
the emitter temperature up to 2100 K to 2300 K and/or intro-
ducing tracer amounts of oxygen in the cesium vapor filled
interelectrode gap (typically =0.5 mm wide). When operating
at such high emitter temperatures, however, lifetime issues,
such as gradual loss of emitter material and the effects on
the TIC performance of the emitter material deposits on the
collector surface, should be addressed.

The results of laboratory investigations of thermionic con-
verters with isothermal tungsten emitters have demonstrated
that introducing tracer amounts of oxygen or cesium oxides
into the interelectrode gap can significantly improve the con-
verter performance (12,19,20). The measured improvements
in the conversion efficiency and the electric power density of
the TICs were attributed to the following two effects:



1. An increase in the emitter oxygenated bare work func-
tion (11,12,21,22) which increases electron emission due
to the low oxygenated-cesiated work function of the
emitter. Such low emitter work function not only de-
creases the optimum cesium pressure, corresponding to
the maximum TIC electric power output, but also per-
mits the use of a larger interelectrode gap, therefore in-
creasing the converter reliability.

2. A decrease of the minimum work function of the collec-
tor surface when covered with tungsten oxide deposits
from the emitter surface, which increases the load
voltage.

In recent laboratory tests (20), conversion efficiencies of
18% to 22% at power densities up to 15 W/em? (Fig. 7) have
been reported. These tests were performed using a planar
TIC. Oxygen vapor pressure up to ~8 X 107% Pa was intro-
duced into the cesium-filled interelectrode gap. The emitter
temperature was >1800 K, the collector temperature was
~680 K to 800 K, and the cesium pressure in the interelec-
trode gap varied from 0.5 torr to 1.5 torr (67 Pa to 200 Pa).
The TIC had an emitter made of a CVD (chemical vapor depo-
sition) tungsten coating onto molybdenum and an electropol-
ished molybdenum collector. It has been shown that the intro-
duction of a larger amount of oxygen (>107% Pa) into the
interelectrode gap, however, accelerates the emitter material
loss (23,24). It also degrades the converter performance due
to the deposit of the oxides of the emitter tungsten on the
collector surface (Fig. 8). The degradation in the TIC perfor-
mance, in this case, can be attributed to several effects:

1. Oxide deposits on the collector surface lower the collec-
tor cesiated work function, which increase the load volt-
age, thus lowering the electric power output and the
conversion efficiency.

2. Tungsten oxides increase the thermal losses and electri-
cal current leakage, when deposited onto spacers and
insulator surfaces, lowering the electric power output
and conversion efficiency.

3. Tungsten oxide deposits could eventually short circuit
the electrodes, if chipped off, during thermal cycling or
vibrations, and bridge the electrodes (this process is
more likely in a small interelectrode gap due to swelling
of the thermionic fuel element [TFE] emitter).
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Figure 7. Reported electric power densities for TICs with oxygen-
ated electrodes (20).
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Figure 8. Calculated effect of oxygen on maximum electric power
density of a planar converter (23,24).

4. Emitter tungsten loss depletes the emission layer on
the emitter surface (typically tungsten), which can
eventually result in the base material diffusing to the
surface, hence reducing the emitter’s bare work func-
tion and increasing its cesiated work function.

5. Tungsten oxide deposits on the collector surface in-
crease the effective emissivity of the electrodes, low-
ering the emitter temperature and, hence, the emission
current and conversion efficiency.

The net contribution of all or some of these effects, how-
ever, strongly depends on the TIC design and operation condi-
tions. These conditions include the input thermal power, the
interelectrode gap size, the type of electrode material, the
load resistance, the cesium pressure, and the partial pres-
sures of the gaseous contaminants, such as air, oxygen, water
vapor, or carbon dioxide.

Cs-Barium (Ba) High-Temperature Converters

The Cs—Ba converters operate at the same or higher emitter
temperatures than the high-temperature Cs converters, but
at much lower Cs pressure (<1072 torr versus several torrs in
high-temperature Cs converters). In addition to neutralizing
the space charge, Cs vapor serves as the transport media for
the electrons from the emitter to the collector. The Ba vapor
pressure, on order of a millitorr, is sorbed readily onto the
emitter surface, lowering its effective emission work function.
In other words, Ba in these converters replaces Cs in the
high-temperature Cs converters in regulating the work func-
tions of the electrodes. Consequently, it is possible to operate
Cs—Ba converters in the Knudsen mode, where scattering
losses are almost nil and the maximum electric power output
could be derived at a terminal voltage that is equal to the
contact potential difference, (¢g, — ¢o)-

The optimum current density from the emitter surface,
which corresponds to the transition from the unignited to the
ignited mode of discharge, J,, is independent of the type of
the emitter material (~1.5 A/cm?) but increases with the ce-
sium pressure, raised to the one-half power [i.e., J, < (P¢)"?,
up to 2 X 1072 torr] (25). These investigators have demon-
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strated experimentally that </, is almost independent of P, in
the range from 2 X 1072 torr to 6 X 1072 torr. Beyond 6 X
1072, however, <J, decreases as the cesium pressure increases
because of the scattering of electrons by cesium atoms in the
interelectrode gap.

