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Preface 

The 1989 Thermionic Energy Conversion Specialist Conference was preceded by a short course on 

thermionics 1. It was organized at Eindhoven University of Technology in the Netherlands October 

9-12, 1989. 

With this conference a series of international specialist conferences on therrnionics was revived. 

InCidentally the last conference of the previous series of specialist conferences was also organized at 

the Eindhoven University in 1975. 

In the period prior to 1975, almost the entire thermionic R&D effort was aimed at nuclear thermionics 

for space applications. After the energy crises the thermionic research effort in the Western world was 

reduced to a much lower level. Since then thermionic research in the USA and in Western Europe was 

directed almost exclusively towards terrestrial applications. Substantial progress was made in the de

velopment of combustion heated thermionic converters. Extensive system studies were carried out 

on various cogeneration systems like e.g. thermionic combustors. 

In 1984, just when the demonstration phase had been reached in the USA. the Department of 

Energy of the USA decided to discontinue funding of terrestrial thermionics R&D. At the same time 

the USA interest in space applications of thermionics augmented. This resulted in a period of revival of 

space nuclear thermionic research in the USA. 

Meanwhile, in Western Europe, the R&D effort in thermionics has seen a steady growth. Research 

groups working both on fundamentals and on combustion heated thermionic converters are presently 

active in Sweden, Italy and the Netherlands. 

In Japan, thermionic R&D. aimed both at fundamentals and terrestrial thermionic applications has re

ceived steady support over the years. At present thermionic R&D is carried out at three locations in 

Japan by a University, a research institute and a major representative of Japan's heavy industry. 

The most consistent and powerful research program on thermionics, however, is without doubt the 

program of the USSR. At a number of research institutes and universities, significant groups of soviet 

scientists and technicians have been engaged in thermionic R&D ever since the fifties. The Soviets 

have successfully developed and ground tested in core thermionic nuclear reactors. Some of these 

reactors were incorporated in satellites and subsequently launched into space. 

Recently the Soviets also took a renewed interest in thermionic topping cycles for central station 

power plants. Furthermore there is a renewed European interest in space nuclear thermionics, which 

present really the only practical solution to large power requirements in space. 

In our opinion these facts and the general consensus that thermionic scientists need to join forces in 

their research effort, marked the beginning of a new era of world wide cooperation in thermionic R&D. 

1 The course material of the Thermionic Short Course is available in a separate textbook 

Thermionic Energy Conversion 



At the Eindhoven conference, attended by over 70 scientists from the USA, the USSR, Sweden, the 

UK, France, Italy, and The Netherlands, 30 papers in total were presented. Due to travel restrictions in 

the USSR, some of the soviet authors were unable to present their papers at the conference. 

However, since these papers contain valuable and interesting scientific information, the editors 

decided to include these papers in these proceedings, be it in a separate section. 

At the end of the conference an international ad hoc committee of thermionic sCientists made a 

proclamation. stating the desirability of international thermionic cooperation in some specified fields of 

general interest. An international thermionic liaison group will be established to further this cause. This 

declaration is also included in these proceedings. 

At this place the editors would like to thank all authors for their high quality contributions, which, in 

their opinion, render these proceedings a valuable source of information on thermionics. 

Eindhoven, November 1989 
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Lodewijk Wolff, 

Bart Veltkamp, 

Toon Schoonen, 

Huib Hendriksen 

Editors. 
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Recommendations from the Organising Committee 
Thermionic Specialist Conference 

October 11 and 12, 1989. 

We were very pleased and proud to be part of the first truly international conference in thermionic en

ergy conversion in fourteen years. Truly this has been a landmark event. Recent achievements in this 

area have been nothing short of remarkable, especially given the successful flight tests of two 

thermionic reactor units based on the Topaz design, successful development of terrestrial thermionic 

converters and verification of thermionic fuel element components. We look forward to further devel

opments in the future. 

We respectfully suggest three major approaches for advancement on which the international 

thermionic community may wish to concentrate its efforts. 

1. There are several specific applications which offer a unique opportunity as rallying points for the 

international technical community. Foremost among these is the contribution which thermionic 

energy conversion can offer towards a manned Mars mission. Because of the immense distances 

involved and the complex logistical support required, it is scarcely conceivable that this mission 

could take place without substantial sources of electrical and propulsive energy. Thermionic reac

tors offer a decisive opportunity for space development because of their superior electrical per

formance, compactness, static operation and reliability. An international focus on such a project 

can only be a stabilizing force for peaceful international relations. Another application of great im

portance is the development of efficient terrestrial combustion-heated thermionic converters for 

increased efficiency of commercial power plants, for co-generation applications and for au

tonomous power sources for remote power stations. Still other near term beneficial applications of 

thermionic power include its use in thermionic nuclear reactor power systems for international air 

traffic control satellites; for advanced television broadcast satellites and for advanced communica

tions. 

2. Concomitant with the potential benefits of thermionic space nuclear power is the responsibility for 

addressing the needs of the public for nuclear safety of these devices. Especially in the Soviet 

Union, vast resources have been expended to ensure that space nuclear power plants will oper

ate without threat to the public. An international data base on space nuclear safety should be 

compiled and made available to the public to allow responsible, educated decisions to be made. 

Experience has shown that unnecessary restrictions on the release of technical data have con

tributed to public mistrust in this area. Conversely, increased public awareness and education on 

the great advantages and low risk space nuclear systems should lead to support for their use. 
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3. Advancing the state of the art of thermionic conversion entails several key technologies such as: 

diode physics (surface physics, plasma physics, materials research, techniques for barrier index 

reduction, use of additives, impurity effects and control); thermionic fuel element development; 

advanced converter development (including low temperature converters and diodes with very tow 

spacing). These projects can be undertaken by individual countries, but can also form the basis for 

international research and cooperation. 

To accomplish such ambitious goals, it will be necessary to provide an international mechanism for for

mulating proposals and carrying them to potential sponsors. Accordingly, it is our recommendation that 

an international thermionic coordinating group be established with the International Energy Agency in 

Paris. It is hoped that the result will be further cooperation, which may take the form of more interna

tional seminars and meetings, data eXChanges, personnel exchanges and cooperative projects. 
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THERMIONIC ENERGY CONVERSION: REFLECTIONS AND PROJECTIONS 

N. S. RASOR 
Rasor Associates, Inc. 

Sunnyvale, California USA 

ABSTRACT 

The thermionic energy converter is a remarkably simple but effective 
heat engine using electrons directly as a working fluid for the production of 
electric power. Its history of development provides lessons that are useful 
in planning for stable and productive future international cooperation in this 
field. If international cooperation is to be more than periodic exchanges of 
information on independent programs, a mutually acceptable goal must be 
defined with joint projects as a focus. Several dilemmas arise in seeking to 
define such a goal. One is whether to emphasize engineering development based 
on the current state-of-the-art technology ("gadgets") or to emphasize 
research on revolutionary new technology ("breakthroughs"). Because of the 
tendency for program officials to choose a low risk approach with familiar 
technology, the "gadget" approach usually is emphasized. Substantial advances 
have been made in thermionic converter "breakthrough II technologies, but most 
current activity in the field is related to incremental advances in 1970-
vintage IIgadgetll technology for applications that are internationally 
sensitive. It is proposed that international cooperation should seek a 
balanced and stable program with initial emphasis on exploiting basic 
"breakthrough" opportunities, concurrent with definition of a "gadgetll goal 
that is compatible with the outcome of crucial and rapidly changing 
international factors. Subsequent joint research and development, based on 
new technology and international compatibility, thereby can avoid obsolescence 
and disruptions such as have occurred in the past. 

I. INTRODUCTION 

The purpose of this conference, in addition to the exchange of technical 
information, is to explore the possibility for reinitiation of international 
cooperation in this field. What is the purpose of such joint work? What are 
its objectives and how should it be accomplished technically? What is 
realistic politically in view of the rapidly changing nature of the field and 
relations between its primary participants? 

There is not time available for me to review in detail the many 
scientific and engineering activities that have been proposed for potential 
cooperation. Furthermore, my impressions of the relative merit and priority 
of these activities are still changing since there are few fixed points in the 
rapidly evolving areas of application and the support for them. I will try, 
therefore, to address generic considerations that have dominated this field in 
the past, and that should be recognized in planning the future. 

Thermionic Energy Conversion 11 



One troubling generic aspect of the field is that. because of the 
displacement of the electron tube by solid state electronics, relatively few 
people are trained in gaseous electronics. As a result there is a tendency to 
identify thermionic converters as esoteric devices having little in common 
with the more familiar heat engines. From a thermodynamic viewpoint. however, 
there is a great deal of similarity that permits recognition of the basic 
limitations on the present technology and of the potential for substantial 
improvement. 

As can be seen in Fig. 1, the thermionic energy conversion cycle is 
similar to a modified Rankine (steam engine) cycle that uses electrons 
directly as the sole working fluid. The emitter is the "electron boiler" and 
the collector is the "electron condenser" which develop an electrical pressure 
(potential) difference to produce electrical work rather than a vapor pressure 
difference to produce mechanical work. The work functions of the electrodes 
are the heats of vaporization of the electrons. The near isentropic heating 
of condensed electrons in the emitter lead AB ("feedwater heating") and the 
isothermal vaporization of the electrons BC are similar to equivalent 
processes in the Rankine cycle. In the thermionic cycle, however, the hot 
electrons condense irreversibly (EF) into the low temperature collector, 
causing the efficiency of the ideal thermionic cycle to be near 60% of the 
Carnot thermodynamic efficiency compared with about 80% for the Rankine cycle. 
In the ignited mode converter that has been the basis for practical 
application, this ideal thermionic cycle efficiency is about halved to 30% of 
Carnot efficiency because about half of the electric power generated is 
disSipated internally to heat the electrons to the high temperature required 
for maintenance of the plasma. Advanced converters with more efficient cold 
plasmas can approach the ideal thermionic cycle efficiency. By comparison, 
the best thermoelectric (solid state) converters give only about 15% of Carnot 
efficiency, with an upper limit variously estimated at 20-30%. Present and 
projected thermodynamic efficiencies for thermionic conversion therefore are 
about double those for thermoelectric conversion. 

II. HISTORICAL LESSONS 

Past and ongoing thermionic programs are summarized briefly in Fig. 2. 
The first significant generation of thermionic power was demonstrated in the 
USSR by Marchuk in 1956 using the unignited cesium diode, followed in 1957 by 
demonstration in the US by Wilson of the more practical ignited diode, and in 
1959 by in-core operation of the unignited diode by Grover, et al, apparently 
all acting independently. By 1965 sufficient exploratory experimentation and 
understanding had occurred to recognize the outstanding advantages of the in
core thermionic reactor using ignited converters, and engineering development 
programs were in it i ated oj n the US, USSR and Western Europe. 

Rather than dwell on the evident details, it is instructive to notice 
some salient differences in the programs. First, whereas the US chose to 
develop the technology of the thermionic fuel element (TFE) beyond the 1965 
level prior to constructing a test reactor, the USSR chose immediately to 
construct full scale test reactors based initially on the 1965 TFE technology. 
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Second, whereas the USSR basic and engineering programs have been continuous 
and coherent since 1965, the US program has been characterized by gaps and a 
10-year haitus in thermionic reactor development during which combustion
heated (fossil-fueled) converters and advanced converter technology for 
electric power plants were explored. Third, basic work in the US has been 
performed primarily only in direct support of engineering programs and has 
suffered the disruptions accompanying the changes in those programs, whereas 
no such linkage is apparent in the USSR programs. 

The approach to thermionic reactor development by three independent 
groups in Western Europe was TFE-oriented in the period 1965-1973 as in the 
US. The subsequent fossil-fueled work there was initially for auxilliary 
automotive power systems, however, and combustion-heated diode development 
here at Eindhoven has kept this technology alive after it was totally 
abandoned by the US. 

It is important to recognize that Fig. 2 does not reflect the relative 
magnitude of manpower and facilities in the various activities. Typically, 
basic converter work has been less than 10% of the total activity. While the 
total thermionic work in the US and in Western Europe were comparable in the 
period 1965-1973, the magnitude of the Western European work has been much 
smaller than that in the US since then .. Of overriding significance, however, 
is that the total thermionic activity in the USSR has been and at present is 
at least an order of magnitude greater than the total elsewhere in the world. 

The continuity, coherence, magnitude and focus of the USSR work for the 
past 25 years has produced most of the scientific basis of thermionic energy 
conversion and the only operational fully-engineered thermionic systems. Yet 
the very lack of these characteristics in the US and Western European programs 
have caused their technology base to be more diverse, more innovative and more 
directed toward problem solving, particularly relative to obtaining long 
converter lifetime. 

Accordingly, the past history of the field suggests that programmatic 
considerations have more to do with its progress and successes than scientific 
and technical considerations. There may be an opportunity now, through 
international cooperation, to combine the focus and long term commitment of 
the USSR thermionic program with the diversity and innovation of US and 
Western European programs in a more stable and productive joint program than 
could be achieved separately. 

Two attempts were made previously for international cooperation in 
thermionics. The first (1965-1973), conducted under the auspices of the 
International Atomic Energy Agency and the Nuclear Energy Agency of the OECD, 
was dissolved when all partiCipants but the USSR terminated their nuclear 
thermionic programs. The,second (1976-1979), between the US and USSR, was 
terminated by unrelated political differences between the two countries. The 
two lessons to be learned here therefore are: 1) international cooperation 
should not focus so exclusively on one application that cooperation crashes if 
that application falls temporarily from favor; and 2) international 
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cooperation should include more than two countries so that the cooperation 
does not crash when temporary political differences arise between two 
countries. 

III. COOPERATIVE PROGRAM PROSPECTS 

As summarized in Fig. 3, the first decision that must be made is to 
chose between international cooperation and just continuing completely 
independent programs as in the past decade. If international cooperation is 
chosen because of the perceived substantial advantages just discussed, a 
choice then must be made between a fragmented cooperative approach and a goal
oriented joint program. In the former approach, which characterized the 
previous attempts at cooperation, the countries independently defined and 
pursued their separate goals, but met periodically in international meetings 
or exchanges of delegations to describe their progress and define mutual 
problem areas and solutions. If this approach is chosen, there is only need 
for a liason committee to be formed that arranges and conducts the meetings 
and exchanges. 

If instead a goal-oriented joint program is chosen as the basis for 
international cooperation, a mutually acceptable goal must be defined, which 
is substantially more difficult than just appointing a liason committee. 
Several dilemmas immediately arise: 

1. If the goal is important commercially or militarily, no country will 
want to share it. 

vs 
If the goal is unimportant, no country will want to pursue it. 

2. If the goal is a specific application, cooperation crashes with 
either success or failure (see #1). 

vs 
If the goal is non-specific (no practical linkage), then the US at 
least loses interest. 

3. Is the goal a "breakthrough" or a "gadget!!? 

IV. "BREAKTHROUGH" VS "GADGET" DILEMMA 

In his book Science and Government, C.P. Snow deals with the fundamental 
competition for government funding between the advocates of "gadgets" 
{ingenious use of current state-of-the-art technology} and the advocates of 
"breakthroughs" (revolutionary new technology that renders obsolete the 
current state-of-the-art). Now the terms "gadget" and "breakthrough" are just 
code words for the different types of technology, and in no way are meant to 
depreciate or glorify either type. Similarly, there are all shades of 
semantic grey between the black and white extremes of "gadgets" and 
"breakthroughs", but all these semantic qualifications are unnecessary to 
define the essential dilemma. Snow describes in detail how the "breakthrough" 
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technology of radar prevailed (through subversion via the afternoon tea) over 
"gadget"-oriented high-level official opposition early in World War II and 
probably saved Britain. "Gadgets" prevailed in Germany when the war-winning 
"breakthrough" technologies of ballistic missiles, jet aircraft and nuclear 
weapons were at hand. Clearly, though, neither side could have totally 
neglected the conventional "gadgets" of war in order to pursue 
"breakthroughs". A "gadget" vs "breakthrough" balance, therefore, is the 
vital issue. 

To achieve this balance, it is essential first that both sides of this 
issue be understood, by the "breakthrough" and "gadget" advocates and by the 
government officials (or corporate managers) that make the choice between 
them. "Gadgets" usually win in those choices, resulting in grossly unbalanced 
programs. "Gadget" technology is "real": it is familiar to the officials and 
their advisors, and clearly available for current needs; IIbreakthrough" 
technology is esoteric, with a low probability of early success. Without 
understanding or confidence in the magnitude of what might be gained by taking 
the risk, the choice ;s easy -- "gadgets". The over-emphasis on 
"breakthroughs" in this presentation is an attempt to balance the unbalanced 
appeal and constitiency of "gadgets". It is not an attempt to depreciate the 
primary importance of "gadgets". 

Fig. 4 lists illustrative "gadget" and "breakthrough" technologies for 
thermionics. Advances in the "breakthrough" technologies might greatly 
relieve if not eliminate the dominant "gadget" problems. Yet "breakthrough" 
activities typically receive less than 10% of the funding in the US, and are 
the first to be dropped in the inevitable budget adjustments when the current 
"gadget" application either fails or succeeds. Lack of success with the 
meager resources provided is a predictable and convenient justification for 
dropping "breakthrough" research. 

By way of further illustration of this dilemma let me share with you 
some quotations from officials who have sponsored my work: 

* 

* 

* 

18 

liThe converter is good enough to compete with other systems." 
This is true, but underlying this statement is the assumption that 
the converter (circa 1965) is immutable by definition, and that 
there will be no advances in the competing systems. 

"You tell me more than I want to know." 
This is true, but he needs to know more to avoid obsolesence of 
the technology he funds. 

"You propose things that can't be done." 
This is true to the extent that they can't be done if there is 
insufficient funding to do them. British officials blocked radar 
because "it can't be done," i.e., it required a thousand-fold more 
powerful microwave generator than had ever been demonstrated or 
even conceived. Via the afternoon tea, scientists arranged enough 
research to discover the strapped cavity magnetron, an unexpected 
super-efficient and super-powerful microwave generator that only 
recently is fully understood. 
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V. BALANCE THROUGH COMMUNICATION 

The only real way to achieve a "gadget" vs II breakthrough II balance is to 
provide a programmatic context for communication between the two sides of this 
issue. Fig. 5 shows a programmatic context that has been effective for 
coupling basic thermionic converter technology with engineering development. 
It consists of an iterative "basic loopll in which a detailed 
physical/analytical IIfundamental model" is formulated from first principles 
that is consistent with data from basic thermionic converter experiments. 
Because the rigorous complexity of the fundamental model prevents it from 
being understood or useful to the "gadget" advocates, a much simpler "working 
model" is formulated that is consistent with the fundamental model in the 
practical regime. This working model provides direct intuitive insight into 
the dominant physical processes to focus basic converter experimentation and 
innovation onto current practical objectives. 

The basic loop meshes with an iterative "engineering loop" in which the 
working model is used for system design innovation and evaluation, and for 
guidance and interpretation of engineering tests. Through this meshed two
loop process, therefore, the two sides can mutually recognize and focus upon 
the practical significance of a basic "breakthrough II for the current "gadgetll, 
Furthermore, this is precisely what the program manager needs to know in order 
to achieve a balanced program. Without the engineering loop as a directing 
focus, the basic loop tends to degenerate into irrelevant academic projects. 
Without the basic loop, the engineering loop freezes into obsolescence. 

The basic principles of converter operation can be understood to at 
least the same degree as the internal combustion engine is generally 
understood, since the converter is substantially less complex and can be 
described much easier with quantitative precision. As shown in Fig. 6, the 
electrical output of a thermionic converter is characterized by the back
voltage ("barrier index") V , which is analogous to the back-pressure in a 
mechanical engine. It has ~hree components, the arc drop (plasma energy loss) 
Vrl , the current attenuation voltage V , and the collector work function 
(Surface energy loss) ~c. For a giveR output current density J, the output 
power density and efficTency of the converter increase linearly as VB is 
decreased, 

Rigorous description of the ignited (hot plasma) mode of conventional 
converter operation is complex because the plasma must both transport the 
electrons across the interelectrode gap and heat the electrons to a high 
enough temperature to maintain itself. However, because the plasma is thin 
(only a few mean-free-paths in thickness) and has very low electrical 
resistance, an adequate description of converter performance for practical 
purposes can be obtained without integrating the complex set of differential 
equations that describe the detailed state of the plasma. Enforcement of 
energy and current continuity at the plasma boundaries yields a set of 
relatively simple algebraic equations describing converter performance and 
providing insight into the dominant physical processes and basic properties 
that determine VB' These equations, expanded somewhat to cover a wider range 
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of conditions, have been incorporated by John McVey into a computer program 
TECMDL that is widely used in the US for system design analysis and test data 
interpretation. He also has developed more rigorous analytical models and 
programs, based on numerical integration of the plasma differential equations, 
that serve as the "fundamental model" in Fig. 5 [1, 2]. The basic physics of 
electrode properties in cesium vapor similarly is readily understood and is 
included in the working and fundamental models. 

VI. "BREAKTHROUGH" PROSPECTS 

The analytical models provide insight and projections for substantial, 
even revolutionary, improvements in converter performance and application 
versatility. As can be seen in Fig. 7, these improvements are conveniently 
divided into two basic approaches. One approach is to decrease the internal 
barrier to electron flow in the converter, V , by advanced converter 
technology (ACT). The improvement can be thPough a manyfold increase in power 
density and doubling of efficiency at present emitter temperatures, or through 
maintaining present performance levels at much lower emitter temperatures. 
The other approach is to utilize the much higher levels of performance 
attainable with emitters at very high temperatures (VHT) using the present 
basic converter technology (VB ~ 2.1 eV; i.e. ~C ~ 1.6 eV, Vd ~ 0.4 eV 
and Va ~ 0.1 eV). 

Fig. 8 compares conventional ignited mode converter operation with an 
advanced mode of operation. The ignited converter employes a high-density, 
highly-collisional hot plasma that is maintained by an internal potential drop 
Vd that is subtracted from the output voltage. The working model of ignited 
operation tells us that the arc drop V arises amost entirely from the energy 
lost by heating the plasma electrons aBove the emitter temperature, and that 
the prospects for circumventing this inherent limitation in ignited operation 
are not good. The advanced mode converter, however, employs a low density, 
quasi-collisionless cold plasma at about the same temperature as the emitter, 
such that its arc drop Vn is nearly zero. Its plasma is maintained by an 
efficient externally powered ionization process. 

Other aspects of advanced mode operation are even more important 
practically than the reduction of the arc drop. Advanced mode converters 
operate at more than an order of magnitude lower cesium pressure, which is a 
fundamental requirement for using much lower collector work functions ~ at 
low collector temperatures, and which permits use of large electrode sP~cings. 
Furthermore, since its plasma is maintained by an external power source, the 
advanced mode converter can act as its own output power conditioner, e.g. as a 
switch for production of alternating current. Fig. 8 includes a schematic 
illustration of the TRICE (Thermionic Reactor with Inductive Coupled Elements) 
concept, in which the output of uninsulated fueled emitters in a nuclear 
reactor core are coupled by electromagnetic induction to the high voltage 
external load circuit [3]. 

Thermionic Energy Conversion 21 



VHT 

>-
I-
en 15 z 
w 
c -ffi Ne 

10 :t~ 
03: 
0...-

t-
:J 5 a. 
I-
:J 
0 

1000 1200 1400 1600 1800 2000 
EMITTER TEMPERATURE (KJ 

30 -~ • ->-u z 20 w 
U 
LL 
LL w .10 

1000 1200 1400 1600 1800 2000 
EMITTER TEMPERATURE (K) 

Fig. 7 Options for thermionic converter performance improvement: 
ACT Advanced Converter Technology approach. 
VHT : Very High Temperature approach. 

22 Proceedings Specialist Conference Eindhoven 1969 



INTERNALLY-MAINTAINED 
HOT PLASMA 

IGNITED MODE 

EXTERNALLY-MAINTAINED 
COLD PLASMA 

ADVANCED MODE 

MAGNETIC CIRCUIT 

'f==:~~==::;::::' 
OUTSIDE 
REACTOR 

TRICE CONCEPT + INSIDE 
REACTOR 

COLLECTOR-COOLANT 
TANK ~ , ~-r-... ............ ~~ 

~ 

EMITTERS 

Fig. 8 Comparison of conventional ignited mode thermionic converter with 
an advanced mode of converter operation and output coupling. 

Thermionic Energy Conversion 23 



Fig. 9 illustrates the family of advanced mode converters, in which the 
plasma is maintained by electron or ion injection, and on which significant 
research already has been performed. In each case the plasma is maintained by 
a power supply P driven by the external circuit. The potential drop across P 
is the "equivalent arc drop" va that is to be compared with the plasma
maintaining arc drop Vd in the ignited diode. 

In addition to the challenge of obtaining V* « V , advanced converter 
research must deal with basic plasma processes thgt havQ little effect on 
conventional ignited converter operation. Fig. 10 illustrates the interaction 
of the plasma with the self-generated magnetic field [4]. As shown, the 
converter output current I is strongly modulated by the magnetic field B in 
the interelectrode gap for converters with long electrode length L and long 
electron mean-free path A at sufficiently high output current·density Jo' 
Also, the Lorenz pondermotive force on the plasma by the magnetic field 
produces an axial pressure drop hP that can approach the total plasma pressure 
in advanced converters. Furthermore, Coulomb scattering and associated local 
collective space charge effects can be the dominant current-limiting processes 
in advanced converters. All these effects can be viewed as obstacles that 
must be avoided in practical converter designs; conversely, they can be seen 
as strongly coupled feedback interactions between the output current and the 
plasma that might be the basis for innovation of a new class of thermionic RF 
power generators, analogous to the strapped cavity magnetron "breakthrough" in 
C.P. Snow's history of radar. 

All advanced-mode converters require high emission currents at very low 
cesium pressure, which are contradictory requirements that have inhibited 
their practical use. A true "breakthrough" is the discovery that the use of 
cesium-oxygen vapor in the converter instead of cesium vapor alone allows 
removal of this contradiction. As shown in Fig. 11, the presence of only a 
very small partial pressure of an oxygen-bearing species allows the emission 
current to be increased by orders of magnitude into the practical regime at 
low cesium pressures because the oxygen increases cesium adsorption on the 
emitter [5]. Furthermore, the presence of oxygen also results in very low 
work functions ~C at low collector temperatures (and low cesium pressures) as 
shown in Fig. 12. Although the basic properties of electrodes in cesium vapor 
are well understood and can be represented by analytical models, the 
properties of electrodes in cesium-oxygen vapor and the technology for 
maintenance and control of the cesium-oxygen vapor need substantial further 
research to achieve a similar level of understanding for practical 
application. 

Relative to the VHT "breakthrough" approach defined in Fig. 7, Fig. 13 
shows the performance projected by the analytical models for converter 
operation at very high temperatures [6]. The two modes of conventional cesium 
diode converter operation are shown: the ignited (volume ionization) mode and 
the unignited (surface ionization) mode. Although ignited mode performance is 
superior below about 2500 K, the performance in both modes is comparable at 
higher temperatures. Refractory metal emitters with adsorbed cesium can be 
used for ignited operation, but unignited operation requires emitters with a 
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bare work function near the optimum value. Experimental data are shown for 
unignited converters using zirconium carbide emitters (optimum near 2600 K), 
obtained by Maskevitch and co-workers who pioneered the VHT approach [7]. The 
order of magnitude increase in power density and doubled efficiency 
potentially available by the VHT approach are illustrated in 
Fig. 14. 

Whereas advances in basic converter physics are required for 
"breakthroughs" by the ACT approach, advances in materials and innovations in 
converter and reactor configuration are required to utilize the "breakthrough" 
thermionic performance presently available at very high temperatures. 
Tungsten/UOz cermet nuclear fuels were developed for nuclear rocket 
application and operated stabily for hours at 2800 K, but little is known 
about their lifetime at lower temperatures and higher fuel burnup. The fuel 
lifetime may be adequate even at 2800 K for short duration military space 
applications, however, and adequate at lower temperatures for the duration of 
an electrically propelled freight mission to Mars. Carbide-based fuels were 
operated at similar temperatures and times, but their vaporization rate is 
much higher than that of tungsten, and their vaporization products appear to 
be intolerable on high temperature collectors. A major challenge is to find 
new thermionic fuel element and reactor design innovations that accommodate 
the very large heat fluxes and output currents that characterize VHT 
operation. 

VII. PROSPECTIVE APPLICATIONS 

Thermionic reactor space power systems are a developed reality and 
probably will continue to be decisively superior to other systems because of 
the inherent advantages of in-core operation illustrated in Fig. 15. By far 
the largest investment and current activity in thermionic conversion has been 
in this application, especially in the USSR, and the USSR has proposed joint 
tests in their extensive thermionic reactor facilities as a focus for 
international cooperation. The choice of this application as a focus might be 
unfortunate, however, if the growing oPPosition worldwide to space nuclear 
systems (Fig. 16) leads to their being outlawed [8]. Deep space (e.g. Mars) 
missions might not be included in the prohibition. Accordingly, technologies 
addressing safety issues and the exceptional performance required for deep 
space missions should be emphasized if space nuclear power is a major 
justification for the joint research. 

Except for the combustion heated ignited thermionic converter work being 
performed here at Eindhoven and the more limited work at Mitsui in Japan 
reported for the first time at this conference, there apparently is no other 
such work being performed at present elsewhere in the world. However, I am 
aware that there ;s interest in this application in both the US and USSR. 

Substantial research and technology development for various fossil 
fueled thermionic applications were conducted in the 1975-1983 period. Fig. 
17 shows examples of the types of terrestrial fossil fueled thermionic systems 
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Fig. 16 Prospects for continuity of US space 
reactor programs. 
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Fig. 17 Fossil fueled terrestrial thermionic systems. 

(a) Topping of utility steam power plant. 
(b) Topping of utility gas turbine generator. 

THERMIOOIC 
CONVERTERS 

COMPRESSOR 

(c) High temperature industrial process cogeneration system. 
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that have been evaluated in detail: thermionic topping of electric utility 
steam power plants and gas turbine power installations, and thermionic 
cogeneration systems for provision of high temperature heat and autonomous 
electrical power for industrial processes. Detailed system studies showed 
that fuel costs (efficiency) and capital costs (material expense, power 
density and lifetime) were marginally competitive with those of alternative 
systems for V ~ 1.8 eV, but clearly competitive for V < 1.6 eV. Other 
applications ~tudied were thermionic bottoming of MHO power plants and 
portable auxilliary electric power units. 

VIII. CONCLUSIONS 

Returning in summary to the decision tree in Fig. 3, an immediate 
solution to the central dilemmas posed in defining a specific goal for 
international cooperation is not apparent. This is primarily because of the 
uncertainties associated with the following crucial international factors that 
presently are in a state of rapid change: 

1. Public acceptance of space nuclear power. 
2. Domination of space nuclear power by military applications. 
3. Commitment to joint interplanetary missions. 
4. Absence of terrestrial fossil fueled thermionic R&D programs in mast 

countries. 

Because substantial changes in any of these factors could greatly affect 
the viability of an associated specific application goal, it is concluded on 
the one hand that commitment to such a goal should be postponed for 2-3 years 
while these factors are being resolved. 

On the other hand, it is concluded that generiC research in potential 
converter "breakthrough" areas is substantially independent of these factors, 
i.e. that it has no immediate implications of international or public policy, 
of great commercial or military sensitivity, or of relevance to the existence 
or non-existence of space or terrestrial application programs in the 
participating countries. However, as an engineer I believe that a cooperative 
program based solely on such research, without focus or practical 
justification, would be grossly unbalanced toward "breakthroughs", resulting 
in fragmented academic projects of little enduring interest to the sponsoring 
governments. 

It is proposed, therefore, that international cooperation proceed in two 
phases, as summarized in Fig. 18. The goal of the First Phase would be 
achievement of selected "breakthroughs" in advanced converter performance, 
with joint experimental demonstration of a specific "breakthrough" as a focus. 
In support of the First Phase, preliminary engineering studies would be 
performed on a variety of space nuclear and terrestrial systems to define the 
best specific application and system concept for the Second Phase goal, 
consistent with the outcome of the crucial international factors and with the 
extent to which advanced converter technology is evolved in the First Phase. 
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1ST PHASE (3-5 YRS) 

GENERIC ADVANCED 
PERFORMANCE DEVELOPMENT 

- ADVANCED ELECTRODES 
- ADVANCED OPERATING 

& OUTPUT MODES 

SPECIFIC DEMONSTRATION 
OF ADVANCED PERFORMANCE 
WITH ENGINEERING LOOP 
IN SUPPORT 

2ND PHASE (3-5 YRS) 

SPACE ~lOW POWER (COMMUNICATION) 
NUCLEAR HIGH POWER (ELECTRIC 

PROPULSION) 

~
TOPPING 

TERRESTRIAL COGENERATION 
fOSSIL FUEL PORTABLE 

SPECIFIC DEMONSTRATION OF 
ADVANCED ENGINEERING COMPONENT 
WITH BASIC lOOP IN SUPPORT 

Fig. 18 Proposed joint international program. 
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The goal of the Second Phase would be engineering development of crucial 
component technology for the selected application and system concept, with 
joint experimental demonstration of the system or a major module as a focus. 
In support of the Second Phase, basic work would focus on the base technology 
of the selected concept, assist in resolution of problem areas and provide 
diagnostic interpretation of the engineering test data. 

Three to five years would be required in the First Phase for adequate 
progress in the advanced technology, for evolution of the crucial 
international factors, and for development of sufficient confidence in 
international cooperation and Second Phase goal definition to justify 
commitment of the resources required for the Second Phase by the participating 
countries. A similar period would be required for the Second Phase, which 
might partially overlap the First Phase. 

In summary, it is concluded that: 

* New basic technology is available for 
- a second generation of high performance thermionic reactors. 
- a first generation of economically viable terrestrial thermionic 

power systems. 

* International cooperation can provide the required diverse resources 
and stability by 
- defining goals common to interest of all countries but not 

dependent on one. 
- providing a focus that balances and integrates "gadget" and 

"breakthrough" forces. 

Above all, the dismal cycle of slogging through dozens of peripheral 
problems for incremental improvements in 1970-vintage technology, until 
terminated by changes in international relations and national interests, 
should be avoided. The revolutionary advances potentially achievable in this 
field are too exciting and life is too short. 
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EXPEIUf'lENTAL 1'tESEMCMES OF s:rATfClNMY MD OSCli..ATlNG 

flEGlt'IES OF tcNIJD'I!IEN PLASI'IA DIODE 

R. V ... Kueherov 

~ .. ..,..ch TechnOlogic .. 1 Institute, Podolak, USSR 

Z.A.DllJllne:z:oy 

Sukhumi Physico-Technical Institute, Sukh~i. USSR 

But SOllIe cone I usi oms of the theory Mye 

not b .. n confir .. d eKperl~entally. 

The eKPerl~.ntal rese.rch results of field 

distribution in the ne .. r-electrode layer in 

hold of oscillations onset and field destribu-

are 91Ytm H'I this work. 

l'Iea5urlHIUI~nts _re carried OLlt with plane-

intergrated with the electron-beam device for 

pI ..... probing by .. planar electron beam which 

vava the apportunity to .... ure electric-field 

'see fiQ. 1). 

Thermionic Energy Conversion 

1. STATIONARY REGIME 

layer in Knudsen diode is Debye distance (1) 

114 
J. - O,l2 (KTd - em m,}4 :r12 

E 

In these conditions restricted re.olutlon of 

the device (5.10 em) enables to carry out only 

qualitative research of the near-emitter layer. 

In contrast the potentIal drop In the near-eel 

and layer width forms signlflcant part of thp 

interelectrode gap, which gives the opportunity 

to carry I:)Ut preci.e measurements. Th!" .>:perl-

~tal conditions werw as follows: polycrystal 

tantalum .. itter with work function 'fEe 4.7 eVI 

int.,...lectrode gap d 

vapour pre55ure p .... 10") Pa; T£.:). 2000 K. 

The ion current denSity '3... according to 
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SAha-l..anv-ur oforillUl.w. .. i tl 9i Vttrl ~ ,l:c .,d 

p gi ves cOIIIPen_tian ~fic:ient r -~ ~:! 
in tne region 5< E < 10. Experi..ntal d~fin1-

tiDn of r f"1IIqLlir_ the _sur_nt of electron 

Fig. 1. Experimental device scheme: 

1 - plasm~ diode; 2 - ~onitoring elec-

trode; 3 - anode; 4 - electron gun ca-

thode; 5 - quadrupol lens; 6 - diaph-

ragm; 7 -"deviating plates; 8 - lumi-

nescent screen; 9, 11 - rectifiers; 

12 - power unit; 1:::. - generator; 14. 

15 power amplifIers: 16 - H.F.tran-

former; 17 - oscillograph; 18 - reSl~-

tor 

and Ion saturation current from the emItter. 

Electron thermoemlssion from the collector pre-

ventE measurement to the Ion current from the 

emItter and the deflnltlon of arises some dif-

flcultles In such a way. However, the charge 

denSIty definition in near-electrode layer ena

bles to evaluate 6 and plasma density. 

Fig. 2 represents: a) volt-amper characte-

ristlc (VAC) of plasma dIode. b) field distri-

bution curves. c) potentIal distribution curves 

received by field curves integration. d) charge 

36 

-.nsity dtstrib\ tion, r~eived by field curves 

differentiation. The nttar __ itter pl"'-'l1Ia lillyer 

.ith c:harac:tl!'!""irtic positivii' pc' ential i'or r >1 

.. « .. ~ .... '" 

are seen on curves not far from the em.tter su-

rface with a correspondlng barrIer. whlch acce-

larates the emltted electrons and limits Ion 

flow in pla.,sma. At the collector POSltlvE potp-

ntial in the gap the monotonous reglme of pote-

ntial distrIbution 15 formed (curve 1). whIch 

is characterizRd by the ~,mltter POSltlve Jump. 

by the constant quantity in the plasma regIon 

and by the collector posltlve Jump. At the ne-

gative collRctor potentIal the double lon-eJe-

ctron layer ,. formed at the emltte~ and thl 

layer forms non-monotonous potential dlstrlhu-

tlon. The plasma regIon follows the double lay-

er and then passes Into the negatIve chargee 

near-collector layer (curves :-4). In the pr€'-

sented figure the field distrIbution has linear 

character In a considerable part of the near-

collector layer, this coincides with constant 

charge density and the paraboliC potent.al dlS-

tribution. 

Fig. 3 represents the dependence of the 
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dimension1les width 0. the near-collector layer 

on the dimensionless coll:ctor 

potentlal <Pc = Vc. 
KTE 

ThIS dependence is described well by the simple 

relation: 

Such fleld dl~tribution ch~racter IS observed 

only at low emiSSion current from the collector 

J c ' when J E IJ C 1. In thi s case the cont-

ributlon of the electrons. emitted from the 

cellector to tne space charge In the near-col-

the col 

lector emISSion current increase the deviatlon 

from th~ mentioned dependence In the field dis-

tributlon at the collector surface IS observed. 

2. CURRENT OSCILLATION THRESHOLD 

DurIng theoretical descriptlon of expe-

rlmentslly observed oscillat,ons in pla-

sma diode in f<nudsen regime [3, 7, 93 the conc-

lusion was drawn about the Pierce character of 

Thermionic Energy Conversion 

the instability. However, more or less complete 

experImental data, confirm'ng Pierce relat,on 

Justice are abs~' t. 

At Pierce instability the current density 

thril'shold value above which instability arises 

j _~ mu l 

o-4<e£2 (2) 

where LI - beam veloc:i'ty, £- plasma region 

length [61. 

For comparison of experimil'ntal results of 

the threshold current measurements With formula 

(2) one can not,ce that the plasma region 

length is (narrow near-emitter 

layer can be ignored). When values are 

large, as it happened during the experiments, 

according to formula (1) 

! 2; ~ 2 'Pc :A r-::----
the mean veloc:ity is Y'~(2+q>E)KTE 
where "t'f is dimenSionless value of the eml-

tter potential jump. 

Substituting these e>:preSS1DnS In formul .. 

(2) we'll receIve: 

I':nudsen dlode stati.onary reg1me theory permlt~ 

to cal cuI ate the emi tter potent 1 al jump CPt 
precisely enough. The value of thIS Jump. 