The emitter temperature strongly affects the value of oJ,.
At Pc, = 1072 torr, J, almost doubles in value with increasing
the emitter temperature in 100 K increments, starting at
1900 K. For example, at Ty = 1900, 2000, and 2100 K, the
measured J, was ~2, 4, and 8 A/cm?, respectively (25). The
optimum emitter work function, ¢z, also increases as the
emitter temperature increases (e.g., ¢r,, = 3.27, 3.65, and 4.04
eV at emitter temperatures, Tk, of 2000, 2500, and 3000 K, re-
spectively).

The only effect the emitter material has on J, is to change
the value of the barium pressure at which J, occurs. This
change is due to the difference in the sorption energies of the
barium atoms onto the different electrode materials; the
higher the sorption energy of barium, the lower is the opti-
mum barium pressure. For example, because the sorption en-
ergy of barium onto tantalum (Ta) is higher than onto tung-
sten (W), the optimum barium pressure for the former (~4 X
1072 torr) is higher than that for the latter (~1.6 X 1072 torr).

In Cs—Ba converters, the optimum P¢, depends on the size
of the interelectrode gap. Experimental data have shown that
for a gap size of 1.0 and 0.1 mm, the optimum P, was 1072
torr and 107! torr, receptively (26). For these gap sizes and
collector temperatures of 1250 K to 1350 K, the optimum col-
lector work function, ¢, was found to be 2.3 eV. This collector
work function corresponds to the maximum electric power
density of the Cs—Ba converter. The maximum electric power
and the corresponding conversion efficiency increased almost
exponentially with the emitter temperature, particularly in
the range from 2000 K to 2300 K. The maximum power den-
sity and conversion efficiency also increased with increasing
the optimum cesium pressure. Experimental data have shown
that at P, of 1072 torr, when the optimum gap size was 1.0
mm, the maximum power density increased from ~1.0
W/em? to ~12 W/em?, as the emitter temperature increased
from 1900 K to 2300 K, respectively. When the gap size was
reduced by an order of magnitude to 0.1 mm (corresponding
optimum Pg, = 0.1 torr), the maximum power density was
significantly higher, increasing from ~2.3 W/cm? to 30
W/em?, as the emitter temperature increased from 1900 K to
2300 K, respectively.

The optimum emitter and collector temperatures for the
Cs—Ba converters are about 300 K to 400 K higher than those
in high temperature Cs converters. These high electrode tem-
peratures make it possible to achieve a conversion efficiency
that could be as high as 60% of Carnot, at the same emitter
(hot) and collector (cold) temperatures. After accounting for
radiation and conduction losses in the gap, the calculated con-
version efficiency ranges form 18 to 25% for Ty of 2300 K
(25,27). Ender et al. (28) have reported electric power densi-
ties up to 15 W/em? (Fig. 9).

Due to the very high emitter temperatures, Cs—Ba con-
verters suffer from the same limitations on their operation
lifetime (less than three years), as high-temperature cesium
converters discussed earlier, due to the rapid loss of emitter
material (28). The operation lifetime of Cs—Ba converters is
also limited by finding an appropriate insulation material
that is compatible with both Ba and Cs vapor at such high

I I
— e Data
Ng 20~ Predictions
2
S 10t -
> 1.7 eV
7]
c 5 | |
S Gap size — 1 mm
)
g Collector work
o 2 function — 2.2 eV |
] \ \ \ \
1900 2000 2100 2200 2300 2400

Emitter temperature (K)

Figure 9. Electric power densities versus emitter temperature for
Cs—Ba thermionic converters (28).

temperatures. Also, since Cs—Ba converters operate at a very
high electric power density (Fig. 8), large ohmic losses occur
in the converter leads and electrodes. To reduce these losses,
only planar electrodes, with a relatively small surface area
(<10 cm?), could be used. While planar electrodes are suitable
for use in conjunction with solar concentrators, either in space
or terrestrial applications (28) and may be used in topping
cycles in fossil power plants, they are unsuitable for use with
a nuclear reactor heat source.

Grooved Electrodes, Low-Temperature Converters

When a TI converter is operated in the ignited mode of dis-
charge, increasing the cesium pressure increases the electric
power output up to a point beyond which scattering losses
cause the electric power output to decrease. The optimum ce-
sium pressure, corresponding to the peak electric power, de-
pends on the type of the electrode material and temperatures.
For a given cesium pressure, raising the emitter temperature
or lowering collector temperature increases the emission cur-
rent and the potential differential across the external load.
The temperature of the collector, however, should not be
lower than that corresponding to the minimum cesiated work
function of the selected collector material.

On the other hand, increasing the emitter temperature in-
creases the material loss from its surface, by sublimation and
formation of volatile oxides, when oxygen pressure in the gap
>1078 torr (23,24,29-31). High emitter temperatures also im-
pose a challenge to the integrity of the insulation material
and the metal-ceramic brazes in the converter, hence shorten-
ing its performance lifetime. Furthermore, increasing the
emitter temperature increases the optimum cesium pressure,
which results in a high back emission from the collector, low-
ering the converter’s dielectric strength.

Recently, there has been growing interest in developing
low-temperature Cs converters for terrestrial applications,
such as in topping cycles of fossil electric power plants or die-
sel-fired engines. In these applications, the source tempera-
ture could be several hundred degrees lower than in high-
temperature Cs converters (1600 K to 1800 K). A practical
approach to enhance the performance of these lower-tempera-
ture thermionic converters is to use grooved electrodes. When
grooved electrodes converters operate in the so-called hybrid
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emitter. (a) Hybrid operation in a TIC having a macrogrooved emit-
ter. (b) Macrogrooved emitter design (32).

mode [Fig. 10(a)], the discharge breakdown, or ignition, in the
grooves occurs at low cesium pressure and provides

1. electrons for cesium ionization in the nongrooved por-
tion of the emitter surface, which operates in the diffu-
sion mode

2. Cesium ions, which diffuse from the grooved to the non-
grooved portion of the emitter surface, contributing to
the neutralization of the space charge, hence lowering
the optimum cesium pressure (32,33) [Fig. 10(a)].

Several experiments have been performed using electrodes
with macro- and microgrooved electrodes for a wide range of
electrode temperatures, cesium pressures, and interelectrode
gap sizes, with mixed results (34—38). In general, TI convert-
ers with grooved electrodes have performed better than those
with smooth electrodes (23,24). The best performance has
been reported for emitter temperatures of 1700 K to 1750 K,
showing an increase of 25% to 50% in the conversion effi-
ciency and the electric power density (Fig. 11). However, due
to the lack of systematic studies using the same experimental
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Figure 11. Comparison of electric power of grooved and smooth elec-
trode converters (39).
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setup and procedures, reported results were inconclusive and
sometimes contradictory (39).

Shimada (34,35) had tested a thermionic converter with
molybdenum (Mo) emitter that had 0.5 mm square longitudi-
nal grooves, with a 1.0 mm separation. The nongrooved por-
tion of the emitter was coated with rhenium, which has a high
bare work function and hence lower cesiated work function
than Mo. Shimada reported a 300% increase in electric power
output, compared to a smooth electrode converter. Tskhakaya
et al. (36) tested a converter with a smooth zirconium oxide
collector and an Mo emitter that had grooves similar to that
of Shimada’s, but the tops were coated with platinum. They
compared the electric power output with that for a converter
that had a smooth platinum emitter and zirconium oxide col-
lector.

Although the performance of the former was better than
the latter, Tskhakaya et al. (36) were unable to duplicate the
large increase in electric power output reported by Shimada
(34,35). Their optical observations of plasma discharge con-
firmed that, while the grooves supplied ions to the rest of the
gap [Fig. 10(a)l, the converter did operate in the hybrid mode
described by Shimada.

Tskhakaya et al. (36) results also showed that the opti-
mum gap size for their grooved emitter converter (1.6 mm)
was higher than that for a smooth electrode converter (1.0
mm). They have also tested a converter with a grooved emit-
ter and a zirconium oxide collector that had the same grooves
as the emitter. In these experiments, the collector’s grooves
were laid in the perpendicular direction to the emitter’s
grooves.

Atamasov et al. (37) had tested a converter consisting of a
single-crystal, smooth tungsten emitter and five microgrooved
collectors in the same test device. The interelectrode gap was
0.35 mm wide. They applied an axial magnetic field to elimi-
nate edge effects and electron scattering between various col-
lectors. The longitudinal grooves in all collectors were 0.1 mm
wide and 0.15 mm apart but had different depths of 0.1 mm
to 0.5 mm. The measured peak electric power was 20% to 60%
higher than with a smooth collector and occurred at 0.1 V to
0.2 V higher terminal voltage. Recently, Lee et al. (38) per-
formed a series of experiments with four electrode combina-
tions, namely (1) smooth electrodes, (2) microgrooved emitter
and smooth collector, (3) smooth emitter and microgrooved
collector, and (4) microgrooved electrodes. The emitter
grooves were 0.075 mm wide, 0.25 mm deep, and 0.075 mm
apart, while the collector grooves were 0.1 mm wide, 0.25 mm
deep, and 0.125 mm apart. The emitter was made of tungsten
chloride, the collector material was niobium, and the size of
the interelectrode gap varied from 0.125 mm to 0.5 mm. Their
results showed a 0.1 V increase in the output voltage of con-
verter (1), a small increase in the electric power output and a
50% increase in the emission current density of converter (3),
and no discernible difference in the performance of converter
(4) compared to the converter (1).

Recently, El-Genk and Luke (32) performed experiments
to characterize the performance of developed electrodes TI
converters [Fig. 10(b)], as a function of the cesium pressure,
(Pcs = 10 Pa to 240 Pa). They tested three configurations: (1)
smooth electrodes converter, (2) grooved emitter converter,
and (3) grooved collector converter, at the same cesium pres-
sures and interelectrode gap size (1.5 mm). Results showed
that the grooved emitter converter gave higher electric power
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output than the smooth electrode converter at low Cs pres-
sure, similar to previous results of Atamasov et al. (37) and
Lee et al. (38). Furthermore, the peak electric power output
for the former (0.4 W/cm?) occurred at a lower cesium pres-
sure (120 Pa) than the peak electric power for the latter (0.31
W/em? at 150 Pa).