Gl(.. >"" 1 doesn't depend on <ll and is determIned 

by the equation (1) 

(4) 

tion In Knudsen plasma dIode were carried out 

as follows: at given values of the lnterelect-

rode gap d • Q.45 em, caesium vapour pressure p 

37 



and applied voltage "e current value c anged 

by increase of emitter temperature Tt . Depen

dence of current value J on emitter temperaturem 

Tf is recorded on the XV-recorder. When the 

current value threshold is achieved. field 06-

cillations are seen on the electron-beam .et 

SC!'"E!en. 

ttJ II 

Fig. 4.a. Current threshold density dependence 

on emItter temperature. Paint numb-

ers correspond to collector voltage: 

- 0.25 V: ~ 2 V: 3 4.8 V: 4-

7 VI 5 - 10 V: 6 - 15 V: 7 - 20 V: 

8 - 25 V; 9 - 28 VI 10 - 35 VIii 

38 

Fig. 4.b. Current threshold dependence on col-

lector I 3tential 

By presenting the results of measurements 

given in fig. 4a as a threshold current depen-

dence on a collector potentIal (fig. 4bl it al-

lows to use them for testing Pierce condition 

satisfaction. For this purpose ~dependences on <Pc 
are' plotted by means of formula (3) for dif

ferent values of tin the same f1gure. When car

rying out calculations one can conslder that 

the emitter temperature 1S equal to the me ... n 

value 2100 .' for all these e::perlments, that 

results in the error ~lthin + 51. • When r chan

ges wi thin 1. 5-15. that 'corresponds to the e:,t

remes obtained during r- calculatinon by means 

of Saha-Cangmur fiormula, the curves Jo!~.) are 

in the narrow shaded region (fig. 4b) w.th,n 

which all the experlmantal points are. 

3. FIELD DISTRIBUTION IN CUF:F:ENl 

OSCILLATION REGIME 

When current threshold v~lues J J 0_ th'? 

potential OSCillations WIth small amplItude are 

observed in the limited regIon of the gap, oc-

cupled by neutral plasma. 50 the pote~tlal 

the whole gap remains positive. and potential 

oscillatlons don't result In the current oscll-

lations in the circuit. WIth current lncreaSE' 

the potential oscillation amplitude lncreases, 

and current oscillations appear. 

When the condi tion J» J o is reached the 

current oscillations become regular. Current 

variable c~onent is then a significant part 

of the emitter current emission ( 50% or more). 
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Some p~pers are devoted to the theoretIcal 

research of c5ciliatinQ processes in Knudsen 

dIode. TheIr detailed descrIption IS given in 

l:,. 7). rt IS E'stablished, that currl!'nt oscil 

latIons prespnt the sequence of sE'veral proces-

ses, among whIch Pierse instability acts as a 

starting mechanism at the beginnlng of each cur-

cent oscillatIon period £9J. The detailed rese-

~rch of the instabIlity startlng stage led to 

the conclUSIon that PIerce instability IS nonpe-

rjodlc and lies in the fact that InItial potent-

'!'H!SP currE'nt oscl11 atl ons. The figure corr _,!;-

ponds to the fol lowing E!>:I-'erllllental condItIons 

.1 =2.10-2. cm. d=0.3 cm,eif=40. 5'6'<7. 

When analysing these curves we shall take 

as InitIal position 12 WIth a potentIal 

for electrons near the collector. Field dlstrl

bution 12 IS instable and tor time 
-7 

1. 10 s 

transforms into distribution and than into 

distribution 2, In which the m.nn voltage drop 

IS concentrated in the near-emltter regIon ano 

thE' current equal5 to the emi tter emi 551 0" 

lal dlstrlbut10n witl", a jump at the collector for current. Such a transitIon takes place due tv 

tIme dIu turns Into dIstribution With ~ jump 

at the emi tter [7], However, the reCl ved potent-

lal distribution 1S not self-consIstent with lon 

denslty decrease and as a result the current 

11mlting emitter potentl~l barrier appears. Fu-

transfer.a to the collector with thp rat~ of Ion 

limIt_a. When thl 

thEe 

our experImental 

oscllatlon curves and correspondIng 

ileJd ~nd potential distrIbution Isolld and dot-

ted lInes respectIvely) in separate phases of 

Thermionic Energy Conversion 

P1erce instability [3,7] which by the lncreaSlna 

nonperlodlC process leads the system to the 

stable state 2. AccordIng to Plerce conditIon 

it mea.ns that J U
) rt may be realized 

either by current llmltlng or by threshold value 

Increase. SInce durIng transitIon from state 1: 

tp state: the beam current Increases the cu' 

rent threshoJ d val UE' must Increase mo'-p '~ap) d J •• 

FIC;_ 5. 

I 

1'---. N " , ..r-... 
iV·Y·v 

f--

l W' · 'I. . ...., " =: -I •.• K .~-
\' • ; ID 

.~~.~.~ 
" j, 7 ... 

.~~ .r-~.~ 
~

e 
.' ......... 1 r-.... . . ~ ,." ..... '" ~ ~ , I 

• r 

(2.\ 
That lS confirmed by observ~tlon 0+ Vt . 

eml t.ter potentIal Jump dependence on value J (1\ 
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At the given collector potential Vc ' wh ..... J 

increase~ tOD and may 

Thus. Pierce Instab,lity 1n knudsen dlode 

is revealed In current threshold value change 

J o Whll E? increase of beam energy by near-lPml t-

t e'r J\.,mp. A", • resul t thE' syste(f. becames stab-

II? W) ~h recT·E'ct to electron disturbances. 

Sl'.bse,quent procE'ss development corres-

pOnt1s t D up-to-dat.e theo,-y. Stl'te :: 1 s stabl e 

Wlt.h resnect to electron disturbances but the 

obtalnea potenti.d distribution isn't COM!SlS-

tent With Ion distributIon function change in 

tIme. 51nce Ions a,-e generated on the emitter 

5Llrface and hIgh emi tter potential jump 

res;t .. , cts lons ent,-ance from the IPmi tter 

tr:l plasma and .. Iso dr.ws off them from plasma 

to th~ emitter. Ion denSity in plasma decreas-

es. 

A~ '" re-SLtl t the ne,er-eml ttE'r 1 ayer wi dth 

Increase~ gradually (po~ltion$ 3-5). At the 

samp tlm~ the double lonelectronic layer ap-

pe~r£ ~t th~ em,tter where negetlve cnarg. de-

• • tv leads to formatIon of thE pctentlal barri-

dIodE' (positions 6, 7). The- t1me of formatIon 

of the dOI..ble· lon-electron field with the pote-

40 

nti~l barrier at the emitt{ is defIned by the 

rate of ion los~ from interelectrode gap plasma 

and is 0.B·10-6 5 for th" given case. 

On creating the potential barrier at the 

ftmltter the neutral plasma region bi?hind the 

double lon-electron layer is formed, changing 

Into eiectror.-ion layer nf"ar collector in whICh 

the main potential drop applied to electrodes 

isconcentrated (pOSItIon 8). ThIS layer repre-

sents the transition reglon from dense plasma 

near the emitter to les~ dense one near the 

collector. 

The dense plasma reg10n expands to the 

collector with tt_e (pOSitions 9-11). The rate 

of plasma boundary displacement is equal to 

1.3.10 CII)-" :3.5 ~~ I ,whICh agrees sati

sfactory with (3). With plasma e)!panSIOn ItS 

potential 15 increased, hence, the potential 

barrier decreases and the current Increases 

(position 11). With current incr~ase the criti-

~al value is reached and instabIlity devlPlops 

(pOliHtion 12-1). The tran!01tior. tIme from (pos. 

11) to (pos. 2) 
-f 

- 1(\ s .nd then the cycle 

repeats. The re~elved sequence of potential dl-

stribution ~hange accordlng to ~urrent oscilla-

tion phases agrees with the results of numeri-

cal solutIons in [10J . 

It should be pOInted out that potential 

distribution with the virtual cathode is insta-

ble to the positive potential disturbance. This 
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instability is expressed in applying to t~e di-

ode electrOdes at given phase of current oscil-

lations rectanqular n shapllld) positive 

pulse with duration several times larger than 

a currlllnt oscillation period, the fore-front 

pulse leads to the transition from the given 

phase to the phase with the near-emitter jump 
-7 

of the potential and maximum current for 1.10 s. 

When applying negative pulse the field distri-

butions in glven phase tunes in a very short 

time (1.10-
7 

51 to the acting potentlal. Th~ 

pulse rear front representing potential positi-

ve jump relatively to pulse plateau again leads 

to the transition to the state with the near-

emitter jump of the potential and maximum cur-

rent. Such influence of the current pulse was 

marked in (9) too. It permits to register the 

initial phase of current oscillations, thus 9i-

vlng an opportunity to synchronIze the oscilla-

ting process WIth the probIng electron' beam. 

This method of synchronization was used in the 

worl:. 
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i ,! ~iJ..I 'c Me·de 1 CIl). 

KUl(::hatov In:3li Lute Atornl c Energy, f'..o/.)SODW, USSR. 

NOTATION 

. 
u
J 

Je,c. 

useful vo It,age 
it.y 

den:,; i ty or t'18ctron 
em} tter, 1 

c'oming i nLt) plasma from 

den~;i ty of' emission currE!nt from en'll 1:..1:,er, collect.or. 

Je :::.je /j ~ ~ =J~/j, 1'0 :::i~()/ J 
emitter, col work func;t ion. 
pot.enLi ier value wi emitt.er, 0011 

Fermi leve 1. 

;( - Rol tzmanrl constanL 

e - electron 
-r ,:;::.rni t t ':;::'1" (;01-1 leo,co- ,-,n,. '--_. , - or temperat.ures. 

'Tee"ec temp81'ature of plasma electr-ons near emi Lter', collect.or. 

Tc::: Tc·o/'Tec} ¢c:: e Xc/J'{Tec 
potential jump value near colI 

. 
Joe ie I I § 

,?c= e AV{/(\kG 
(;ilrrent lector. i to emi tter, 

e V/7:: returned orl e 1 wi ttl ions 31'1(1 plasm..q i at i 
I 

one ion. 

r ion electrons coming from a collector to asma 

and coming back to the collector without change in energ'y. 
voltage drop jrl pla:3ma. 

INTRODUCTION 

ioni j Oil in an i 

Thermionic Energy Conversion 

charges tr'ansre t, Mild vo 1 time 

lectnxi>.::. gap are as:.;ociated wi th 
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electric ener-gy lo'=.:;:;;;es and result in t.lje Ije('l'eCt~e of fie]: power 
and I;-~fficiency of ;4 real thermionic convel'tel' in compari:::::on 

'iNiU-) an ideal c,ne in which the elec'trc)n ':.'urreliL lirnHing 

cau:;ed by the vo 1 ume cllarge j S absent. 

tvi:.:lin f::,;rJmpOllent'3 of electric power lu:..,;;=;e:3 in the arc: mod8 

are fo llowi nl{: 
- the decrea:;e of net current due 

electron;; from a pla:;rna and their return to Eln emittp.r; 

the vol Lag:e cir'op irJ dn interel!:::.ctrocle gap, nH::.,j(.:-'1i tu 

;::,u:=;Lain a VOlume i OIl L;::at ion; 

- the dis:.:;ipdtiOlJ of elecLrOl) energs on a co] lectoL 
The last type of 10::;s8s is jl1evit.aL/1e for an hiial C-C![j\/t-71 (,:';1' 

2:::: we 1 J. It l:; re] ,'1ted both to the c:utl\!ertloll (.If 
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eIectrom; potential energy being: equal to the collector work 

thermal 

i!··jter;eJ.el_~;L.r·()(ie g~a~} ar1cl 8·18()tl""(Jrt·;· erI8r'kf~./ iji~:;~·;.ir};:i.t.i()rl ()r} ..:1-

c;()llec;t()r~ ar"8 jr,teI'I::()lllle(";t.eej, ~;irHJP' t:.f-!~ l)c)L}-t !<lrlcL=:. en 1 ();:)t-::.; 

(lllv::tion ()f electr()!i:3 vploclty tji~3tribuiion llh.'1r the c:olJsctor. 
RE~g:ardle;;:3 d large bod:; of mab..:-,rial ul;Ldineci both in the 

oreLical c()nsiderations ()f pro(';esses in pl2:::'!ri,-=t and accumul.-=iteti 

ill the cour:;e of expehmental investig:aUci n:3, the pn)ces::.:;es in 
the collector area anel problem; of an i nr] usncp of collec;[(')r' s 

work functIon ancl emission on energy parameters !iave not 

gai ned an unambi g:UOU:3 i nterpretat i on so far. Ii i:::; thi::; 
pre;b 1 e In that :;tlOU 1 d be c()n::::; ide 1 'eel pr i mar i 1 y to pred i ct 1 i in i t 

parameters for the c:onverter in the arc mode operati on. 

EFFECT OF AN EMISSION FROM THE COLLECTOR m··r A VOLT AGE 

DROP IN THE INTERELECTRODE GAP 

Frnnl the energy equat. i Oli 
(I) 
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Field ionization of Rydberg atoms in a thermionic 
converter 

Robert Svensson and Leif Holmlid, Department of Physical Chemistry, 
and Lennart Lundgren, Technical Electron Physics, Chalmers University 
of Technology and University of Goteborg, S-4l2 96 Goteborg, Sweden 

1. Introduction 

In our continuing experimental program to understand the basic 
processes in Thermionic Energy Converters we use mainly molecular 
beam and mass spectrometric methods. From these studies we have 
recently reported on the observation of negative ions of cesium, Cs
[1]. In other experiments with cesium plasmas and cesium covered 
surfaces at high temperatures we have identified both highly excited 
(Rydberg state) atoms Cs· and doubly excited cesium atoms Cs2*, which 
can carry considerable excitation energies [2,3]. 

We also continue our studies of real thermionic diodes of the open 
type we have used previously [4]. From the present study, we report 
now on the I-V curves when the conditions are chosen to give a large 
fraction of excited Cs atoms in the plasma. 

2. Results 

Fig. I shows a typical I-V curve taken under conditions where mass 
spectrometric sampling measurements show that field ionizable Rydberg 
states of Cs are common in the interelectrode space. Such highly 
excited states are easily and rapidly field ionized in even very weak 
fields. For example, a principal quantum number of 40 gives a 
diameter of the atom of 0.17 pm and an electron binding energy of 9 
meV. This gives [5] a limiting ionizing field strength of 12 V/mm, 
which is easily reached in the converter. 

A large number of experiments have been done, where the curve shape 
has been recorded under Rydberg conditions. The point where the 
Rydberg field ionization current appears should in the first 
approximation correspond to zero field strength in the converter. 
However, there must exist a certain low field strength before the 
ionization takes place, corresponding to a total voltage over the 
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converter space of~V, as depicted in Fig. 2A. The point of zero 
field strength is, at least in principle, the point where the arc 
drop is also equal to zero, and then 

Vout = ~ E - !c + A V 

is valid, whererE is the emitter work function and!c the collector 
work function. In Fig. 2B, the ordinary situation with an arc drop is 
shown. Since in that case 

V' out = f E - VB 

is true, where VB is the so called barrier index, the relation 

can be derived. In Fig. 3, the results for VB and (Vout - V'out) are 
plotted. It could be assumed that tlv is between 0.1 and 0.4 V. An 
extrapolation to zero then gives a common value of 1.0-1.3 V for the 
collector work function, and an arc drop (Vout - V' out - ll.V) greater 
than 0.6-0.9 V in all cases. Of course, this treatment assumes that 
the work functions are unchanged on both the emitter and the 
collector at the two points depicted in Fig. 2. 

3. Discussion 

It is shown in many cases, that the arc drop, which includes several 
types of losses in the plasma and at the electrode surfaces, is the 
main cause of the non-ideal behaviour of thermionic converters. The 
size of the arc drop in the present cases is large, but the 
conditions in the converter have been chosen to demonstrate the 
existence of Rydberg states in the plasma. The simple analysis 
presented is only approximate, but points to the fact that the arc 
drop may be a large factor in the barrier index VB' This agrees with 
the measurements of very low work functions of converter surfaces at 
realistic surface temperatures [6,7]. Thus, the future development of 
thermionic converters will depend on means of bringing the arc drop 
down to very low values. 

As shown in Fig. I, the linear variation of the Rydberg current with 
applied voltage indicates an almost metallic current transport 
through the plasma. The corresponding resistance is approximately 1 
Ohm. This metallic current transport indicates an entirely different 
transport process with other loss processes than the ordinary 
electron transport through the plasma. This could mean new 
possibilities to maintain a current with low losses in thermionic 
converters. 

4. Conclusions 

The existence of a large field ionization current due to weak field 
ionization of very highly excited Rydberg states of Cs is 
demonstrated in a thermionic converter plasma. By an approximate 
theory, it is shown that Rydberg ionization can help to give separate 
values of the two dominating factors in the commonly used parameter, 
the barrier index. This means in the present case that arc drops 
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greater than 0.6-0.9 V are found, similar in size to the collector 
work function which is 1.0-1.3 V. Finally, the possibility to use a 
more or less "metallic" mode of current transport through the 
converter is discussed. 
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Figures 

Fig. 1. Two oscilloscope pictures of converter I-V curves. Vertical 
scale 12.5 Acm-2/div, and horizontal scale 2 V/div. Emitter 
temperature was approximately 1500 K. 
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Fig. 2. Potential energy diagrams for electrons in the converter. A: 
at the onset of field ionization, and B: at the point where the 
current goes to zero in the first quadrant. 
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Fig. 3. Barrier index for a large number of runs, plotted against a 
modified arc drop, (V out - V' out), defined in Fig. 2. One line is a 
linear regression to all the data points, the other one is a line 
with the 450 slope predicted in the text. 
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Exoited states of Cs in a thermionio energy 
oonverter 

Jorgen Lundin and Leif Holmlid, Department of Physical Chemistry, 
Chalmers University of Technology and University of Goteborg, 

8-412 96 Goteborg, Sweden 

1. Introduction 

In previous publications from our group we have reported on the 
existence of highly excited states of Cs and Cs- in the flux from a 
thermionic energy converter plasma and also from hot metal surfaces 
[1]. A more detailed mass spectrometric investigation has now been 
carried out to identify the excited states of Cs and other species in 
the plasma, and their relation to the converter characteristics. The 
characteristics of singly excited atoms in high Rydberg states are 
quite well known [2]. Such states can be formed both by atoms and 
molecules [3,4J, and they are easily field ionized even at quite low 
field strengths [5]. Not very much is however known about doubly 
excited states or their rections. In the present experiments, they 
originate from a thermal plasma. Exiting the two outermost electrons 
gives an energy up to 28.9 eV, which means that doubly excited atoms 
are energetic enough to ionize most atoms and molecules. They may be 
quite long-lived due to correlation effects between the two excited 
electrons, and we estimate their time-of-flight in the present 
experiments to be at least 200 ps. 

2. Experimental 

The experiments were performed with our "open" thermionic converter 
[6J. The cesium is brought into the interelectrode space through many 
small laser machined holes in the collector. Between the electrodes a 
voltage is usually applied, about 5 V AC at a frequency of 50 Hz, to 
ignite the plasma. In the chamber surrounding the converter a 
pressure of 10-5 mbar is maintained with diffusion pumps. The flux 
leaving the plasma is sampled in molecular beam form into a 
quadrupole mass spectrometer in a separately pumped chamber at 10-6 

mbar. In front of the mass spectrometer, a shielded grid at a 
variable voltage is mounted in the present experiments. An extractor 
slit is located between the ion source and the quadrupole. In Fig. 1, 
the apparatus used is shown schematically. 
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3. Results 

In the mass spectra, exemplified in Figs. 2 and 3, several mass peaks 
are observed without any electron emission in the source, i.e. with 
field ionization at field strengths up to 600 V/cm. This indicates 
that a large part of the flux is in high Rydberg states, which are 
known to field ionize under such conditions. The large peaks of Csz+ 
often found indicate the existence of doubly excited atoms Csz*. In 
the flux from the converter, the states Cs*, Csz* and probably Hz* are 
identified by field ionization. Gas inlets into the converter is 
shown to give rise to other field ionizable excited states, like Nz*. 
The doubly excited states Cs2* react rapidly with gases like COz, Oz. 
Nz in the ion source of the mass spectrometer. giving rise to singly 
and sometimes doubly charged molecular ions. This is shown in Fig. 3 
for the case of COz' Due to its small excitation energy, Cs* does not 
give reactions like this. 

4. Discussion 

Both singly and doubly excited states of Cs are detected in the flux 
from the plasma. Also other excited states with large n can be 
observed directly from the plasma, e.g. of Nz and Hz. The field 
strength necessary to field ionize a singly excited Rydberg state is 
proportional to quantum number n as 1/n4. At a field strength of 100 
V/cm, all atoms with n>42 are field ionized, and at 600 V/cm, with 
n>27. 