This reduction in the cesium pressure at the peak electric
power of the grooved emitter converter was apparently due
to the space-charge neutralization at the emitter surface by
diffusing ions from the grooves to the tops portion of emitter
surface [Fig. 10(b)]. The electric power output of the grooved
emitter converter was more than a factor of 2 higher than
that of the smooth electrode converter at Py, = 57 Pa, decreas-
ing to only 5% at 240 Pa (32). The peak electric power for the
grooved emitter converter (0.4 W/ecm?) occurred at Pe, = 120
Pa, while that of the smooth electrodes converter (0.325
W/cm?) occurred at a higher Py, = 150 Pa.

They also reported that at cesium pressure less than 110
Pa, the electric power output of the grooved collector con-
verter was also higher than that of the smooth electrode con-
verter, but lower than that for the grooved emitter converter
(32). At higher cesium pressure, the electric power of the
grooved collector converter was the highest, and peaked at
the same cesium pressure as the smooth electrodes converter
(150 Pa). The electric power output of the grooved collector
converter was 1.4 times that of the smooth electrodes con-
verter, which is the same as the increase in the grooved col-
lector surface area. Since the use of a grooved collector does
not affect space-charge neutralization at the emitter surface,
the electric power output for the grooved collector converter
peaked at the same cesium pressure as the smooth electrode
converter.

For emitter and collector temperatures of 1573 K and 1073
K, respectively, the conversion efficiency of the grooved collec-
tor converter was more than 70% and 20% higher than that
for the smooth electrodes converter at P, of 60 Pa and 240
Pa, respectively (32). The conversion efficiency of the grooved
emitter converter was almost twice that of the smooth elec-
trode converter at Po, = 60 Pa, but the same at 240 Pa. The
efficiency of the smooth electrode converter was significantly
lower than those of the other two converters at low cesium
pressure, but approached that of the converter with a grooved
emitter and a grooved collector as P¢, increased. The peak
conversion efficiency of 5.8% for the converter with a grooved
collector occurred at P, = ~140 Pa, at which the conversion
efficiencies of the grooved emitter and smooth electrodes con-
verters were 5.16% and 4.9%, respectively. The peak conver-
sion efficiency of the grooved emitter converter (5.22%, which
represents 16.4% of Carnot) occurred at a lower cesium pres-
sure (110 Pa) than the smooth electrode and the grooved col-
lector converters (32).

El-Genk and Momozaki (1998) have continued the work of
El-Genk and Luke (32), but at higher electrode temperatures
and Pg, and smaller interelectrode gap size (0.5 mm). They
varied the emitter temperature from 1573 K to 1773 K and
P, from 50 Pa to 500 Pa. The collector temperatures were
1073 K and 1173 K. A peak electric power density of 1.2
W/em? and a peak conversion efficiency of ~8.8% were
achieved at a relatively low emitter temperature of 1773 K
and a high collector temperature of 1173 K. This peak conver-
sion efficiency represents ~24.5% of Carnot, at the same
emitter and collector temperatures. To obtain the same frac-

tion of Carnot, a Cs—Ba or a high-temperature cesium con-
verter, in which the collector and emitter temperatures are
1200 K and 2500 K, respectively, would have to deliver a con-
version efficiency of 12.7%. Similarly, a conventional thermi-
onic converter operating at an emitter temperature of 1900 K
and a collector temperature of 800 K would have to deliver a
conversion efficiency of ~14.2%, to realize the same fraction
of Carnot (24.5%).

The results of El-Genk and Momozaki (33) have also
shown that lowering the collector temperature to 1073 K sig-
nificantly increased the electric power density and conversion
efficiency. At emitter and collector temperatures of 1573 K
and 1073 K, respectively, the measured peak electric power
density and peak conversion efficiency were more than 20%
and 12% higher, respectively, than those for identical con-
verter with a larger gap of 1.5 mm. Results suggested that
lowering the collector temperature to about 800 K could fur-
ther enhance the performance of grooved electrodes convert-
ers, in terms of both higher efficiency and electric power den-
sity. Further research on grooved electrode converters could
be rewarded handsomely by opening a broad range of poten-
tial application for commercial electric power generation.

Effect of Inert Gases on the Performance of Cesium TICs

There was a lot of interest in the 1960s and 1970s in investi-
gating the effect of inert gases, such as helium and xenon,
on the performance of Cs converters. Inert gases affect the
transport and distribution of Cs ions in the interelectrode
gap. While chemically inert, they have a low scattering cross
section for slow electrons, and their high ionization potential
impedes surface ionization as well as ion diffusion, but not
electron diffusion. Also, due to the very large temperature
gradient in the gap (~2000 K/mm), the relative diffusion of
the inert gases and Cs ions could alter the Cs ion density at
the emitter by forcing them to diffuse into the colder region
of the gap, hence altering the saturation emission current.
The results of earlier work have been contradictory, with
some showing an increase in the electron current (or a de-
crease in internal voltage drop) and others showing the oppo-
site effect.

Kaplan and Merzenich (40) and Bekmukhambetov et al.
(41) reported that the addition of xenon or krypton (up to ~60
torr) to cesium in the interelectrode gap has increased the
electron current by as much as 15% to 20%. They attributed
this increase in the electron current to a reduction in the in-
ternal voltage drop required for volume ionization. Kondrat’ev
et al. (42) have shown that increasing the xenon pressure in
the interelectrode gap from 3 torr to 10 torr increased electron
current; however, a further increase in xenon pressure caused
the electron current to decrease. They attributed the results
to two competing mechanisms: (1) higher ion density, since
xenon tends to impede the diffusion of cesium ions out of the
interelectrode gap; and (2) increased electron scattering due
to the presence of high-pressure xenon.

Kaplan and Merzenich (40) reported a decrease in the elec-
tron current when neon was added to the cesium in the inter-
electrode gap. Rufeh and Kitrilakis (43) reported a systematic
reduction in the electron current (or increase in internal volt-
age drop) as the pressure of argon gas in the interelectrode
gap was increased from O torr to 100 torr. Gverdtsiteli et al.



(44) showed a significant increase in electron current, how-
ever, in the presence of argon in the interelectrode gap.

Rufeh and Lieb (45) performed a series of experiments us-
ing a thermionic converter that had a rhenium emitter and a
molybdenum collector, and they varied the interelectrode gap
from 0 mm to 2.5 mm. The emitter temperature was 1800 K,
the cesium pressure was about 1 torr, and the inert gas pres-
sure was varied in small steps from 0 torr to 200 torr. Unlike
some of the earlier work, they reported a consistent decrease
in the electron current (or increase in the internal voltage
drop) when inert gases (xenon, krypton, or argon) were intro-
duced into the interelectrode gap. The decrease in the elec-
tron current increased as the pressure of the inert gas in-
creased. Rufeh and Lieb (45) attributed the reported increase
in electron current by earlier investigators to the presence of
impurities, such as oxygen, in the inert gases. At very low
cesium pressure, on the order of 1072 torr, an increase in the
output voltage or electron current was reported when inert
gases were introduced into the interelectrode gap (44,46).

Most recently, Tschersich and Niekizch (47) have investi-
gated the effect of xenon on the voltage drop in the interelec-
trode gap of a cesium converter. They performed experiments
using a variable-spacing converter that had a polycrystalline
tantalum emitter and a polycrystalline niobium collector.
They used a method similar to that of Rufeh and Lieb (45) to
ensure that oxygen impurities were not introduced with the
xenon gas. The values of P d, where d is the size of the inter-
electrode gap, were 4 X 1073 torr-cm to 5 X 1072 torr-cm (Pc,
from 0.13 torr to 1.84 torr) and the pressure of xenon was
increased from O torr to 80 torr. Their results showed a re-
markable reduction in the internal voltage drop when the
value of P¢d, was below the optimum value (~5 X 1072 torr-
cm). For example, at Pod of 2.6 X 1072 torr-mm (d = 0.2 mm
and P¢, = 0.13 torr), increasing the xenon pressure from 0
torr to 50 torr decreased the internal voltage drop from 1.38
V to 0.8 V (a 0.58 V decrease). At the same cesium pressure,
when the gap size was increased five times to 1.0 mm, the
internal voltage drop decreased from ~0.715 V to a minimum
of ~0.55 V (a decrease of 0.17 V) as xenon pressure increased
from O torr to 20 torr).

Near the optimum P.d, the change in internal voltage
drop as well as its minimum value, due to the presence of
xenon, was relatively small and negligible, respectively. Be-
yond the optimum P¢d, there was no effect on the internal
voltage drop due to the addition of xenon. The lowest voltage
drop measured in the absence of xenon was 0.55 V at a Pod
of 2 X 1072 torr. The results of Tschersich and Niekizch (47)
have confirmed earlier results that introducing inert gasses
increases the electron current (or reduce the internal voltage
drop) in Cs converters. These results, however, are in dis-
agreement with those of Rufeh and Lieb (45).

In summary, it may be argued that the introduction of in-
ert gases in cesium converters would improve their perfor-
mance (i.e., increase the electron current or reduce the inter-
nal voltage drop) at low cesium pressure, due to the retention
of Cs ions by inert gases and negligible scattering losses. At
high cesium pressure, there should be no effect if scattering
losses are compensated for by the retention of Cs ions. Hence,
the introduction of inert gases would improve the perfor-
mance of Cs converters due to two effects: (1) an increase in
the plasma density and enhanced plasma distribution in the
gap, and (2) a change in the potential distribution, resulting
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in a decrease in the internal voltage drop (or increase in the
electron current). These results suggest that low electrode
temperature Cs converters, such as those with grooved elec-
trodes, could benefit greatly from the addition of inert gases,
such as xenon. Since the optimum cesium pressure in these
converters would be lower than in conventional and high-tem-
perature Cs converters, the benefit of adding inert gases in
the interelectrode gap could be significant, particularly at
low-collector temperatures (600 K to 1000 K).