One interesting aspect is the large reactivity of the doubly excited 
states of Cs. The reaction processes we have observed are due to 
electron excitation energy transfer from doubly excited Csz* atoms, 
giving highly excited Rydberg states of atoms and simple molecules, 
which are easily field ionized. From the size of the energy transfer 
cross sections, between 4000 and 8000 A2, we calculate principal 
quantum numbers approximately equal to or larger than 10 for the 
doubly excited states of Cs. 

This large reactivity may be an important factor to consider in the 
construction of thermionic converters, since it may severely limit 
the number of materials which will survive in a thermionic converter 
environment. As described by reports from our group, excited alkali 
atoms may also be responsible for the strong catalytic promotor 
effects of alkali atoms in ordinary heterogeneous catalysis [7]. This 
indicates that surface corrosion effects will be severe if impurities 
(other than rare gases) are allowed to enter the converter space. 
Further, the facile formation of excited states in the plasma, which 
have large cross sections for electron collisions, makes it necessary 
to preserve the cleanliness of the converter space for long times. 

Acknowledgements 

This research was supported by the Swedish Natural Science Research 
Council (NFR) within the field of Energy research. 

Proceedings Specialist Conference Eindhoven 1989 



References 

[1] J. Lundin, J.B.C. Pettersson, K. Moller, and L. Ho1m1id, Paper 
No. 889222, 23rd Intersociety Energy Conversion Engineering 
Conference, The American Association of Mechanical Engineers, New 
York 1988, Vol. 1, p. 591. 
J.B.C. Pettersson and L. Ho1m1id, Surface Sci. 211 (1989) 263. 
T. Hansson, J.B.C. Pettersson, L. Holmlid and H. Rubinstein-Dunlop, 
Submitted to J. Chem. Phys. 

[2] R.F. Stebbings and F.B. Dunning, "Rydberg states of atoms and 
molecules", Cambridge University Press, Cambridge 1983. 

[3] J.A. Schiavone, K.C. Smyth and R.S. Freund, J. Chem. Phys. 63 
(1975) 1043. 

[4] S.M. Tarr, J.A. Schiavone and R.S. Freund, J. Chem. Phys. 74 
(1981) 2869. 

[5] G.I. Bekov and V.S. Letokhov, App1. Phys. B 30 (1983) 161. 

[6] L. Holmlid and K. Moller, Applied Physics A 33 (1984) 199. S. 
Wriedt, K. Moller and L. Holmlid, J. Appl. Phys. 60 (1986) 4133. 

[7] J.B.C. Pettersson, L. Holmlid and K. Moller, Appl. Surface Sci. 
(1989). 

Figures 

100 f")f") 
~ 

Ug 

( U QMS 
III . r, 

~ -----

TIC 111 ~ Uc 
. I~ 

Fig. 1. A schematic of the experimental arrangement. 
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Fig. 2. A typical field ionization mass spectrum with large mass 
peaks at m/z 133 and 66.5. 
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Fig. 3. A field ionization mass spectrum with CO2 admitted into the 
ion source. 
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COMPUTER MODELING AND DIAGNOSTICS OF UNIGNITED 
AND PULSED-IONIZATION THERMIONIC CONVERTERS 

John B. McVey 
Rasor Associates~ Inc. 
Sunnyva1e~ CA 94089 

1.0 INTRODUCTION 

Two new computer models have been developed for converter diagnostics. 
The first is a model of the unignited (diffusion) mode which is used for 
inferring the emitter temperature in in-core experiments.* The second is a 
model of plasma decay in a mixed cesium-argon pulse-ionization diode.** This 
model is intended to investigate the mechanisms leading to long decay times 
and high output power in such converters. Comparisons with experimental data 
have shown very good agreement for both models. 

The unignited mode model was designed to aid the inference of emitter 
temperature using the electron-rich unignited mode. This mode is extremely 
useful for diagnostics because the form of the I-V characteristic depends more 
strongly on the emitter temperature than on other converter parameters. 
Comparisons of calculated results with data from both planar and cylindrical 
converters show extremely good agreement. The program has been used in 
conjunction with a computer-aided data acquisition system to guide the start
up and long term diagnostics of fueled cells in test reactors. 

The model of the pulsed diode is used to explore the factors which affect 
the decay phase duration and output power. Comparison with data from a 
variable-spacing, planar pulsed-ionization diode gives very good agreement. 

* 

** 

This work was performed for the U.S. Department of Energy Thermionic Fuel 
Element Verification Program. 

This work was performed for the Innovative Science and Technology Office 
of the Strategic Defense Initiative Organization under Contract No. 
F33615-88-C-2881 with Wright-Patterson Air Force Base, through the 
Innovative Nuclear Space Power Institute. 
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2.0 BASIC PHYSICAL MODEL DESCRIPTION 

In the case where charged particles make several collisions in crossing 
the interelectrode space, the plasma can be described by a set of transport 
equations [1]. These equations assume that there are enough collisions in the 
interelectrode space and the electric field is so small that the inertia of 
the charged particles can be neglected. They are given by: 

and 

Where: 

72 

J = e 
[ an 

-~e kTeax + enE + TaTe] (1+ke)nkax ' 

J i == [ an -~i kTiax - enE + T aT i] (1+k i )nkax ' 

qe = [(~ + k!)~Te + +e - .::e 

E - fuP. - ax' 

an 
at ) , 

J . is the electron (ion) current, e,l 

~e,i is the electron (ion) mobility, 

k is Boltzmann's constant, 

(1) 

(2) 

(3) 

(4) 

(5) 

(6) 
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Te . , 1 
is the electron (ion) temperature, 

n is the plasma density, 

E is the electric field, 

kT . 
e,l is the electron (ion) thermal diffusivity ratio, 

qe is the electron heat flux, 

y, is the electron potential, 

Ite is the electron thermal conductivity, 

S is the ionization coefficient, 

na is the density of neutral cesium atoms, 

is the three-body recombination coefficient, 

Vi is the cesium ionization potential, 

nErad is the electron energy loss by radiation. 

Boundary conditions for the transport equations come from an analysis of 
the electrostatic sheaths adjacent to the electrodes [2]. In this analysis, 
the sheaths are assumed to be of negligible thickness. The ions near the 
electrodes are assumed to be in thermal equilibrium with the electrodes. Non
monotonic sheaths and the Schottky effect, important in the ignited mode, have 
been neglected in this treatment. 

At the emitter, for a positive (electron-retaining) sheath: 
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[
-eVE] 

Je = JR - (Jre - Je/2)exp kTe ' (7) 

Ji · JiE.Xp[:~~) - (Jri -Ji/2) , (8) 

(9) 

For a negative (ion-retaining sheath): 

J. · JR.xp[:~~l -Jr. -Jel2 , (10) 

Ji = JiE - (Jri -J;l2).XP[:~~] , (11) 

(12) 

At the collector, for a positive collector sheath: 

(13) 

J. = J . + J./2 , 
1 rl 1 

(14 ) 

(15) 

For a negative collector sheath: 

(16) 

(17) 

(18) 
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where 

The random electron (ion) current is calculated by: 
enve . J _ ' 1 

re,i - 4 

The symbols used here are: 

VE,e is the emitter (collector) sheath height, 

TE,e ;s the emitter (collector) temperature, 

~e is the electron potential at the collector sheath-plasma 
interface, 

J R is the Richardson emission current density from the emitter, 

J iE is the Saha-Langmuir ion current density from the emitter, 

Je is the electron current density from the collector, 

Me,i ;s the electron (ion) mass, 

v . is the average thermal velocity. e,l 

3.0 UNIGNITED MODE MODEL 

The unignited mode model was developed for the purpose of accurately 
inferring the emitter temperature of in-core thermionic converters by fitting 
the unignited mode portion of the I-V curve with calculated results. The 
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unignited mode has several advantages for emitter temperature diagnostics. 
Under typical conditions for TFE tests the unignited mode is in the "electron
rich" regime, where the I-V curve is insensitive to parameters other than the 
emitter temperature, interelectrode spacing, cesium pressure, and collector 
work function. In addition, the unignited mode saturation current or ignition 
current is insensitive to collector work function but is very sensitive to 
emitter temperature. 

In the unignited mode model the time derivatives in Eqs. 5 and 6 are 
neglected in order to give the steady state case. Numerical solutions are 
obtained for the transport equations and boundary conditions. The method of 
"shooting" to a fitting point in the center of the interelectrode space is use 
[3]. In this method, some of the unknown values at the electrodes are guessed 
in order to provide initial conditions for the transport equations. These are 
Te(O), VE, Te(d), Ve, and ~C. An efficient numerical integration routine is 
used to integrate the transport equations from the electrodes to the center, 
where the degree of mismatch in Te, n, ~, Je, and qe is evaluated. The 
unknown values are adjusted so as to make the mismatch small. The method 
depends on a good starting guess for the unknown values in order to converge. 
This is provided by an approximate unignited mode model. In calculating a 
current density-voltage curve the values at the previously calculated point 
are used. 

The cesiated emitter work function is calculated from the emitter 
temperature cesium pressure and bare work function using the Rasor-Warner 
formulation [4]. The cesiated collector work function is calculated from an 
analytical fit to measurements on planar thermionic converters with the same 
electrode materials as the H-series cells. 

It has proven to be important to retain volume ionization, recombination 
and radiation terms in the formulation in order to accurately match I-V curves 
at high emitter temperatures. These terms are normally neglected in 
descriptions of the unignited mode. For emitter temperatures above about 
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1700 K there is no distinct saturation region in the J-V curve. Inclusion of 
ionization, recombination, and radiation in the model enable the ignition 
portion of the I-V characteristic to be modeled accurately. This;s a 
beneficial feature when fitting a calculated curve to data at high emitter 
temperatures. 

4.0 UNIGNITED MODE MODEL RESULTS AND COMPARISON WITH DATA 

A comparison between calculated and experimental volt-ampere 
characteristics in the electron-rich, unignited mode is shown in Fig. 1. The 
experimental curve was obtained from the PD-6 variable-spacing planar 
converter. Excellent agreement is obtained between calculated and 
experimental results. The ionization/recombination terms included in the 
model enable the ignition behavior of the I-V curve to be accurately 
calculated in both the forward and reverse directions. Additional comparisons 
with experimerital data have shown that the model remains accurate over a wide 
range of collector temperatures and cesium pressures. 

The effect of emitter temperature over a range from 1600-1800 K is shown 
in Fig. 2. Again, a high degree of accuracy is obtained. 

A match to experimental data from an in-core cylindrical converter is 
shown in Fig. 3. Here the emitter temperature is used as a fitting parameter. 
A very good match is obtained at an emitter temperature of 1745 K. 

The computer model has been incorporated into a system for real-time 
display and analysis of experimental I-V characteristics. It has been used to 
guide the start-up and continuing diagnostics of two in-core converters. 
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5.0 PULSED-IONIZATION DECAY MODE MODEL DESCRIPTION 

The physical model is of a partially ionized vapor of cesium and inert 
gas, with cesium as the sole ionized species. For this model Eqs. 1 through 6 
are combined into two equations: the ambipolar diffusion equation which 
describes the change in the plasma density, and the energy equation which 
describes the change in the electron temperature. The formulation is similar 
to a previous description by V. A. Zherebtsov [5]. 

The ambipolar diffusion and energy equations form a set of two second
order non-linear differential equations with non-linear boundary conditions. 
As such, they must be solved numerically. It was required that the numerical 
method minimize complexity and provide for a high degree of modularity in 
program construction. Previous experience indicated that simple finite
difference methods suffered from instability and cumbersome algebra. The 
method of lines was selected to solve this problem. In this method, all 
spatial derivatives in the equations are replaced by finite difference 
approximations while the derivatives in time are left alone. This results in 
a system of coupled ordinary differential equations with initial conditions. 

Due to the inclusion of the energy equation in the formulation, the 
problem of multiple time scales is introduced. The characteristic time for 
electron temperature is on the order of 10 nanoseconds, while the 
characteristic time for the plasma density is on the order of 10 microseconds. 
If the time step for the numerical integration is larger than 10 nanoseconds, 
even after the electron temperature has reached equilibrium, the solution 
becomes unstable. Such systems of equations are referred to as stiff systems. 
Fortunately, there exist efficient algorithms to solve stiff equations. Such 
methods require that the Jacobian matrix of the problem be provided. Due to 
the complexity of the expressions for the time derivative, numerical 
differences are used to estimate the partial derivatives which form this 
matrix. 
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The initial condition for the plasma density and electron temperature is 
set arbitrarily. Results from the model confirm that after an initial 
transient period of about 1 microsecond the behavior of the plasma is 
insensitive to the initial condition, provided that the density and 
temperature start out higher than a certain level. For most of the 

14 _3 
calculations done to date spatially independent values of 10 cm for the 
density and 2500 K for the electron temperature were used. 

Two versions of the program were developed to treat constant current 
density or constant voltage decay. Constant voltage requires more 
computational work than constant current due to the need to iterate to find 
the value of current density and the much more complex structure of the 
Jacobian maxtrix. 

The mobilities and thermal diffusivity ratios for ions and electrons, as 
well as the electron thermal conductivity, must take into account coulomb 
scattering and scattering by cesium and inert gas neutrals. It was found in 
development of the model that inclusion of the energy dependence of electron
neutral scattering was important to achieving a good match between calculation 
and data, particularly at low current densities. Energy dependent values were 
used for the electron-cesium [6] and electron-argon [7] collision cross
sections. The method of expansion in Sonine polynomials [8] was used to 
calculate the electron mobility, thermal conductivity, and thermal diffusivity 
ratio. This gives a set of simultaneous linear equations in which the 
coefficients are computed by a numerical integration. These equations are 
then solved to yield the required electron transport coefficients. Values for 
the cesium-cesium ion and argon-cesium ion scattering were taken from Houston 
[9] and Bogdanov, et. al. [10], respectively. Values for cesium ionization 
and recombination coefficients were taken from results by Lawless [11]. 

82 Proceedings Specialist Conference Eindhoven 1989 



6.0 PULSED-IONIZATION MODEL RESULTS AND COMPARISON WITH DATA 

A comparison between a calculated and an experimental decay envelope 
family is shown in Fig. 4. Decay envelopes result from measuring the decay of 
voltage at constant current at various current values. The experimental 
results were taken from a variable spacing planar diode with a platinum (Ill) 
single crystal emitter. Measured values were used for the cesiated emitter 
and collector work functions. 

The small diameter of the electrodes in the experimental diode results in 
plasma decay by radial ion loss becoming important under some circumstances. 
Full two-dimensional treatments of the transport equations required excessive 
amounts of computer time. Accordingly, radial loss is treated in an 
approximate way. The term niT is subtracted from the right-hand side of 
Eq. 5, where 

Wherer Da is the ambipolar diffusion coefficient and 2.404 is the first zero 
of the Jo Bessel function. A similar term can be used in EQ. 6 to account for 
radial loss of electron energy. 

Fig. 5 indicates the expected effect of radial ion loss in the 
experimental geometry. The dashed curves in Fig. 5 are the same as the 
calculated curves in Fig. 4 and correspond to an electrode radius of 0.55 cm. 
The solid curves correspond to an essentially infinite radius. As can be 
seen, the finite radius of the experimental electrodes caused a slight 
decrease in decay time. 

The curves in Fig. 5 are compared with an ideal diode characteristic. 
The results show the voltage loss due to the relatively high value of plasma 
resistance. This is due to the low value of electron temperature (about equal 
to the emitter temperature) and the large interelectrode gap (1 mm). The 
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resistance can be reduced by reducing the interelectrode gap. Operation of 
pulsed diodes at high current densities requires that methods be perfected of 
increasing decay time in order to compensate for the decay time reduction 
resulting from the smaller gap. 

Fig. 6 indicates the expected change in the decay family if the decay had 
been at constant voltage instead of at constant current. At a voltage of 
0.6 volts and a decay duration of 80 microseconds the combination of radial 
loss and constant current decay causes the current density to be 50% lower 
than would have been possible with no radial loss and constant voltage decay. 
This indicates the utility of the computer model in estimating effects of non
idealities in the experimental set-up. 

Figs. 7-10 examine the details of the plasma parameters during decay. 
The decay is calculated at a constant 0.6 volts for the conditions used in 
Fig. 6. The time dependence of current density is shown in Fig. 7. The 
calculation indicates the reduction in the rate of decay at low current 
densities as a potential well for ions forms. This effect is shown in the 
motive diagram in Fig. 8, which indicates the growth of ion-retaining sheaths 
at the electrodes. 

Fig. 9 shows the time and spatial dependence of the plasma density. The 
density falls almost two orders of magnitude from its initial value to a level 

12 _3 
of about 10 cm at 80 microseconds. After 20 microseconds the slope of the 
density at the emitter is nearly flat, indicating that there is very little 
plasma loss there. This is due to the rise of a large ion-retaining emitter 
sheath. As an ion-retaining sheath is formed at the collector, the slope at 
that side is reduced as well. 

Fig. 10 shows the time and spatial dependence of the electron 
temperature. At 1 microsecond the average temperature is close to the emitter 
temperature, which gives rise to a high plasma resistivity as previously 
discussed. As time progresses, the electron temperature near the collector 
rises due to ohmic heating. This is similar to the electron temperature in 
the unignited mode. 
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Figs. 11 and 12 examine the possiblity of improved performance by 
reducing the cesiated electrode work functions, something which may result 
from improved control of cesium-oxide vapor sources. The decay is constant 
current, with no radial loss for these cases. In Fig. 11 decay families are 
compared for collector work functions of 1.52 and 1.30 eV. The effect is very 
nearly to simply add the difference in output voltage to each decay envelope. 
In Fig. 12 the emitter work function has been reduced in order to increase its 
emission current density from 35 to 70 amperes/cm

2
• As seen, this has the 

effect of a very large increase in decay time, particularly at the larger 
2 

current densities. For a working current density of 6 A/cm and an emission 
current density of 35 A/cm

2
, the voltage decays to zero in about 

25 microseconds. The same case with 70 A/cm
2 

emission takes about 
60 microseconds to decay to zero. 

7.0 DISCUSSION, CONCLUSIONS, AND FUTURE WORK 

The unignited mode computer model provides the ability to fit unignited 
mode I-V characteristics with calculated curves and has proved to be a very 
useful and accurate way to determine emitter temperatures in in-core 
thermionic experiments. Future efforts will apply this technique to 
experiments with series-connected strings of thermionic cells, all with 
different emitter temperatures. 

The decay phase computer model has been shown to accurately describe 
experimental data in the regime of interest. It has indicated the 
quantitative effect non-idealities in the experiment have on the results. 
It has indicated that performance improvements can be realized by 
further reduction in collector and emitter work functions. 
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THERMIONIC PROPERTIES OF NIOBIUM-OXYGEN MONOCRYSTALS USED AS 

CAESIUM THERMIONIC CONVERTER COLLEC10R 

A.E.Klinkov, R.Y.Kucherov, A.A.Jastrebkov 

Research Technological Institute, Podolsk USSR 

It is know that caesium and oxygen do-

ubI layers on niobium can have low work 

function (1.1-1.3 ev). These layers are 

usually formed by consequent adsorbitibn 

on niobium surface, first of oxygen then 

of caesium. At temperatures higher than 

800-900 K these layers are unstable due 

to volume diffusion of oxygen. 

In works by R.Pantel, M.Bujor, J.Bar-

dolle [1] it is noted than the surface 

structures are formed at segregation of 

oxygen solved in metal. This effect can 

be used to form stable at elevated tempe

ratures oxygen-caesium layers on thermi-

onic converter collector. Polycrystailic 

compositions of niobium oxygen have high 

brittleness. In the difference from poly

crystals niobium monocrystals containing 

0.05% of oxygen have satisfactory plastic 

properies and known treatment methodes 

can be applied to them: grinding, elect-

rolytic polishing, cutting, electron-beam 

welding, so they can be used as thermio

nic energy converter (TEC) collector ma

teri al. 

Thermionic Energy Conversion 

The investigation of adsorbtion-emissive 

properties of (110), (111) planes of niubi 

um-oxygen monocrystals~ produced by diffus

sion saturation of niobium with oxygen was 

hed in the present work. Work function of 

the said planes was measured in vacuum and 

barium. The reciprocal tungsten emitter and 

niobium-oxygen collector influence on their 

emissive properties during TEC work was al

so investigated. 