Microgap Converters

Quasi-vacuum and Knudsen mode converters have long been
perceived as of very little promise because of the difficulty
with maintaining an interelectrode gap size on the order of
few microns. However, recent advancements in microelectron-
ics, precise machining, monocrystalline material fabrication,
and other manufacturing technologies have made it possible
to develop microgap converters. The operation of laboratory-
scale microgap converters, with 4 um to 10 um interelectrode
gap, has been demonstrated successfully at Space Power Inc.
by Fitzpatrick et al. (47a) and at the Russian Institute Luch
by Nikolaev et al. (1996). The test converters had monocrys-
talline electrodes to achieve high thermionic performance and
provide dimensional stability. During operation, the elec-
trodes are separated by a microsized gap due to the thermal
expansion of ceramic spacers recessed in the collector (Fig.
12). An applied helium gas pressure on the collector assembly
provided precise control of the interelectrode gap size and
minimized parasitic heat losses.

Stable operation of these microgap converters has been
demonstrated for hundreds of hours. Ways enhance the per-
formance of these converters in the future include the fol-
lowing:

1. Using monocrystalline emitters, with built-in heat
pipes, to maintain uniform electrode temperature, thus
preventing structural distortion

2. Implementing active and precise control of the gap size
using piezoelectric transducers (47b)

3. Using highly reflective coatings for the collector surface,
maintaining high emitter temperature and hence high
electron emission

Because the space charge in a Knudsen mode thermionic
converter is at least partially compensated for by the Cs ions
generated at the emitter surface, the gap size, emitter tem-
perature, and emission current can be significantly increased
with very little loss of the electron energy. Typical Knudsen
mode microgap converters have an interelectrode gap that is
about 20 um and are operated at emitter temperatures of

/Heat rejection structure

LI e gao
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Figure 12. A schematic of a microgap converter.
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1700 K to 1900 K. At the higher emitter temperatures, how-
ever, radiation heat transfer becomes significant, reducing
the fraction used for electron emission and resulting in a
lower efficiency and electric power density. As delineated in
Fig. 13, using a thin, highly reflective (e = 0.05) copper or
silver coating of the collector surface is expected to increase
the converter efficiency into the 25% to 30% range.

ENGINEERING ASPECTS OF THERMIONIC CONVERSION

The electrode and structural and insulator materials used in
thermionic converters need to satisfy strict and sometimes
contradictory requirements. For example, the emitter mate-
rial should possess the following properties:

1. High bare work function, to provide low cesiated work
function and/or efficient surface ionization

2. Stable mechanical and surface properties, to minimize
the loss rate of emitter material when operating at high
temperatures and in cesium vapor

3. Low emissivity, to minimize thermal energy transport
to the collector by thermal radiation, increasing electron
emission and achieving high conversion efficiency

4. High electric conductivity but low thermal conductivity,
to minimize joule losses and axial heat conduction, re-
spectively, in the electrodes

5. Structural strength at high temperatures, which favors
using monocrystalline instead of polycrystalline emitter
material. The former also has a higher bare work func-
tion than the latter.

The high-temperature emitter materials that satisfy these re-
quirements are therefore limited to tungsten (W), molybde-
num (Mo), tantalum (Ta), and rhenium (Rh).

1400 1600

Emitter temperature, Tg (K)

1800 2000

The collector material should have a cesiated work func-
tion that is as low as possible at the operating collector tem-
perature and at the cesium vapor pressure in the interelec-
trode gap to maximize the load voltage. Low emissivity (or
high reflectivity) collector is also important, since it directly
affects the emitter temperature through the thermal radia-
tion transport between electrodes. Because the collector oper-
ates at a relatively low temperature (800 K to 900 K), mate-
rial loss is of no consequence, but it is important that the
collector material remain chemically stable in cesium vapor.
The collector material should have a high electric conductiv-
ity, to minimize joule losses, and high thermal conductivity,
to ensure uniform electrode temperature. The electrodes,
however, should be thermally insulated at their edges to min-
imize thermal losses. In addition to the emitter materials
mentioned earlier, other low work function materials, such as
Nb, LaBg, Ba, or Zr oxides, Ni, and even stainless steel, could
be used for the collector.

Other important structural components of a thermionic
converter are the interelectrode gap spacers and electric insu-
lators, which are usually manufactured of ceramic material
that should satisfy the following requirements:

1. Chemical and mechanical stability at operation temper-
atures and in a cesium environment

2. Linear thermal expansion coefficients similar to other
materials used in the converter

3. Low electric and thermal conductivities

4. Low release rate of volatile and gases during operation,
to avoid contaminating the cesium vapor in the inter-
electrode gap

5. High fracture strength in order to withstand thermal
cycling and vibrations

6. Good chemical compatibility with emitter and collector
materials
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Table 3. Causes of Failure and Performance Degradation of TFEs

Cause

Short
Circuit

Open

Circuit Degradation

Emitter:

Change in position, emission coating

Separation

Damage or deformation

Loss of vacuum tightness, release of fission products
Contamination and mass transfer

Interelectrode gap:

Lack of cesium

Penetration of contaminants (from outside or from
nuclear fuel)

Increase in heat losses

Spaces:

Destruction or damage

Decrease of contact thermal resistance
Deposition of conducting layers

Collector assembly:

Deposition of contaminants and reaction products
Change of cooling conditions

Increase in thermal resistance deformation
Insulation failure

Emitter-collector commutation:
Destruction
Cross-section reduction

+
+ +

+ o+ + +

The most commonly used ceramic materials in TI converters
are oxides of Al, Be, Zr, Mg, Th, and Sc.