The experimental sumples were made of 

nlobium polycrystall or monocrystal rods 

obtained by electron-beam zone melting. 

Sampley With diameter 20 mm and height 4-5 

mm and height 4-5 mm ware made from mcnc

crystal rods with <110) and (Ill> axis ori

entation. The deformed layer was removed by 

grinding and electrolytiC polishing, then 

samples were saturated with oxygen. Oxygen 

concentration was measured by neutron actI

vation methode. With oxygen concentration 

increase samples microhardness varied in a 

liner mode from 0,7-0,9 GPa for initial sa

mples to 3,2-3,4 BPa for oxygen 0,5 mass 'lo. 

The oxygen in niobium was in way of solid 
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ution. The microhardness measurements measurements could take two places: appoai 

ctlong the sample cross section showed te Faraday cyllinder during adsorption pro-

their uniform saturation with oxygen. X- perties measurements - or opposite tungsten 

ray and microscopic investigations did cathode when these samples were used as di-

not show significal structural variation ode anode. Gas release from collector and 

or second phase precipitation after the- mass transfere of tungsten from emitter to 

ir saturation with oxygen. collector were sImulated in a diode. 

The scheme of experimental devIce is Caesium spraying was help from thermo-

shown at fig. 1. Six samples were simul state and barium spraying directly from am-

taneou.Iy mounted in a mobil and durin paule. The residue gases pressure during 

the measurements did not exeed 5.10 Pa. 

The samples thermovacuum preparation 

(TVP) was made by step annealing at 900 K 

80 hours, 1300 - 40 hours, 1600 K - 20 hr., 

2000 K - 1 hr. Each annealing regime ended 

with surface adsorption properties measure-

ments by measuring thermionic current at 

T = 450-500 K in caesium flow of constant 

intensivity. 

During TVP S-shaped curves of emission 

current from samples in caesium constant 

T 
flow shifted with reverse temperature (liT). 

s All this shows that samples surface adsorp-

tion increases with gas release. For sarnp-

les with oxygen concentration up to 0.2% 

curves shift took place after every anneal-

ing step, for samples with higher oxygen 

Fig. 1. The scheme of the experiment concentration after T 1300 K, 40 hr anne-

1 sample; 2 - yoke; 3 - aling S-curves stabilisation took place 

electron heater; 4 - Faradey (see fig. 2). It was the evidence that sam-

cylinder; 5 - ceasium reser- pies surface at 1300 K allready cleans from 

voire; 6 steam pipe-line; impurites like carbon, sulphur. 

7 effusive hole; 8 - water Work function values'l<T/T~ is caesi-

cooling screens; 9 barium urn reservoir temperature obtained by proce-

ampule; 10 - immobil elect- ssing S-curved measured on TVP-treated sam-

rode pies are shown on fig. 3. With oxygen con-
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centration increase minimal work fu-

nktion decreases from 1,,50-1,55 eV 

curves slope to the left of the mi-

nimum is also decreases. In the sim-

ilar adsorption conditions minimum 

for (110) samples can be seen at te-

mperatures of 60 K higher then for 

(111) samples. 

S-curves measurements held at di-

fferent VaIL!eS of caesium flow show-

ad that adsorption heat of caesium 

Thermionic Energy Conversion 

Fig.3. 

a) () 

• 
b) Q 

• 

590 680 T,K 

1.& 

1.6 

t6 

I,~ 

L2~ ________ -L ________ ~ 

L5 2.0 1j 2.5 
liT/! 

~ (T 1T#t ) dependences of the monoc-

rystals (110) Nb-O, ( 111) NBo 

(110) Nb l( (110) Nb-O, 2- %0 

( 110) Nb-0,35%0 4 (110) Nb-0,5%0 

( 111> Nb; x- ( 111> Nb - 0,2%0 

( 111> Nb-0,25%0 f:t, (lll> Nb - 0,5'%0 

ial close packing surface structure with 

loose (110) NbO, (220) NbO and (111) NbO 

structures with corresponding work function 

decrease. This very process can be used to 
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for oxygen-containing samples is de

creasing with the approach to mini

mal work function value (see fig.4'. 

This can explain the slope decrease 

in the left part of fig. 3. 

The (110) samples work function 

in vacuum decreases with oxygen con

centration growth from 4,65 to 4,4eV 

and (111) samples work function inc

creases from 4,1 to 4,4 eV (see tab

Ie 1). 

Barium adsorption decreases work 

function of (11D> Nb 

I e to 1,6 eV and (111) 

0,351. 0 samp

Nb - 0,5%. 0 

sample to 1,7 eV. (110) samples work 

function versus temperature depend

ence curves have plateux 1,7 eV; 2,4 

eV; 2,7 eV values in barium flow. 

Barium layers thermal desorbtion 

in vacuum shewed existence of stable 

states with the same work function 

values correspondlng temperatures 

750 K, 1050 K, 1480 K. The same beh

avior was seen at barium desororpt

ion from (111) samples. 

The results achieved can be des

cribed satisfactory with the help of 

existing data on caesium and oxygen 

adsorption on niobium monocrystal 

surface. For example, in works [1-3J 

at oxygen adsorption on Nb ( liD> 

plane the consequent change of init-

100 

explain Nb (110) samples work function dec

rease with oxygen concentration growth. 

Caesium, adsorption investigations in 

niobium oxidation phases [4] showed that Cs

o on Nb (111) structures is in depolarized 

states thus providing higher values of mi 

nimal work function. In our case, with sUr

face segregation of the solved oxygen, 

(110) samples gave lower work function val 

ues in barium and caesium flows than ( 111> 

samples. These very assumptions about adso

rption character can explain the aperiodic 

behaviour of (T) curves at barium adsorp-

tion and caesium adsorption heat decrease 

in the minimal work function region. 

The further investigations of Nb-O com

position as TEe collector were aimed to 

bring an understanding on releasing from 

collector during TVP components influence 

on tungsten emitter surface work function 

and tungsten emitter surface mass-transfere 

on collector emission properties. Monocrys-

tailine tungsten samples ( 112) W mounted 

into mobil yoke (fig. 1) and non-mOVing 

sample was (110-Nb - 0,35% 0) monocrystal. 

At a constant emitter temperature ~ 1700 K 

collector temperature increase to 1000 

1100 K led to emitter work function growth 

from 4,7 to 5,2 eV, but after few hours of 

diode work at this collector temperature, 

emitter work function dropped to 4,7 eV.The 

further collector temperature increase to 
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Fig. 4. Heat of ceasium atom adsorb-

tion on the sample surface 

of the monocrystal (111) 

Nb-O: 

IJ. (111) Nb " (111) Nb 

0,21.0 (111) Nb 0,25%0; 

-(Ill) Nb - 0,5%0 

1900 K caused strong emitter work 

function decrease to 4,3 eV, this 

value did not change after emitter 

being moved to Faraday cyllinder and 

a long annealing during 20 hours at 

2000-2100 K. 

After that emitter was changed by 

(110) Wand. e:.:peri ment was repeated 

with the same collector along the 

previouse program. As a result emit-

ter work function decreased from 5,2 

eV to 4,9 eV. 

Thermionic Energy Conversion 

These e>:periments showed that gaseous 

components being evaporated from Nb-O col-

I ector surf ace at temperature 1 ower- than 

1400 K, the existence of the saId ccmpo-

nents causes the emItter work function inc 

rease. With their pump of from interelect-

rode gap the emitter reduces its properies . 

The components being evaporated at higher 

temperatures are probably niobium oxides, 

wich with hydrogen existance reduces on 

emitter hot surface, leaving, niobium layer 

with corresponding work function 4,3 eV and 

4,9 eV for (112) and (110) planes. 

In TEC interelectrode gap with tungsten 

emitter and Nb-O monocrystal collector cyc-

lic transport reactions can take place. The 

hydrogen existing in caesium vapour phase 

falling on collector surface containing 

oxygen forms water vapours and after that 

caesium o}(yhydrates. Caesium o~:yhydrate by 

diffusion reaches emitter. were it is being 

decomposited with fluid tungsten oxides 

formation. The letters are being condenced 

on collector emission properties. 

To similate this process (110) Nb- 0,3 0 

and (111) Nb - 0,3% 0 samples were instral 

led into mobil yoke, non-moving sample was 

(110) W. Niobium samples were annealed over 

Faraday cyllinder during 40 hours at 1300K, 

after that S-curves of their surface were 

measured in caesium flow. After that niobi-

um samples were placed for one hour over 

(110) W emitter having temperature 1950 K. 

During this operation the oxygen waS 

filled into experimental device up to the 

pressures 10 Pa, providing about 50 tun-
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gsten monolayers evaporatlon from des shape with emItter made of tungsten mo 

emitter. Niobium samples were retur- nocrystal and collector made of Nb - (0,2 -

ned to Faraday cyclinder and once 0,3'1.-0 monocrystal were held in Suckhumi 

again S-curves were measured. The Physico-Technical Institute. Emitter vacuum 

experimental results are shown is work function values increase was observed 

fig. 5 in a way of (TIT ) plots. together with collectors work function dec-

rease in caesium vapour. In cyllindrical 

device after 400 hours of operation emitter 

made of (111) W average vacuum work funct-

ion increased from 4,9 eV to 5,2-5,3 eV, 

and (111) Nb - 0.3% 0 collector in caesium 

vapour decreased from 1,6 to 1,5 eV. AuxiI-

lary collector heating at T 1200 f< dur-

ing two hours led to work function decrease 

to 1,35 eV. During further tests emission 

properties of electrodes remained constant. 

Investigations of collector surface chemi 

cal composition held after this tests show-

ed existaance of tungsten oxides layers 

with thickness no more than 0,05-0,1 m. 

As a result of the processes described 

Fi g. 5. dependences of TEC reached stable parameters, presented in 

the collectors ( 111> and table 2, wich did not change during all 

(1100 Nb - 0,3% 0 before 1240 hours of tests. 

!J. j and after o. tungsten Electric output parameters of the same 

condensation TECs, with the only difference being colle-

ctor made of molybdenum are presented in 

the same table 2, these results were obtai-

As one can see from the fig. 5 samp- ned by us earlier. As it can be seen from 

les emission propertis coinside after the comparison, using collector made of Nb-

tungsten condensation. Their minimal (0,2-0,3%) 0 gives a significal increase in 

work function appears to be the same characteristic TEC power. 

as initial for (110) N - 0.31. 0 plane 

and this value is 1,4 eV. REFERENCES 

At authors suggestion tests of TEC 

with plane and cyllindrical electro- 1. R.Pantel, M.Bujor, J.Bardoll. Continuons 
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Measurement of Surface Potentia 

Variations During Oxygen Adsorpt

ion on the (lOO) {UO} and (111) 

Faces of Niobium Using Mirror 

Electron Microscope Surface Sci

ence G2 {1977} 589-609. 

2. B.H.Zykov, D.S.lkonnikov, V.K.Is

hakaya. Oxygen interaction with 

the monocrystal niobium face 

(110). 

~K3Kxa Taep.tlOf'o rena, 1975, N 12, 

e.3562. 
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3. V.A.Ishchuk, O.V.Kanash, YU.G.Ptushlns

sKy, A.G.Fedorus, sub monolayer phases 

of the face (110) oxydation. 

~K3Kxa T'6epAOf'O ltena, 1981. N 5. 

4. E.V.Klemenko, Mutual adsorbtion on the 

face (110). 

YxP. cpH3KQ. :llClIPHan, 1962, N 7, c. 1087 

1093. 
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Table 1 
Table 

Characteristics of the reseatched samples niobium-oxyge 

----------------------------------------------------------------------------------------
Orientation QHygen content l£ min at Cs Lfmln at Ba adsorb-

of monocrys- in the sample, in vacuum adsorbtion, eV ti on, eV 

tal sample mass 'Y. T= 1800 f'::, eV 

----------------------------------------------------------------------------------------
( 110) 0.02 4.65 1.5 2.0 

initial 

0.20 4.60 1.4 1.7 

0.35 4.50 1.4 1.6 

0.50 4.40 1.35 

(111 ) 0.02 4.10 1.5 2.0 

initial 

0.20 4.25 1. 46 

0.25 4.30 1.45 

0.50 4.40 1.4 1.7 

Table 2 

The results of experimental converter tests T 1870 K, T '" 870 f::, d 0.4 mm 

Electrodes v , V , Pa v , at Geometry 

j=10 A/cm , of the 

v electrodes 

w- (110) Nb 0,3'>: 0 13.4 0.7 345 0.9 flat-par-aIled 

(110)W-(111)Nb-O,2'l.O 11.2 0.5 440 0.82 _u_ 

111 W 111 Nb - 0,3'l. 0 11. 6 0.53 0.8 cylindrical 

(llO)W - Mo 7,.3 0.45 720 0.66 flat-parallel 

111 W - Mo 6.6 0.46 280 0.67 c:yl indrical 
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SURFACE PROPERTIES OF EMITTER ENVELOPES WITH MONOCRYSTAL TUNGSTEN COATING 

AND THEIR IMPACT ON THERMIONIC CONVERTER PERFORMANCE 

V.I.Yarygin, A.V.Vizgalov, V.S.Mironov, R.V.Savvov, E.E.Sibir, V.N.Sidelnikov. 

INSTITUTE OF PHYSICS AND POWER ENGINEERING, OBNINSK, USSR 

ABSTRACT 

The paper presents the results of surface 
p'roperties research into mono crystal 
D11]-axis oriented molibdenum emitter 

envelope with tungsten coating and the 
study of emissive emitter non-uniformity 
impact on thermionic converter (TEC) per
formance. 

The results of the surface property analy
sis include the detailed analysis of ele
ment composition temperature evolution, 
crystallographic orientation and electron 
work function (CP) by the methods of 
Auger electron spectroscopy (AES), high 
resolution total current spectroscopy 
(HRTCS) and contact potential difference 
(CPD). 

The tungsten coating has been found to be 
monocrystalline, as to the type of cry
stallographic orientation, it is polyhed
ral azimuthally alternating direction 
~10] and ~12J on the surface and the 
corr~sponding vacuum work function Po 
variation from 5.35 eV to 4.7 eVe 

It has been revealed, that the emissive 
non-uniformity of the emitter envelope 
associated with the polyhedrality of tung
sten coating can cause the increase of 
barrier index (VB) by-0.2 eVe 

INTRODUCTION 

The research of TEC electrode surface pro
perties impact on the output electric cha
racteristics is a required stage of work 
when validating the choice of electrode 
materials. In developing of the reactor
converter "TOPAZ" [1,2 I we carred out 
complex analyses of TEC laboratory models 
with a monocrystal emitter envelope with 
tungsten coating and a niobium-based alloy 
collector. 

Tungsten was coated by the chemical vapor 

Thermionic Energy Conversion 

deposition (CVD) from WF6 [3] on the mono
crystallic molibdenum envelope with yry
stallographic axial orientation [1111. 
Upon coating tungsten the emitter envelope 
(EE) was not subjected to any treatment. 
The diameter of EE was 10 mm. The value 
of TEC spacing envelope (SE) at a room 
temperature of electrodes (d) was 0.4 mm, 
the effecting working area of electrodes 
was 10 cm2• 

It is evident that the choice of technolo
gy process of EE can greatly affect the 
emission-adsorption properties of TFE emi
tters, since it involves the corresponding 
changes in the element composition, chemi
cal state of surface and near-surface lay
er, crystallographic surface orientation 
and work function. 

This work dealt with the solution of the 
problem of establishing interrelation bet
ween the composition, crystallographic 
surface orientation, distribution of ~O 

over the EE surface and the corresponding 
TEC characteristics variation. 

RESEARCH METHODS, TECHNOLOGY, EQUIPMENT 

The experiments were conducted in two sta
ges. At the initial stage the evolution 
of element composition, crystallographic 
surface structure and the distribution 
of work function ( PO) over the EE surface 
were tested in the device for surface ana
lysis. The value of the effective EE work 
function (~~) was calculated by the data 
on Po distribution measurements. 

At the second stage the variation of emis
sion-adsorption characteristics of elect
rodes and J-V characteristics of TEC in 
the range of emitter temperature (TE) va-
riation 1200-2000 K, the collector tem-
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perature (TC) 123-1213 K, ceasium reservo
ir temperature (TCs) 410-620 K was studi
ed on the laboratory rig with electric he
ating. All in all 1 experiment runs were 
conducted with different laboratory TEC, 
the time of characteristics measurements 
in each run was 100-200 hours. The VB 
value variation and the analysis of EE 
emission non-uniformity impact on the va
lue of minimum barrier index (VB min) ob-
tained similar to [41 were found by the 
measurement data experimentally and by 
calculation. 

The detailed research on the surface and 
near-surface EE region characteristics 
was made through a complex surface analy
sis by the AES, HRTCS and CPD methods in 
the analytical device, whose design diag
ram is shown in fig.1. 

o 

Fig.1 - Design diagram of an analytical 
device and its main units for the 
analysis of EE surface. 

@ - general view: 1 - analytical 
chamber; 2 - X,Y,Z,9 - manipulator 
of speCimens; 3 - AES; 4 - subli
mation pump; 5 - Ti - evaporator; 
6 - preliminary pumping valve; 
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7 - sputter-ion pump; 8 - vacuum 
transducer; 9 - gas bleeding-in 
system; 10 - HRTCS; 11 - mono po-

~
ar mass-spectrometer transducer. 

b - cross-section: 1 - AES collec
or; 2 - AES; 3 - gas bleeding-in 

system; 4 - HRTCS; 5 - Cs source; 
6 - viewing port; 7 - 6-position 
holder - manipulator; 8 - elect
ron gun; 9,10 - analyzing electro
des. 

(C) - EE holder of specimens: 1 -
Jrrame; 2 - EE specimen; 3 - fila
ment; 4 - thermocouple; 5,6 - sy
stem of specimen rotation. 

The detailed description of the surface 
analysis methods emplayed and the corres
ponding technology and devices are given 
in Ref. [5]. A salient feature as opposed 
to (5) was allocation of specimens under 
study (fig.1,c) - annular EE specimen-wit
ness fragments (point 2 ) tested in TEC on 
a special holder. The holder design provi
ded for an oppotunity to rotate the speci
mens about the axis to detect azimutal de
pendences (f (J,.», a composition, struct
ure and worK function about a fixed ana
lyzing focus on the surface. The geomet
rical resolution on the surface in the 
AES-mode was 20 ~m, in the HRTCS and CPD
mode - 0.1 mm. The measurement error ~o 

was ~0~02 eVe The AES sensitivity for 
carbon was as good as 10-2 of monolayer. 
In addition, the holder design allowed 
the specimens to be heated by electron 
bombardment (point 3 ) up to T ~2200 K 
and the temperature to be measured using 
tungsten-rhenium thermocouples TR 5/20 
(point 4 ). The pressure of residual ga
ses in the analytical chamber in the cou
rse of measurements was as low as 10-8 Pa. 
The profile analysis of specimen element 
composition was made at a room temperature 
on the Auger spectrometer PHI-590, the 
quantitative processing of the Auger-spe
ctra was carried out by the method of ele
ment sensitivit~ coefficients using the 
data of Ref. [6J. 

Fig.2 shows the design diagram of the de
vice and the laboratory TEC applied for 
the converters testing. The preparation 
of TEC and vacuum-cesium supply lines to 
the experiments was basically traditional 
including thermovacuum preparation (TVP) 
with residual gas mass composition monito
ring in the course of gaSSing, distillati
on and Os supply to the sevice reservoir 
(point 11 in fig.2) etc. A salient fea
ture of these devices is the implementa
tion of SE pumping and supply lines 
with relatively large clear openings and 
pumping rate and the stringent require
ments to the accuracy of TE measurement 
and maintaining. The former was achieved 
due to implementation of both-way pumping 
of TEO SE, shortening of pumping line, 
(point 6 in fig.2) and their connection 
to two magnetic discharge pumps with the 
total pumping speed --350 llsec using a 
heated valve 50 mm in bore. 
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Fig.2 - Design diagram of laboratory TEC 
and system vacuum - cesium supply 
lines. 
1 - EE; 2 - collector; ) - thermo
couples; 4 - V-shaped tungsten he
ater of the emitter; 5.1 - system 
of heating and cooling of the col
lector unit; 6 - TEC pumping sys
tem; 1~8.9.10 - heated valves 50, 
10, 10, 10 (mm) in bore; 11 - Os
reservoir; 12 - Os distillation 
system; 10 - monopolar mass- spe
ctrometer transducer; 14. 15 -
protective vacuum chamber and its 
pumping system. 