Lifetime and Performance Degradation

Cylindrical (TFE) and planar thermionic converters may ex-
perience gradual degradation in performance due to changes
in the operation and material conditions of the converter or
at the system level. Internal causes of performance degrada-
tion are (1) changes in the work function and the effective
emissivity of the electrodes; (2) presence of gaseous contami-
nants in the interelectrode gap; (3) mass transport of emitter
material to the collector surface; and (4) changes in the elec-
trode temperatures. Examples of system level causes of per-
formance change are (1) improper operation or a failure of the
cesium supply system and the introduction of gaseous con-
taminants or ambient air into the interelectrode gap; (2)
changes in heat rejection, increasing the coolant and the col-
lector temperatures; and (3) a loss of vacuum tightness.
Generally, there are two types of a TFE or thermionic con-
verter failures: open and short circuit. In an open circuit fail-
ure, the internal electrical resistance of the converter rapidly
increases as the voltage and current on the external load ap-
proach zero. For TFEs connected in series to a constant load,
a short circuit in one of the TFEs would cause a reduction in
the load voltage and current. Also, the slope of the static (con-
stant power) voltampere characteristics will increase. While
both open circuit and short circuit failures in a TFE lead to
abrupt changes in the voltampere characteristics, gradual
changes in the TFE performance cause a slow change in the
voltampere characteristics. Table 3 provides a list of various
causes of failure and performance change in electrically and
nuclear fission heated TFEs (partially adapted from Ref. 48).

Characterization

Some internal, unmeasurable characteristics of a thermionic
converter or a TFE, which are extremely important for as-
sessing any performance degradation during operation and
for on-line performance optimization, can be inferred from
measurable parameters. For example, considering any two
points (1 and 2) on two static (constant thermal input power
to the emitter) voltampere characteristics (Fig. 14), the differ-
ence in the total heat removal from the emitter at the same
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Figure 14. A schematic for determining the effective emissivity and
work functions of the electrodes.
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current density, j;, can be written as

. 2k .
Q2t0t — Q1tot = @rad2 — Draar) T 1 Vig — Vi) + ?(T2 =T)j

+ (qCSZ - qul) + (qstr2 - qstrl) - 05(qJ2 - qu)
(22)

In this equation, the subscripts rad, Cs, str, and J refer to
radiation heat transfer, conduction heat transfer in the Cs-
filled interelectrode gap, end heat losses in the electrodes, and
joule heating, respectively. When the total input power, gy,
is slightly higher than gy, the collector temperatures at
points 1 and 2 are approximately equal and the effective
emissivity of electrodes, ¢, can readily be determined. The two
power levels, gy, and g, should be close enough, however,
so that the corresponding collector temperatures can be as-
sumed almost the same. Therefore, the calculated effective
emissivity corresponds to the average emitter temperature at
points 1 and 2 in Fig. 14. Equation (22) can thus be used to
calculate the effective emissivity of the interelectrode gap at
different combinations of T, and T, and determine its depen-
dence on the average emitter temperature, for system perfor-
mance analyses during testing and operation lifetime. To
apply Eq. (22), however, the contributions of heat conduction
through the interelectrode gap and end losses through the
electrodes should be calculated using, for example, Eqs. (16)
and (18a), respectively.

The effective work functions of the electrodes can then be
estimated on the basis of the experimental voltampere char-
acteristics, assuming linear characteristics, which is typically
the case in ignited mode discharge, within a certain range of
load voltages, using the reverse solution of Egs. (13) and (22).
In this approach, the electrode temperatures, the cesiated
work functions, and the gap size are related to the measured
load current and voltage. Assuming linear voltampere charac-
teristics, load resistance (R, and Rg), and corresponding cur-
rent densities (j, and jp), the cesiated work functions are
found from the following equalities:

jzxp — jcaIC(RA’ ¢E7 ‘Pc) (233.)
ISP =Ry, ¢g. ¢c) (23b)

In these equations, j*® and j° are the experimental and cal-
culated current densities (at points A and B in Fig. 14), re-
spectively. Solving Eqs. (23a) and (23b) for the different elec-
trode temperatures and different cesium pressures,
dependencies of the electrodes’ effective work functions on the
emitter and collector temperature as well as the vapor pres-
sure can be obtained based on actual, on-line measurements
of the voltampere characteristics. The determined values can
then be compared with initial values of the electrodes’ work
functions to determine any changes as a function of opera-
tion lifetime.

APPLICATION TO SPACE ELECTRIC POWER GENERATION

Historically, the interest in thermionic conversion technology
has been driven by its potential use in nuclear reactor space
power systems. In these systems, the nuclear reactor serves
as the heat source and could be coupled with the thermionic
conversion elements, either in an in-core or ex-core arrange-

ment. In the former, the thermionic fuel elements (for exam-
ple, see Fig. 6) are arranged typically in a compact, triangular
lattice. The nuclear fuel pellets are staked inside the emitter
tubes of the TFEs. The heat generated from nuclear fission is
then transferred by radial conduction through the fuel pellets
(typically UO,, 90 wt% enriched), to the emitter tubes of the
TFEs (typically at 1800 K to 1900 K). The heat transferred to
the collector assembly (Fig. 6) is then removed by circulating
a liquid-metal coolant (typically NaK or Na).