The latter was achieved due to the locati
on of 1 tungsten-rhenium thermocouples 
TR 5/20 over the length of the emitter 
working part (point) and 1 in fig.2), the 
utilization of emitter heater providing 
the EE heating by irradiation up to TE -
2000 K with the temperature drop over the 
length as low as 50 degrees. The tempera
ture of electrodes and Os reservoir was 
kept at a fixed level using a temperature 
regulator with the deviation T as low as 

for TEt TC - ~5°, TCs - to.5°, the abso
lute measurement error T did not exceed 1%. 
When determining the value TE the experi-
mental profiles T were averaged by a para
bolic dependence. The system of J-V chara
cteristics registration incorporated an 
electronic device and a scanning type data
logging system of temperature sensors, cur
rent, voltage transducers etc. with the 
processing and recording on the JlROBOTRON-

Thermionic Energy Conversion 

1115" _ type personal computer. The rec
tangular measuring pulses with a width 
1 ms and on-off time ratio over 50 were 
made use, of to reduce the thermal effect. 

RESULTS AND DISCUSSION 

Figs. 3-5 present the most characteristic 
results of the research into surface pro
perties and EE near-surface area by the 
data of a number of experiments. 

Fig.) shows a stable distribution over 
the EE surface of crystallographic orien
tation and tp 0 (fig. ), b) established 
following the specimen heating at 
T.2000 K. 

Fig.) 

l/o.N 
niOl 911 loin ® 

I , 
~.3 

'l['? 6.1 

4.9 

•• ? 

.:y:;f rf'';I;f (I)" 9tf of. 

\fi.1V 

- Variation of crystallographic 
orientation and EE surface work 
function. 

(8) - typical view of delay curves: 
~ - W(110) standard; 2 - W{112) 
standard; 3 - EE region with (110) 
orientation; 4 - EE region with 
j(112) orientation. 
~- azimuthal distribution of 
work function and crystallogra
phic orientation over the EE 
surface: 1 - pure surface; 2 -

<it
th 0 impurity. 

c - design dependence of EE effec
iva work function on the portion 

of surface with (110) orientation 
regions: _ -by data of @. 
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The data of HRTCS and CPD were refer
red to the crystallographic orienta
tion of surface and EE work function 
with a use of primary standards with 
the known performance of W(110) and 
W(112) monocrystals' specimens with 
the values of work function 
<f11O=5.35±0.03 eVand 
'P112=4.7±0.05 eV (fig.3,a). which 
is in agreement with the data of Ref. 
L7J. Fig.),c shows the results of 

c 
~f calculation by the model discus-

sed below as a function of (110) face 
surface fraction on the EE (S110)' 
The result of calculation 'f

E
o= 4.9 eV 

(a black dot on the curve, fig.3.c) 
is given ibidem according to the ex
perimental data of ~o distribution 
on the EE (fig.3.b, curve 1). When 
measuring the distribution <J' 0(.,1..) for 
various basic series of EE tested 
in this work the specific sizes of sec
tions with the maximum Ii 0 ( (110)-fa-
ce) in the azimuthal direction were 
measured from 0.5 to -::::::: 1.2 rnrn. It agre
es with the measur~ment of S110 from 
10 to -;:;::: 20% and r.Ji

E 
from 4.9 to 5 eVe 

The analysis of the results given in 
fig.3 demonstrates that the EE tungs
ten coating is monocrystal, polyhed
ral by the crystallographic surface 
orientation, with the sections alter
nating every 600 azimutally, which 
are oriented in the direction (112) 
and [1101, and in the whole agree 
with the crystallographic orientati
on of Mo {1111 monocrystal backing
envelope surface. The variation of ~o 
from 4.7 to 5.3 eV over the EE surface 
in the azimuthal direction is consis
tent with the corresponding change of 
surface crystallographic orientation 
from [112] to (1101. In a number of 
cases an oxygen impurity with a deg
ree of coating Q,,~O. 1 was noted, 
which can insi~ificantly shift up the 
dependence <p 0 ( ,J.-) towards higher va-
lues (curve 2 in fig.3,b), which agrees 
with the data of Ref.[SJ. 

Figs.4 and 5 a,b show certain salient 
features of tungsten coating of EE app
lied, which are related to the availa
bility of C and 0 background impurities 
introduced into the near-surface region 
of coatings in the course of CVD sett
ling of tungsten. According to the data 
of profile Auger analysiS (fig.5, a,b) 
a content of 0 in the near-surface re
gion at a depth more than 4 nrn is on a 
level 5-10-1 - 10-1 mass%. 
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The distribution of 0 and C by the EE azi
muth is non-uniform, they are accumulated 
largely on "friable" surface regions cor
responding to direction [121] (fig.4. b 
and c). Oxygen is responsible for the pro
cess, which we called EE "self-cleaning" 
from the impurities in particular from 0, 
which normally goes into a "carbide" che
mical state and cannot be removed by hea
ting for molten monoc~ctals W and Mo be
ing heated in vacuum [5,8]. In our case 0 
entered in the course of W settling. when 
heated, diffuse on the surface, interact 
with C and transforms it to CO monoxide, 
which is readily resorbed from the surfaoe 
at T ~ 1200 K. The process of EE "self
cleaning" was speoially checked by model 
contamination of 0 in the form of satura
ted carbide by acetone vapour deoom~osi
tion on a heated backing like in 15J. 
Heating the artificially carbidized spe
cimen of EE up to T = 2100 K resulted in 
fast reduction ( = 5 min) of carbon peak 
in the Auger spectrum and the correspon
ding growth of ~o like in [5J up to the 
initial value. Dynamics of C at diverse 
stages of "self-cleaning" by heating the 
EE artificially oarbidized specimen is 
shown in fig.4,a. It is shown, that the 
surface has oleanged to the initial sta
te, i.e. tlself-cleaning" from the e im
purity entered on the surfaoe by way of 
its oxidation by 0 contained in the coa
ting. Multiple heating of EE up to 
T ~ 2100 K following the "self-cleaning" 
did not result in build-up of O. The 
Itself-cleaning" process can be assumed 
to be determined both by 0 diffusion on 
the surface dependent on T and 0 ingress 
rate with the source of hydrocarbons in SE 
TEC available. The life-time of this 0 
source will depend on its consumption ra
te (leaving the surface) and the total 
inventary in the W - coating layer. 

The EE "self-cleaning" in the experiments 
on J-V characteristics of TEO considered 
below seems to have taken place as early 
as at the TVP stage. We attribute to it 
a stability of EE emission - adsorption 
characteristics observed in all measure
ment runs. 

As an example fig.6,a and b (curve 1) 
show the most typical results from 7 ex
periment runs with TEe at the conditions 
studied with specified TE, TCs ' d and 
TO - VAR. The value of effective vacuum 
work function calculated by Richardson
Deshman'a formula as a function of cur
rent density in the knee of J-V characte
ristics (jo) of arc modes taking into ac-
count a correction for electron-caesi-
um atom scattering and averaged over the 
results of measurements of all the runs 
was ~: -4.90 ~ 0.06 eV. 

Thermionic Energy Conversion 

Fig.6 - Family of J-V characteristics at 
various temperatures of collector 
(a) and dependence of barrier in
dex on TclTCs (b). 
~: 1 - experiment; 2 - calcula

tion; 3 - limiting value. 

Averaging over the same runs for the va
lue of minimum collector work function 
( ~C min) obtained with the use of back 
emission method and VB min gave the fol
lowing values: 

tp C min _1 • 48 ± O. 03 e V, 

VB min=2.23±0.04 eV. 
The confidence limits of deviations for 
these values were determined with a pro
bability 95%. 

The analysiS of the experimental data ob
tained during TEO tests by the data of 
integral measurements of characteristics 

o demonstrates a good oorrelation of ~e 

with the design value (fig.3,c) by the da
ta of local measurements ~o(oi.) (fig.3,b) 
However, a comparison of experimental va
lues VB with the design ones provided a 
difference of the order of 0.2 eV (fig.6, 
c, curve 1 and 2). The design value VB 
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(VB calc) was calculated like in [4] by 
the formula e 

VB calc,== IJc + A V C + II V transport (1) , 
« 

where the term AVe takes into account a 
reduction of output voltage due to emissi
on of electrons from the collector and 
was determined according to recommendati
on [9] by the formula 

Vt_KTO [1 j:(J TE-Te 1)] 
!J -TW1+' 1+-'-- (2). 

e J Te ~5'cI 
'e Here and below J c - is the collector 

electron emission current density t j - the 
density of transmitted current, K - the 
Boltzmann constant, e - the electron 
charge, p Cs - the Cs vapour pressure, 
dimensionality PCs·d - [rom mercury column 
x mm], PCs - pressure in accordance with 
recommendation [10] was calculated by the 
formula 

~llD __ 4053.30 -0 915U2'"T. +g92534 (3) 
tiJ res - Tes . ua Cs • , 

The value aVtransp corresponding to tran
sport losses of voltage in 8E was conside
red constant and was selected following 
the recommendations of Ref. [111. It is 
evident that the limiting value VB (fig.6, 
b, curve 3) can be found as 

Vs £~m = fi.m VB eafr. (4) 

Y'c""" O 

Fig.6 shows that at Tc/Tcs~ 2 VB calc, = 
~lim' i.e. the TEC output voltage in this 
range of ratios Tc/Tc is defined not by 
~c' but it is only slimited by electron 

emission of the collector. It is evident 
that the output voltage with the ratio 
Tc/TCs~1.9 is basically defined by Pc 
The comparison of values VB and VB calc. 
shows that their difference remains appro
Ximately constant, and in different experi
mental runs it was 0.15 - 0~25 eVe 

The difference of the VB value determined 
in experiment from VB calc. indicates a si
gnificant shortage of output electric cha
racteristics and efficiency of TEe with 
polyhedral EE. The attempts to explain 
this barrier index value exceeding the 
expected one, that we know from the lite
rature, on the basis of the VB 1 design ca c. 
estimates were based on the interpretation 
of processes associated with the collector 
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impact, in particular, with a feasible 
impact of electron reflection from the 
collector, with flecks with reference to 
~C' an availability of virtual collector 

was also suggested. However, it had no con-
clusive explanation supported by the 
experiments with TEC. In our case, procee
ding from the particular attention to pu
rity and monitoring of experimental condi
tions, the rise in TE measurement accuracy, 
the analysis of EE surface detailed chara
cteristiCS, we attribute a fairly conside
rable difference of VB from VB calc. to the 
effect of polyhedral EE emission structu
re. With this aim in view let the design 
estimate VB be quoted taking into account 
the experimental results (fig.3tb) and 
certain our semi-empirical representati
ons given below. 

~E of the emitter contained in Os vapoura 
is known to be normally determined eith~r 
with the so-called "Rasor'S curves" [12J 
or b~ the formula of empirical technique 

[13]. We believe, that the following for
mula is more convenient to calculate the 
emitter emission current density value: 

i :exp( 'I; _ 'T'E: + fn Pcs -15.85), A/errl (5). 
4 E 0.2 250 0.6 

D 
The comparison of ~E calculated by formu-
la (5) and by the data of Ref. [13] given 
in fig.5,c shows an agreement of their 
field of application for 4.3 eVe::. C;~.£.6 eV 
and 2.3 eV"", IRE ...:::...3.3 eVe Formula (5) is mo
re convenient for the qualitative analy
sis of the phenomena occurring in TEC. 

Let the polyhedral EE be considered , 
where the regions with high ( If l' ) and 
low (1:f; ) vacuum work function alternate 
azimuthally The portion of EE surface with 
1J11 is 8 1 , and with(j2 - (1-S1). Accor-
ding to the experimental measurements 
shown in fig.3,b for the EE with the di
ameter 10 rom, the width of regions with ':9, and (j' '2 is~ 1 rom, which is essential-
ly more thand. This enables us to emplay 
the characteristics additivity prinCiple 
when constructing the J-V characteristics 
of TEC. 

j'l' (1-51) 
If ---- -=:::.." 1 (here jl and j2 - are Ii S1 
current densities of the corresponding EE 
regions), then we can confine ourselves 
only to j, when considering the total emi-
ssion current. Note t that this ratio is 
~ 11.30 for our operating condi tiona. 
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For the segment of J-V characteristic 
with a hindered arc mode in the general 
case we can write

eV 
- K'T'£ J =-a·e (6), 

where a. =const, V - is a current value of 
output voltage. In our case, taking into 
account only j, with S, we have 

eV. 
• {' - ,,1"£ (7) J -= ;)1· ae • 

Equating (6) to (7) the value of output 
voltage losses is obtained (or the rise 
of VB) due to EE polyhedral emission 
structure: 

II V - V-V = - ~ fn 5 T 
8 - 1 e '" E (8). 

o 
To calculate If E of polyhedral EE let us 
make use of the additivity principle: 

Substituting formula (5) into (9) we 
shall have 

~o 

+ (~-S)e~ 
-I 

then 

(10), 

( 11 ) • 

IP;- ~" 
where the correction is (: :::(1-~)e 0.2. ::::::10, 

it is Significant only at low values of S, 
o • 

For our EE with <:PE =4.90 :to.06 eV taking 
into account the variation of ~o(dl) (by 
the data of fig.3,b) between the values 
from ~110=5.3 eV to ~112.4.7 eV we shall 
have S1=0.08 :to.OJ, which is in good ag
reement with the results of local measure
ments ':1'0,8110 ::=10% (fig.3,c). 

In conclusion let the value VB . be es-m1n 
timated taking into account the additional 
voltage losses due to polyhedral emission 
structure of EE. Let the value ~C be equ-
al to the averaged minimum value 1c min ~ 
1.48 eVe The rise of AVB according to (8) 
for the real operating conditions of TEC 
(TE=1800 K. TC=900 K) will be AVB~0.3 eVe 
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e 
Then the value VB= ~C+ AVC +0.5 + AVB= 
1.48+0.03+0.5+0.3=2.31 eV, which is in a 
good agreement with that obtained experi
mentally in TEC with the polyhedral EE 
VB=2. 23:!: 0.04 eV. Hence. a oonolusion can 
be drawn that the above calculation evalu
ates properly both the VB growth value and 
the distribution of emission regions areas 
on the EE. 

Therefore, proceeding from the results of 
TEC oharacteristics analysis conducted. we 
can conclude, that the reason of relative
ly low efficiency of polyhedral EE TEC is 
an emission ability non-uniform structure 
of the effective area. In this contex~ it 
can be assumed that with the increase of 
S110 share up to the value~50%. the rise 
in TEC output voltage by 0.15 - 0.2 eV 
can be expected. 

CONCLUSIONS 

The tungsten coating built-up by a gaseous
phase method on a monocrystal EE made of 
Mo[111) is monocrystallic. By its crystal
lographic orientation of emission surface 
it is Eolyhedral with the areas in direc
tions l112] and [110] alternating azimu
thally every 60°, and with the correspon
ding variation of ~o from 4.7 to 5.3 eVe 
A typical size of the region with the ma
ximum work function in the azimuthal di
rection varies within the range 0.5-1.2 mm 
for diverse EE. The effective vacuum work 
function variation corresponding to it by 
the data of ~o local measurements can be 
within the range If'i =4.9 - 5 e V • 

A property of tungsten coating "self-clea
ning" from carbon has been revealed due to 
its oxidation by oxygen diffusing from the 
near-surface coating region to the surface. 
when the EE is heated. Concentration of ox
ygen entering the surface in the coarse of 
gaseous-phase tungsten settling varies in 
the,near-surface region in the range 
10- - 5-10-1 mass %. 

According to the data of measurements of 
EE emission-adsorption characteristics as 
part of TEC with a niobium-based allay 
collector ~E=4.90:!:'0.06 eV. VB min = 
2.2)::tO.04 eVe 

The emissive non-uniformity of EE polyhed
ral tungsten coating results in the incre
ase of VB (reduction of TEC output volta
ge) by:=0.2 eVe 
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HIGH TEMPERATURE ELECTRON-EMISSION AND MECHANICAL PROPERTIES 
OF W-Re-HfC ALLOYS 

B.H. Tsao, B.L. Chen, A. Luo, D. Tang and D.L. Jacobson 
Department of Chemical, Bio and Materials Engineering, 
Arizona State University, 
Tempe, AZ 85287, U.S.A. 

Abstract 

Effective work function (4)~j is one of the important considerations in the selection of the 
electrode materials for high temperature thermionic energy converters in space power applications. 
The effective work functions of W-Re-0.35HfC with various Re contents were measured in the 
temperature range of 1700-2500 K. The results indicated that the effective work function increased 
with increasing temperature and Re content. The increase in the effective work function with Re 
content can be explained by the increase in the potential barrier at the metal-vacuum boundary, 
associated with the volume effect--decrease in the lattice constant. Conversely, adding HfC lowers 
the effective work function at temperatures below 2100 K. Properties associated with high 
temperature mechanical stability such as tensile and creep strength are also important 
considerations for the selection of electrode materials for thermionic energy conversion. Tensile 
properties of W-3.6Re-0.4 HfC were evaluated in the temperature range of 1950 to 2980 K. The 
tensile strength of a W-3.6Re-0.4HfC alloy is much greater than that of pure W or W-3.6Re alloy 
above 0.5 Trn. The excellent high-temperature strength of W-3.6Re-OAHfC is due to the 
strengthening effect of HfC particles. The strengthening effect of HfC particles decreases with 
increasing tempemture. Above 2700 K, the contribution of HfC particles to tensile strength is very 
small. The decrease in the strengthening effect of HfC particles above 2700 K is considered to be 
caused by the coarsening of HfC particles. The fracture mode of W-3.6Re-0.4HfC above 0.5 T rn 
is ductile dimple tearing. The tendency for ductile tearing increases with temperature. Extensive 
grain boundary sliding takes place above 2450 K and this is responsible for the rapid increase in 
tensile elongation ofW-3.6Re-0.4HfC above 2450 K. Step-load and step-temperature creep tests 
were performed in the temperature range of 1955-2783 K and in the stress level of 10 to 70 Mpa. 
The steady-state creep rate of W-4Re-0.33HfC alloy is a function of stress to the 5.3 power and is 
not sensitive to the temperature from 1955 to 2783 K. The W-4Re-0.33HfC alloy is more creep 
resistant than pure W, W-5Re, W-26Re, and W-23.4Re-O.27HfC alloys. The activation energy 
for creep defoffi1ation is about 105.5Kcal/mole at temperatures from 1955 to 2190 K. It is not 
sensitive to the applied stress from 10 to 70 MPa. Grain-boundary sliding initiated the wedge
shaped cracks and caused the rupture of the creep specimen. The creep deformation mechanism is 
most likely governed by dislocation core diffusion. 
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INlRODUCTION 

Generation of multi-megawatts in space demands nearly ultimate alloys for high-temperature 

nuclear reactors and attendant energy converters. Such ultra-alloys derive from tungsten (W) 

incorporating rhenium (Re) to reduce W creep, recrystallization and embrittlement(1-6]. The work 

function of a metal surface characterizes thermionic emission[7]. It represents the difference 

between the electron motive far outside the free surface and the internal Fermi energy. This 

emission property is important in determining the efficiency of thermionic energy conversion. The 

useful life of the thermionic energy converter (TEe) relates strongly to the selection of emitter and 

collector materials and to their operating-temperature regimes. These factors are important because 

TEC has been chosen as one of the candidates for space nuclear power systems. W, Re alloys are 

promising electrode materials for high-temperature TEe. 

In such space applications W provides nearly ultimate resistance to fracture, creep, 

recrystallization, vaporization and melting. However poor room-temperature ductility, inadequate 

oxidation resistance at elevated temperatures and difficulties associated with joining or welding 

often limit the use of this refractory metal. There was a significant effort at NASA Lewis Research 

Center during the Apollo era to develop W-base alloys with improved low-temperature fabricability 

and high-temperature strength [7-17]. 

For space-power systems W,Re alloys are considered to be effective candidates as electrode 

materials in TEC because of their high bare work functions as well as high-temperature mechanical 

stability. In general high bare work functions result in low cesiated work functions to produce 

necessary electron emission for efficient TEC. There has been an attempt to develop metal-matrix 

composites reinforced with W fibers for structural application in advanced aero propulsion 

systems. 

The previous studies showed that moderate addition of Re can improve low-temperature 

ductility and high-temperature strength of W[8,9,17,18]. In order to further increase the high

temperature strength of Wand W-Re alloys, various carbides have been added[1l,12,13]. It was 

found that the presence ofHfC particles dramatically increased the high-temperature strength ofW 

and W-Re alloys[1O,12,13]. 

The need of developing high-power systems for space satellites has renewed the interest in 

developing suitable refractory metals for these applications[19]. In the earlier studies of the effects 

of Hf and C concentrations on high-temperature mechanical properties of Wand W -4%Re alloys, 

Rubenstein[11] and Klopp and Witzke[12] concluded that the optimum HfC contents for maximum 

strengthening at elevated temperatures were in the range from 0.35 to 0.5 moL %. 

In response to such technology requirements, this study presents 4>t values for 5-20% Re in 

W with 0.35% HfC and determines the thermionic effects of hafnium carbide(HfC) and Re 
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variation in W alloys. It also presents the high temperature (> OA T m, melting temperature in 

Kelvin) tensile and creep properties of W-Re-HfC alloys. The strengthening effect of HfC and 

possible deformation mechanisms were also discussed. 

EXPERIMENTAL PROCEDURES 

Sample Preparations for Electron-Emission Study 

The W-Re-HfC samples were prepared by powder metallurgical techniques. After sintering 

and arc melting the samples underwent electron-microprobe analyses to ensure homogeneity in 

composition. Then these discs were ground and sliced using a diamond wafering blade to a 

common 9.31 mm diameter and 2.72 mm thickness. Hohlraums each of 0.7 rom diameter and 7 

mm depth were machined by electric discharge. Next the samples were polished to obtain smooth 

surfaces. Microstructures were examined and photographed for future comparisons with the 

results obtained from the thermionic emission microscope. Finally the samples were annealed and 

outgassed at 2500 K and a pressure less than 1.3xlO-5 Pa for an hour before testing. 

Materials for mechanical testing 

The starting materials were two 25A rom diameter W-Re-HfC rods provided by NASA Lewis 

Research Center. Both rods were processed by an arc-melting technique. One of the rods was 

received as arc-melted and the other was slightly swaged. The chemical compositions of both rods 

were determined by microprobe analysis. The as arc-melted rod was analyzed as W-3.6%Re

OAmo!. %HfC and the swaged rod was analyzed as W-4%Re-O.33mol. %HfC. Plate-type 

specimens were machined by electrical discharge machining. The gauge lengths of the specimens 

for tensile and creep tests were 8 mm and 12.7 mm, respectively. All specimens were first 

mechanically polished and then chemically polished with a 10% NaOH solution. 

Effective Work Function Measurements 

Electron work-function studies were performed in a thermionic-emission microscope. The 

thermionic emission microscope used for measuring the effective work function of individual 

grains. A counterwound W filament heated the sample by electron bombardment. Electrons 

emitted from the heated sample passed through a series of objective immersion electrostatic lenses 

and then a drift tube before striking a luminescent phosphor screen. A small aperture at the center 

of the phosphor screen allowed some of the electrons to reach the Faraday collector. The electron 

current to the Faraday collector was recorded with a Keithley 642 electrometer. This collector

current value was monitored by a computer and used to calculate the effective work function using 
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the Richardson-Dushman equation. 

Temperature steps of 100 K were used for tests on at least five grains selected to represent 

different areas of the emitting surface. The sample could be moved and controlled by a three

dimensional linear traveling mechanism. Photos of the grains were taken for identification and 

comparison purposes. 

Mechanical tests 

Tensile tests were performed in an ultra-high vacuum test chamber mounted on an Instron 

machine. In order to provide a uniform recrystallized microstructure, all tensile specimens were 

initially annealed at 2450 K for 30 min. in a vacuum better than 1.3 x 10-5 Pa prior to testing. All 

creep tests were performed in a custom-made creep testing system. Creep specimens were 

degassed at 1273 K for 12 hours in a vacuum of 1.3 x 10-4 Pa followed by recrystallization 

annealing at 2438 K for 1.5 hours and then at the test temperature for 30 min. prior to creep 

testing. Specimens were heated with self-resistant heating by passing a electric current through the 

specimen. Temperature was measured by an optical pyrometer calibrated with a ribbon filament 

lamp prior to testing. The maximum uncertainty of the measured temperature was within 10K in 

the whole temperature range employed in this study. 

Tensile tests were conducted in a vacuum better than 1.3 x 10-5 Pa and at the sWdin rate of 10-3 

per second. Both side and fracture surfaces of the tested specimens were examined with a JXA-

840 scanning electron microscope(SEM). Step-load and step-temperature creep tests were 

performed at pressures below 1.3 x 10-4 Pa. The load was applied to the specimen through a 

bellows. Strain was measured from the movement of the loading rod with a linear variable 

differential transducer. Step-load creep tests were conducted at temperatures range from 1955 to 

2783 K and at stresses range from 10 to 70 MPa. The step-temperature creep test was performed 

at a constant stress of 42.3 MPa and the temperature was increased sequentially from 2013 to 2190 

K. The post-test specimens were examined by an optical microscope and a SEM. 
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EXPERIMENTAL RESULTS 

Effective Work Function 

Figures 1 and 2 are typical emission micrographs of the W-5Re-0.35HfC surface at 2(X)O K 

before and 2300 K after vacuum annealing. 

Figure 3 presents the change of <l>e of W-5Re-0.35HfC with time at 2200 K. During a period 

of 180 minutes the effective work function decreased by less than 0.08 eV. Thus after stabilization 

at high temperatures, time had very little effect on CPe for the W -Re-HfC alloys investigated in this 

program. 

Figure 4 shows the influence of temperature on the effective work function of W,Re,HfC 

alloys: raising the temperature from 1700 K to 2500 K raised CPe for these ultralloys by 0.96 e V for 

5% Re and by 1.12 eV for 20% Re. 

Fig. l Emission micrograph of the W-5Re-0.35HfC surface at 2000 K before vacuum annealing. 

~>. 

___ <-1 _____ ---' 

Fig.2 Emission micrograph of the W-5Re-0.3SHfC surface at 2300 K after vacuum annealing. 
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Figure 5 illustrates the effect of Re content on CP£ for the W,Re,HfC alloys of this study: CPc 

increased by OAO eV at 1700 K and by OA5 eV at 2500 K as the Re concentration rose from 5% to 

20%. Therefore within the experimental ranges for these ultra1loys the effective work function had 

a weaker dependence on Re content than on temperature. 
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0 2300K 

5.5 + 2500K 

4.5 

o 10 20 

Re CONCENTRA TION(%) 

Fig.5 Effect of Re concentration on the effective work function of W-Re-0.35 HfC at various 
temperature. 

Tensile Properties 

Fig. 6 shows the effect of test temperature on the ultimate tensile strength of W-3.6Re-OAHfC. 

The ultimate tensile strength of W -3.6Re-OAHfC is significantly higher than that of pure W or W-

3.6Re up to 2700 K. The comparison of the results with those of pure W or W-3.6Re illustrates 

the dramatic effect of OA mol. % HfC on the tensile strength up to 2700 K. The tensile strength of 

W-3.6Re-OAHfC decreases rapidly above 2700 K and becomes similar to that of pure W or W-

3.6Re at 2980 K. 

The effect of temperature on the 0.2% offset yield strength of W-3.6Re-OAHfC above 0.5 Tm 

(1842 K) is shown in Fig. 7. The results of arc-melted pure W [10] and W-3.6Re[8] are also 

shown in the same figure for comparison. It can be clearly seen that the yield strength of W-

3.6Re-OAHfC is much greater than those of pure Wand W-3.6Re up to 2700 K. 
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Fig. 7 Effect of temperature on the yield strength ofW-3.6Re-0.4HfC alloy. 
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In Fig. 8, the percent elongation of W-3.6Re-OAHfC is plotted as a function of temperature. 

The percent elongation increases slowly with increasing temperature up to 2450 K and then rapidly 

increases above 2450 K. All specimens exhibited a typical ductile dimple fracture in the 

experimental temperature regime. Figures 9 (a) and (b) show the SEM micrographs of the fracture 

surfaces of the specimens deformed at 1950 K and 2450 K, respectively. Although both specimens 

show a similar fracture mode, it can be seen that there is a tendency of ductile tearing increases 

with rising temperature. 
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Fig. 8 Effect of temperature on the tensile elongation of W-3.6Re-OAHfC alloy. 

Fig. 9 SEM fractographs of W -3.6Re-OAHfC deformed at (a) 1950 K (b) 2450 K. 
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Creep Properties 

Fig. 10 shows the typical strain-time creep curves of W-4.0Re-0.33HfC obtained from the 

step-load creep tests at 1955, 2190 and 2873 K. Upon initial loading, these three curves all show 

a primary creep region with decreasing creep rate followed by a secondary creep region with a 

constant creep rate. In the secondary creep region, there is a balance between the strain-hardening 

rate and the recovery rate. An increase in the applied stress shifts this balance and the the primary 

creep takes place again. Eventually tertiary creep occurs with necking in the gauge section 

followed by creep rupture (the creep test at 1955K was terminated before rupture took place). 

Fig. 11 shows a power-law relationship between the steady-state creep rate of W-4.0Re-

0.33HfC and the applied stress at various temperatures. The stress exponent n for creep in the 

power law creep rate equation was determined by measuring the slope of each straight line and was 

found to be in the range of 5.0 to 5.4 in the temperature range of 1955 to 2783 K. 

The creep strength of W -4Re-0.33HfC alloy at a creep rate of 1O-6/sec is compared with pure 

W 120], W-5Re [18], W-26Re [14], and W-23.4Re-0.27HfC alloys [15] in Fig. 12. This figure 

clearly shows the excellent creep strength of W -4.0Re-0.33HfC. For example, the comparison of 

the data shows that W-4.0Re-0.33HfC is about three times stronger than W-5Re at 1973 K. At 

2200 K, the W-4Re-0.33HfC alloy is about 2 times stronger than W-5Re, W-26Re, or W-23.4Re-

0.27Hf-C. 
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Fig. 10 Strain-time creep curves of the W-4Re-0.33HfC alloy in the step-load tests at various 
temperatures. 
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The fracture of all creep specimens was initiated by intergranular cracking. Fig. 13 shows a 

typical micrograph of the side surface of the creep specimen after test. Although this particular 

picture was taken from the creep specimen tested at 2190 K, the creep specimens tested at other 

temperatures showed similar features. The picture shows typical wedge-shape intergranular cracks 

initiated by grain boundary sliding. Therefore, it can be concluded that grain-boundary sliding 

caused the rupture of the creep specimen. 

Fig. 13 Wedge-shape intergranu1ar cracks observed on the 2190 K creep-tested sample. 

DISCUSSIONS 

Effective Work Function 

Five grains as shown in Figure 1 were selected to represent different emitting surfaces. 

Comparing Figure 1 and Figure 2 reveals that grain sizes of the alloys were considerably larger 

after vacuum annealing than before. Throughout the subsequent experimental pericxi grain sizes of 

the alloys changed very little. Thus it can be assumed that the grain size was fairly stable. 

As shown in Figure 3 time had very little effect on the effective work function. In a previous 

study the effective work functions of the W,Ta alloys remained unaffected by heating the samples 

for 50 to 70 hours at 1900 K to 2100 K and were only slightly changed by subsequent heating for 

15 hours at 2300 K[22]. Stabilities of effective work functions of the W,Ta alloys indicated at 

least up to 2300 K, the surface layers were not depleted of Ta. Effective work functions of W,Mo 

alloys were also unaffected by heating at 1900 K to 2000 K for 50 to 70 hours. In other studies a 

W,25Re filament was observed for more than three months at room temperature in a vacuum in the 

10-9 torr range and for about one month at 2000 K. During these observations the effective work 

124 Proceedings Specialist Conference Eindhoven 1989 



function remained constant. And no change in the electron emission characteristics were 

detected[23]. 

The effective work function of W-Re-0.35HfC increased monotonically with both 

temperature and Re concentration within the present experimental regime. In other words, there 

were no minimum or inflection points. This behavior was not unexpected because no major 

physical change such as a phase transition occured on the surface. Also it was consistent with 

Husmann that the effective work function underwent a continuous nonlinear growth with 

increasing amounts of Re alloyed in W[23]. 

Dyubua et aI. discovered a reduction in the effective work function of W with HfC dissolved 

[24]. They explained this effect by the reduction in the potential barrier at the metal-vacuum 

boundary associated with a purely volume effect--an increase in the lattice constant. This influence 

depended on small amounts of Hf which may be available in ultralloys containing HfC even 

though the free Hf is an excellent getter. Gorov et al. observed a similar effect in the W,Hf 

alloys[25]: They attributed this effect to the change in the kinetic and potential energies of the free

electron gas due to an alteration in the conduction-electron density and the excess charges of Hf. 

The excess charge appears because the number of valence electrons for Hf is two less than that of 

W. In contrast a monotonic increase of work function can be explained by another volume effect 

decreasing the lattice parameter as Re content increases[26,27]. Also the extra charge of Re raises 

the superficial electron-potential barrier and causes an effective work function increase as Re 

concentration grows. However the extremely dilute amount of HfC could be responsible for the 

lowering of the effective work function of W,Re alloys in comparison with values from previous 

work[28-29]. In addition rising temperatures often push the effective work functions upward 

monotonically: at higher temperatures such as above 2100 K, the effective work function 

approaches that of the simple W-Re system. The effect ofHfC diminishes due to the desorption of 

the HfC monolayer from the W-Re surface. For the binary alloy with an effective work function 

smaller than either of its components this temperature coefficient was positive [22J . The ultraUoys 

under study followed the same trend despite the addition of HfC. 

~echanicalPToperties 

The excellent high-temperature strength of W-3.6Re-0.4HfC, as shown in Fig. 6 & 7, is 

probably due to the solid-solution strengthening effect of Re and precipitation strengthening of 

HfC. However, the results of Klopp et aL indicated that the addition of 3.6 at. % Re to pure W 

only slightly improved the yield or ultimate tensile strength above 0.5 Tm. Therefore, it can be 

concluded that the superior strength of W-3.6Re-0.4HfC above 0.5 Tm is due to the addition of 

0.4 mol% HfC. The finely dispersed HfC particles probably act as effective barriers to 

dislocation motion and improve the high-temperature strength of W-3.6Re up to 2700 K. The 
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rapid decrease in high-temperature strength above 2700 K is most likely caused by the coarsening 

ofHfC particles. Klopp and Witzke[12] also reported that coarsening of HfC particles took place 

above 2273 K. 

The comparison of Figs. 6 and 7 shows that the difference between the yield strength and the 

ultimate tensile strength of W-3.6Re-OAHfC decreases with increasing temperature. The 

difference becomes very small above 2700 K. This is most likely caused by a decrease in work 

hardening rate. The work hardening behavior of a material can be expressed by the strain

hardening exponent n in the equation (J == Kc:n,where (J and € indicate true stress and true strain, 

respectively. The constant K is known as the strength coefficient of a material. The strain

hardening exponent n is a function of material, microstructure, temperature and strain rate. A large 

value of n indicates a high work hardening capability and therefore a high resistance of a material to 

further plastic deformation. Fig. 14 shows the effect of temperature on the strain-hardening 

exponent of W-3.6Re-OAHfC. Unfortunately, the strain-hardening exponent of arc-melted pure 

W or W-3.6Re is not available in the literatures. In Fig. 14, the result obtained from sintered and 

recrystallized W-3Re[30] is plotted for comparison. The strain-hardening exponent of W -3.6Re

OAHfC decreases rapidly from 0048 to 0.17 as the temperature increases from 1950 to 2450 K and 

then decrease slowly to 0.15 at 2980 K. The comparison of data indicates that the strain-hardening 

exponent of W-3.6Re-OAHfC is much higher than that of W-3Re up to 2450 K and both alloys 

show a similar value of n above 2473 K. The formation of Orowan dislocation loops around 

finely distributed HfC particles is considered to be responsible for the high strain-hardening 

exponent of W-3.6Re-OAHfC up to 2450 K. 
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As can be seen in Fig. 9 (a) and (b), the fracture mode of W-3.6Re-OAHfC alloy above 0.5 

T m is ductile dimple tearing. The tendency for ductile tearing increases with increasing 

temperature. This tendency was also confIrmed from the fractographs of the specimens deformed 

at other temperatures. The examination of the side surfaces of the deformed specimens revealed 

that extensive grain boundary sliding occurred in the specimens tested at 2700 and 2980 K. 

Therefore, the rapid increase in tensile elongation above 2450 K is considered to be caused by the 

grain boundary sliding. It is noteworthy that the rapid increase in tensile elongation takes place at 

the temperature where HfC particles begin to lose their effectiveness in strengthening this alloy. It 

appears that coarsening of HfC particles also decreases the effectiveness of HfC particles in 

hindering grain boundary sliding. 

The present study clearly shows that W-Re-HfC alloys have not only exceptional high

temperature tensile strength but excellent resistance to high-temperature creep as shown in Fig. 12. 

The creep strength of W-4.0Re-0.33HfC appears to be better than any high-temperature alloys ever 

developed. The creep mechanism is often deduced from the activation energy for creep. The 

activation energy can be determined from the slope of a line by plotting the steady-state creep rate at 

a constant applied stress as a function of the reciprocal of the test temperature, as shown in Fig. 

15. In the present study, the activation energy for creep ofW-4.0Re-0.33HfC is calculated to be 

about 105 Kcallmole in the temperature range of 1955 to 2190 K. It appears that the activation 

energy remains constant within the stress range of 20 to 50 MPa. 
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Figure 15 Temperature dependence of the steady-state creep rate for W-4.0Re-0.33HfC. 
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The activation energy for creep defonnation usually corresponds to an activation energy for 

bulk diffusion at temperatures above 0.5 T m. The activation energies for bulk diffusion of Re in 

Wand self-diffusion in W were reported to be 163 and 153 KcaVmole.[31], respectively. The 

activation energy for creep of W-4.0Re-0.33HfC is found to be 105 Kcallmole in the present 

study. Therefore, the creep defonnation of this alloy is not controlled by bulk diffusion. The 

activation energies for grain-boundary diffusion and for dislocation core diffusion were reported to 

be 92 and 90 KcaVmole, respectively [32]. Since the steady-state creep rate and the applied stress 

has a power-law relationship for this material, creep is not governed by grain-boundary diffusion, 

which indicates a linear relationship between creep rate and stress [33]. Therefore, at temperatures 

from 1955 to 2190 K the creep defonnation of the W-4Re-O.33HfC alloy is most likely controlled 

by dislocation core diffusion. 

CONCLUSIONS 

The effective work functions ofW-Re-0.35HfC with various Re contents were measured in the 

temperature range of 1700-2500 K. The tensile properties of an arc-melted W-3.6Re-OAHfC alloy 

were examined in the temperature regime of 1950-2980 K. The creep behavior of the W-4Re-

0.33HfC alloy was investigated by step-load and step-temperature creep tests. The following 

conclusions can be drawn from the above experimental results: 

(1) The effective work function increased with increasing temperature and Re content. The 

increase in the effective work function with Re content can be explained by the increase in the 

potential barrier at the metal-vacuum boundary, associated with the volume effect--decrease in the 

lattice constant. Conversely adding of HfC lowers the effective work function at temperatures 

below 2100 K. 

(2) The tensile strength of a W-3.6Re-OAHfC alloy is much greater than that of pure W or W-

3.6Re alloy above 0.5 Tm. The excellent high-temperature strength ofW-3.6Re-OAHfC is due to 

the strengthening effect of HfC particles. 

(3) The strengthening effect of HfC particles decreases with increasing temperature. Above 

2700 K, the contribution of HfC particles to tensile strength is very small. The decrease in the 

strengthening effect of HfC particles above 2700 K is considered to be caused by coarsening of 

HfC particles. 

(4) The fracture mode of W-3.6Re-OAHfC above 0.5 Tm is ductile dimple tearing. The 

tendency for ductile tearing increases with increasing temperature. Extensive grain boundary 

sliding takes place above 2450 K and results in a rapid increase in tensile elongation of W -3.6Re

OAHfC above 2450 K. 
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(5) The steady-state creep rate of W -4Re-0.33HfC alloy is a function of stress to the 5.3 

power, and is not sensitive to the temperature from 1955 to 2783 K. 

(6) The W-4Re-0.33HfC alloy is more creep resistant than pure W, W-5Re, W-26Re, and W-

23.4Re-0.27HfC alloys. 

(7) The activation energy for creep deformation is about 105.5KcaVmole at temperatures from 

1955 to 2190 K, and is not sensitive to the applied stress from 10 to 70 MPa. 