In the ex-core arrangements, the TICs are placed outside
the nuclear reactor core, and heat is transported, typically
using Na heat pipes, to the inside of the emitter tubes. The
heat from the collector assembly of the TFEs is removed ei-
ther by a circulating liquid-metal coolant or by heat pipes and
rejected to space by thermal radiation through the radiator
assembly. The heat rejection radiator of a thermionic space
nuclear reactor system is typically the most voluminous and
massive component of the system. The ex-core arrangement
has the advantage of a compact nuclear reactor core, which
means smaller reactor mass and smaller size and mass of the
shadow radiation shield. The disadvantage, compared to the
in-core arrangements, however, is that the reactor coolant has
to operate at very high temperatures, requiring using high-
temperature refractory alloys as the structure material. On
the other hand, in the in-core arrangement the highest tem-
perature in the system is limited to the fuel stack and the
emitter tube. The rest of the system operates at or below the
collector temperature, typically 800 K to 1000 K, hence
allowing using stainless steel as the structure material for
the rest of the system. More details of the design of thermi-
onic space nuclear power systems could be found elsewhere
(49-61).

APPLICATION TO TERRESTRIAL SPACE
ELECTRIC POWER GENERATION

The interest in using thermionic conversion in a number of
commercial and military terrestrial applications began as
early as the 1960s (62,63). The high emitter temperature of
thermionic converters makes them attractive for use in top-
ping cycles of terrestrial fossil fuel power plants, where high
temperatures exist in combustion chambers (64). Thermionic
conversion had been considered for a topping cycle for various
types of gas and steam turbine power plants (65—67) and co-
generation plants (68—70). The idea of implementing a therm-
ionic topping cycle is simple: Hot gases in the combustion
chamber heat the emitter of thermionic converters up to
~1600 K to 2000 K to achieve satisfactory thermionic perfor-
mance. The collector is cooled (~800 K to 900 K) with forced
air flow before entering the combustion chamber (Fig. 15).

The work performed in the early 1980s under the Depart-
ment of Energy’s (DOE) thermionic technology program dem-
onstrated that using a thermionic topping cycle in a gas tur-
bine power plant could increase the plant’s overall efficiency
and the electric power by several percentage points (67,72).
In 1984, when this program reached the demonstration stage,
the DOE suggested that the US industry take over the fi-
nancing of the terrestrial thermionics, but industry was not
yet ready to invest in this type of advanced electric power
generation.
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Figure 15. A schematic of thermionic converter being used in the
topping cycle of a gas turbine, electric power generation plant (71).

Recent advances in natural-gas-fired gas turbines, such as
integrated gasification combined cycle (IGCC) and pressur-
ized fluidized bed combustion (PFBC) technologies, have
made using a thermionic topping cycle that employs state-of-
the-art or near-term advanced TI technology even less attrac-
tive. Recent studies of using thermionic topping cycles have
shown that, even using advanced thermionic technology (for
example, microgap converters), the efficiency of combined cy-
cle power plants that employ advanced GTs, such as Westing-
house 501ATS, can be increased only by less than 1.5 percent-
age points (71). Such a small performance gain does not
justify using a thermionic topping cycle, considering the tech-
nology development required and the risks involved. As far as
using a TI topping cycle in coal-fired steam power plants, the
relatively low efficiency of thermionic converters makes these
far less competitive with IGCC and PFBC gas turbine electric
power generation plants.

One of the most recent advancements in the field of terres-
trial thermionics has been made by the Dutch-Russian joint
venture ECS (73,74). A number of natural-gas-fired cogenera-
tion devices, ranging from a small domestic cogeneration unit
to a large industrial burner, have been designed. The program
culminated in manufacturing and testing a thermionic mod-
ule heated by a natural-gas-fired recuperative burner. The
ECS thermionic converter has a CVD silicon carbide protec-
tive coating, but the collector is water cooled. The emitter
area is 38 cm? and the interelectrode gap is 0.4 mm to 0.5 mm
wide. This converter produced a maximum electric power out-
put of 69 W (~1.8 W/em?) while operating at an emitter tem-
perature (Tg) of only 1623 K. For an assembly consisting of
12 cylindrical thermionic converters having emitter surface
area of 38 W/cm? each and operating at Ty = 1600 K, an elec-
trical power output of 625 W (~1.37 W/ecm?) and overall con-
version efficiency of 8.4% were projected (75).

For more than a decade, Space Power Inc. (SPI), in cooper-
ation with Scientific-Industrial Association “Luch” of Russia,
has been developing combustion-heated microgap thermionic
converters with active gap control for cogeneration applica-
tions. A conversion efficiency of about 13% at an emitter tem-
perature of 1300 K is projected. Other potential terrestrial
applications of thermionic conversion include automotive
waste heat recovery (76) and high-temperature solar power
systems in remote areas.
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