(8) The creep deformation mechanism is most likely governed by dislocation core diffusion. 

(9) Grain-boundary sliding initiated the wedge-shaped cracks and caused the rupture of the 

creep specimen. 

ACKNOWLEDGMENTS 

Research supported by the Innovative Science and Technology Directorate of the U.S. 
Department of Strategic Defense Initiative through the Air Force Wright Aeronautic Laboratories of 
the Wright-Patterson Air Force Base(F33615-87-C-2769) and by the U.S. Department of Energy 
San Francisco Operating Office(AC03-87SF-17170). 

REFERENCES 

[1] J.F. Morris, Decreased Creep for Increased Space Power, Engineering Fracture Mechanics, 
24, No.1, 77, 1986. 

[2] J.F. Morris, Fracture-Resistant Dilute-Solution Ultralloys for Space-Power Systems, 
Engineering Fracture Mechanics, 30, No.5, 609,1988. 

[3] N.O. Moraga, D.L. Jacobson and IF. Morris, Fracture-Resistant Ultralloys for Space
Power Systems: Nuc1ear-Thermionic-Conversion implications of W,27Re; to be published 
in Engineering Fracture Mechanics. 

[4] N.O. Moraga, D.L. Jacobson and J.F. Morris, Fracture-Resistant Ultralloys for Space
Power Systems: Thermionic and Thermal Emission from W,30Re,lTh02; submitted to 
Engineering Fracture Mechanics. 

[5] RH. Tsao, D.L. Jacobson and J.F. Morris, Fracture-Resistant Ultralloys for Space-Power 
Systems: High-Temperature Tensile Characteristics and Fractographs for W,30Re and 
W,30Re,ITh02; to be published in Engineering Fracture Mechanics. 

[6] N.O. Moraga, D.L. Jacobson and J.F. Morris,.Fracture-Resistant Ultralloys for Space
Power Systems: Some High-Temperature Thermal Properties ofW,23Re; submitted to 
Engineering Fracture Mechanics. 

[7] G.W. Hatsopou}os and E. P. Gyftopoulos: Thermionic Energy Conversion, The MIT 
Press, 1979. 

[8] W. D. Klopp, W. R. Witzke and P. L. Raffo, Mechanical Properties of Dilute Tungsten
Rhenium Alloys, NASA Tech. Note D-3483, Cleveland, Ohio, 1966. 

Thermionic Energy Conversion 129 



[9] P. L. Raffo, Yielding and Fracture in Tungsten and Tungsten-Rhenium Alloys, J. Less
Common Metals, 17, 133-149, 1969. 

[10] W. D. Klopp and P. L. Raffo, Effects of Purity and Structure on Recrystallization, Grain 
Growth, Ductility, Tensile, and Creep Properties of Arc-Melted Tungsten, NASA Tech. 
Note D-2503, Cleveland, Ohio, 1964. 

L 11] L. S. Rubenstein, Effects of Composition and Heat Treatment on High-Temperature 
Strength of Arc-melted Tungsten-Hafnium-Carbon Alloys, NASA Tech. Note D-4379, 
Cleveland, Ohio, 1968. 

[12] W. D. Klopp and W. R. Witzke, Mechanical Properties of Arc-Melted Tungsten-Rhenium
Hafnium-Carbon Alloys, NASA Tech. Note D-5348, Cleveland, Ohio, 1969. 

[13] W.D. Klopp, P. L. Raffo and W. R. Witzke, Strengthening of Molybdenum and Tungsten 
Alloys with HfC, J. Metals, no. 6, 1971,27-38, 1971. 

[14] J. R. Stephens and W. R. Witzke, Alloy Softening in Group VIA Metals Alloyed with 
Rhenium, J. Less-Common Metals, 23,325-342, 1971 

[15] W. D. Klopp and W. R. Witzke, Mechanical Properties of a Tungsten-23.4 Percent 
Rhenium-0.27 Percent Hafnium-Carbon Alloy, J. Less-Common Metals, 24, 427-443, 
1971. 

[16] W. R. Witzke, The Effects of Composition on Mechanical Properties of W -4Re-Hf-C 
Alloys, Metall. Trans., 5, 499-504, 1974 

[17] P. L. Raffo, NASA Tech. Note D-4567, Cleveland, Ohio, 1968. 

[18] R. R. Vandervoort, The Creep Behavior of W -5Re, M etall. Trans., 1, 857-864, 1970. 

[19] L. B. Lundberg, Refractory Metals in Space Nuclear Power, J. Meatls, 37, No.4, 44-47, 
1985. 

[20] R. R. Vandervoort and W. L. Barmore, Elevated Temperature Deformation and Electron 
Microscope Studies of Polycrystalline Tungsten and tungsten-Rhenium Alloys, Proc. 6th 
Plansee Seminar, Metallwerk Plansee Ag., Reutle-tyrol, 108-137, 1969. 

[21] W.D. Klopp and W.R. Witzke and P.L. Raffo, Ductility and Strength of Dilute Tungsten
Rhenium Alloys, Refractory Metals and Alloys N-Research and Development, Gordon 
and Breach, New York, 557-573, 1967. 

[22] T.L. Matskevich, Thermionic Emission Properties of Metal Alloys (Survey), Soviet 
Physics-Technical Physics, 13, 295, 1968. 

[23] O.K. Husmann, Improved Surface Ionization Efficiency by High Work Function 
Refractory Metals, Journal of Applied Physics, 37, 4662, 1966. 

[24] B. Ch. Dyubua, A.I. Pekarev, B.N. Popov, and M.A Tylkina, Radiotekhn. i electron, 7, 
1566, 1962. 

[25] K.P. Gurov and A.I. Pekarev, FMM, 17, 500, 1962. 

130 Proceedings Specialist Conference Eindhoven 1989 



r26] B.Ch. Dyubua, O.K. Lultashev and L.V. Gorshkova, Solid.Solution Work Function of 
Tungsten with Molybdenum and Tantalum, Soviet Physics-Solid State, 8, 882, 1966. 

[27] M. Garfinkle, Effect of Rhenium on Lattice Dilation of the GrQup VI -A Refractory metals, 
Metallurgical Transaction, 1, 1062, 1970. 

[28] N.O. Moraga, High Temperature Heat Transfer and Thermionic Properties of Tungsten 
Alloys, Ph.D. Dissertation, May 1988, Arizona State University. 

[29] M.L. Ramalingam, Investigation of Sintered Tungsten, Rhenium Additive Alloys for High 
Temperature Space Application, Ph.D. Dissertation, May 1986, Arizona State University. 

[30] 1. L. Taylor, Tensile Properties of Tungsten-3%Rhenium from 1400 to 2900 C in Vacuum, 
J. Less-Common Metals, 7,278-287, 1964. 

[31] R. L. Andelin, 1. D. Knight and M. Kahn, Diffusion of Tungsten and Rhenium Tracers in 
Tungsten. Trans TMS- AIME, 233, 19-24, 1965. 

[32] K. G. Kreider and G. Bruggeman, Grain Boundary Diffusion in Tungsten, Trans TMS
AIME, vol. 239, 1222-1226,1967. 

[33] F. Garofalo, Fundamentals of Creep and Creep-rupture in Metals (The MacMillian Co., 
New York, 1965), 197. 

Thermionic Energy Conversion 131 



THERKIONIC VORK FUNCTION OF POLYCRYSTALLINE OSMIUM, SINGLE CRYSTAL (110) 
IRIDIUM, AND SINGLE CRYSTAL (-1012) RllTHENIUM 

Ralph N. Wall & Dean L. Jacobson 
Arizona State University 
Department of Chemical, Bio, & Materials Engineering 
Tempe, AZ 85287-6006 
(602) 965-7649 

ABSTRACT 

The effective work function of osmium, (110) iridium, and (-1012) ruth
enium were measured as part of an ongoing effort at Arizona State University 
to characterize the emission behavior of promising emitter materials. For 
polycrystalline osmium the work function measured 4.68 eV at 1800 K and 
increased to 5.21 eV at 2600 K. The (110) single crystal iridium work 
function also increased with temperature from 5.40 eV at 2000 K to 5.55 eV at 
2500 K. The increase for iridium was linear whereas for osmium it was not. 
No temperature dependence was observed for the (-1012) single crystal 
ruthenium. It had an average value of 4.90 eV over the temperature range of 
1700 K to 2200 K. 

The osmium emission remained transient for several hours after switching 
to a new temperature. The time and temperature dependencies exhibited by 
osmium could have been related to the pressure, but such a relationship was 
not confirmed. The increase in the iridium work function was definitely not 
a function of residual gas pressure. 

INTRODUCTION 

During the past several years, the thermionics laboratory at Arizona 

State University (ASU) has studied the work function behavior of candidate 

emitter materials, mostly alloys. Dilute solutions of rhenium in tungsten 

were examined [1-6]; recently studies of the thermionic emission from alloys 

of osmium in tungsten were conducted [7]. The characterization of promising 

alloys is continuing at ASU and presently consideration is being given to 

alloys of iridium in tungsten. To better understand the observed thermionic 

emission from such alloys it was felt that additional analysis of some less

common metals was warranted. 

For example, thermionic emission from polycrystalline osmium was studied 

by Wilson [8] and independently by Houston [9]. The work function reported 

by Houston was considerably higher than that by Wilson. A literature search 

revealed no temperature dependent studies for ruthenium. The present 

interest in tungsten, iridium alloys justified an evaluation of emission 
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properties of iridium. This paper presents findings for osmium, ruthenium, 

and iridium. 

SAMPLE PREPARATION 

An arc melted button of polycrystalline osmium was obtained from Dr. 

Edmund Storms (research scientist at Los Alamos National Laboratories). The 

button was fabricated by pressing and sintering high purity osmium powder 

(99.97 percent) prior to arc melting. A cylindrically shaped disk 9.2 mm in 

diameter and 2.5 mm thick was ground from the button. The top surface was 

polished to a mirror finish using common metallographic techniques. A 0.05 

~m alumina slurry was used in the final lapping stage. A black body hole 0.7 

mm in diameter and 7 mm deep was machined radially into the disk by 

electrical discharge machining (EDM). The sample was annealed at 2500 K for 

several days before measurements were taken. 

A single crystal of iridium approximately 8 mm in diameter and 50 rom in 

length was purchased from Aremco Products, Inc. (23 Snowden Avenue, Ossining, 

New York). It was oriented with (110) planes perpendicular to its lengthwise 

axis. A slice 2.5 rom thick was cut from the single crystal rod using a 

diamond wafering blade. The (110) surface was polished the same as the 

osmium sample and a black body hole was machined by EDM. It was annealed at 

2400 K for 24 hours prior to testing. 

A polycrystalline rod of ruthenium was also purchased from Aremco 

Products, Inc. It was prepared in the same fashion as the iridium crystal. 

However during the annealing step a large grain developed at the center of 

the sample face surrounded by four or five small grains at the edges. A Laue 

pattern of the large grain showed it to be oriented with planes of the form 

{-1012} parallel to the surface. 

EXPERIMENTAL PROCEDURE 

The work function was obtained from high-temperature electron emission 

measurements with a guard-ringed vacuum emission vehicle (VEV). The VEV [10] 

is depicted in Figure I and a simplified electrical schematic is shown in 

Figure 2. The collector was 3.5 mm in diameter with a 0.14 mm gap between 

collector and guard ring. The guard ring had a diameter several times that 
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of the emitter area. The effective collector area was taken as the emission 

area plus one half of the area of the gap. 

The well-known Richardson, Dushman equation [11] was used to calculate 

the effective work function, 

where 2 J = zero field saturation current density (A/cm ), o 

A = constant (120.4 A/cm2K2), 
T = temperature (K), 
¢E = effective work function (eV) , 

k = Boltzmann constant (0.86IxIO- 4 eV/K). 

(1) 

To obtain J from the measured current density, J , the Schottky equation o s 

(12] was used, 

where 

InJ 
s 

J = electron saturation current density (A/cm2) s 

E = applied field (V/cm) 

(2) 

Equation (2) is valid for low to medium strength fields. To determine the 

precise range of validity data are gathered as a function of applied field 

at a constant temperature. The linear portion of a Schottky plot 

(InJ versus EO. S) represents the valid range. The zero field current 
s 

density, J , is obtained by extrapolating the linear section to zero field. 
o 

An example Schottky plot taken from the ruthenium sample is shown in Figure 

4. 

Once it had been determined that the applied field was well within the 

linear range then Equations (1) and (2) were combined to yield 

(3) 
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From this equation the effective work function was computed. The immediate 

benefit of Equation (3) was that data were acquired as a function of time 

with the field held constant. The work function was then calculated as 

rapidly as desired facilitating time dependent studies. 

The total pressure was continuously monitored with a Bayard-Alpert type 

ionization guage. In addition, a mass spectrometer was used to measure 

residual gas partial pressures during the iridium tests. To evaluate the 

effect of residual gases various gases were introduced into the VEV through 

a high-vacuum leak valve (Figure 4). 

Samples were heated by means of electron bombardment by a tungsten 

filament. The temperature was measured by focusing a micro-optical 

disappearing filament pyrometer on the black body hole. The pyrometer was 

calibrated routinely to an NBS certified tungsten strip lamp. 

A polycrystalline sample of molybdenum was tested as a standard to check 

the accuracy of the VEV. The molybdenum data are plotted in Figure 5. They 

agreed closely with reported values [13-15]. 

Ultra high vacuum (UHV) was maintained by following a rigorous bake-out 

procedure. After each sample change the entire station was baked at 500 K 

for 24 hours pumping continuously with a turbomolecular pump. Ion pumps 

were then switched on and the sample heated to its highest expected 

operating temperature while still baking at 500 K. The sample was held at 

high temperature for 12 to 24 hours before isolating the turbomolecular pump 

from the VEV. The final pressure obtained while operating depended markedly 

on the sample and the temperature. At room temperature, pressures in the 

-10 10 torr range were achieved. 

RESULTS 

The averaged work function values are listed in Table 1. At each 

temperature many measurements were made. It was estimated that the results 

were accurate to ±O.04 eV. However the precision was higher; measurements 

were reproducible to ±O.02eV. Most of the error and uncertainty was 

attributed to temperature measurements. 
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TABLE 1. Averaged Vacuum York Functions, ~E (± 0.04 eV). 

Temperature Osmium 

(K) (eV) 

1700 

1800 4.68 

1900 4.69 

2000 4.71 

2100 4.74 

2200 4.83 

2300 4.93 

2400 5.07 

2500 5.12 

2600 5.21 

Iridium(llO) 

(eV) 

5.40 

5.43 

5.48 

5.51 

5.52 

5.55 

Osmium 

Ruthenium(-1012) 

(eV) 

4.88 

4.91 

4.91 

4.90 

4.90 

4.90 

Molybdenum 

(eV) 

4.46 

4.46 

4.46 

4.46 

4.45 

4.44 

4.45 

4.45 

4.45 

The osmium work function results from this study are plotted in Figure 6 

together with the results of Yilson and of Houston. Figure 7 shows the work 

function data in a graph with the total pressure. An increasing pressure 

with increasing temperatures at very high temperatures was unavoidable. 

Wilson nor Houston reported residual gas pressures to use for comparison. 

The thermionic emission varied with time as well as temperature. 

Depending on the temperature, up to ten hours, were required for the 

emission to reach a steady state after switching to a new test temperature. 

Figure 8 shows this time anomaly at three different temperatures. The 

pressure during each of these runs was virtually constant and well in the 

-9 10 torr range. 

Osmium was heavily etched from high-temperature annealing. A photo-
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micrograph of the thermally etched micro-structure is included as Figure 9. 

X-ray diffraction studies were inconclusive in determining if a high 

temperature osmium allotrope exists. 

Iridium 

A comparison of the single crystal data with the total pressure is shown 

in Figure 10. Polycrystal1ine iridium has a reported work function of 5.3 

eV [16]. This value was confirmed at ASU [17]; the polycrysta11ine data of 

[18] are plotted in Figure 11 together with the single crystal (110) Iridium 

data and the polycrystalline data of Wilson [8]. 

Different gases (oxygen, nitrogen, carbon dioxide, and argon) were 

introduced into the VEV while capturing iridium data. The partial pressure 

of each was increased independently from approximately 1 x 10- 10 torr to 1 x 

-7 10 torr. The temperature was varied from 1900 K to 2400 K. The work 

function was not affected by an increase in any of the added gases. Thus it 

was concluded that the work function increased linearly with temperature as 

illustrated in Figure 12. At just above 2500 K the iridium crystal 

partially melted where it joined the tantalum holder. Apparently it had 

reacted with the tantalum to form a low melting point alloy. The osmium 

sample was similarly destroyed and for subsequent tests a tungsten sample 

holder was employed. 

Ruthenium 

As mentioned, a single grain encompassed most of the emitting surface of 

the ruthenium sample. The grain was oriented with (-1012) planes parallel 

to the emitting surface and it was larger than the effective collector area. 

Thus the data obtained represent the (-1012) single crystal planes. Data 

are plotted in Figure 13; In Figure 14 the single crystal data is compared 

with data for polycrystalline ruthenium [17J. No temperature dependence on 

the work function was observed, and from Figure 13 it would appear that the 

residual gas pressure was not a factor. 
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DISCUSSION 

From a consideration of Figure 6 it is clear that the conflicting 

published results for osmium were here resolved. However it is still 

uncertain if the work function varied as a result of an increase in 

temperature or an increase in pressure. The time dependent results (Figure 

8) would tend towards a temperature dependency since the work function was 

seen to vary while pressure was held constant. Still, delayed 

adsorption/desorption reactions at different temperatures could have been 

responsible. Figure 7 certainly suggests a pressure relationship. 

Unfortunately the osmium sample was destroyed (reacted with its tantalum 

holder) before the effect of leaking known gases into the vacuum chamber 

could be assessed. 

The non-linear behavior observed for the work function of osmium 

displays the advantage in reporting the effective work function as it varies 

with temperature as opposed to the "temperature independent" Richardson work 

function, 

4> = 4> - Q R E 

Richardson work function, 

temperature coefficient. 

(4) 

When 4>R is substituted into the Richardson-Dushman equation then the 

constant A is no longer necessarily equal to 120.4 A/cm
2

K2. Such a 

substitution is valid only if the effective work function, 4>E' varies 

linearly with temperature. Had Houston chosen to report 4>E instead of 4>R he 

likely would have observed a temperature dependence similar to that reported 

here. The time dependencies seen for osmium would also make difficult an 

accurate calculation of 4>R using the Schottky method. 

The (110) planes of a tungsten crystal exhibit a work function much 

higher than the polycrystalline value of 4.52 [18-19]. Therefore, data for 

the (110) planes of the already high work function material, iridium, were 

of interest. The values obtained are probably representative of the highest 
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vacuum work function of any metal. The very refractory properties of 

iridium combined with its resistance to corrosion and high work function 

should make it an attractive candidate for future emitter studies. 

The inert properties of iridium no doubt account for the stable work 

function regardless of residual gas pressure. The general agreement of 

iridium work function studies in the literature is certainly indicative of 

this pressure independent data. The iridium data and the molybdenum data 

reported herein lends excellent credibility to measurements made in the VEV 

at ASU. 

The ruthenium data are useful in that they illustrate the importance of 

considering grain size and orientation in electron emission work. It is 

also interesting to contrast the three group VIllA metals; ruthenium, osmium 

and iridium, especially ruthenium and osmium which have similar valence 

shell electrons. Surprisingly each displays unique temperature trends 

(Figure 15). Ruthenium (-1012) showed no temperature dependence with 

respect to the work function, iridium (110) increased linearly, and osmium 

increased non-linearly and was time dependent. 

CONCLUSION 

Conflicting vacuum work function data for osmium were explained. Osmium 

has a low work function of 4.68 eV at 1800 K which increases rapidly to 5.21 

eV at 2600 K. The possibility that residual gases were responsible for the 

increase was not confirmed but could not be ruled out altogether. An 

extremely high work function for iridium (110) was measured. It incre[ls(,d 

linearly with temperature registering 5.40 eV at 2000 K to 5.55 eV at 2500 

K. Residual gases were not responsible for the increase. The work function 

of (-1012) Ruthenium remained constant at approximately 4.90 eV from 1700 K 

to 2200 K. 
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Figure 4 

Figure 5 
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Figure 6 

Figure 7 
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Figure 8 

Figure 9 
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1.0 INTRODUCTION 

OXYGEN CONTROL FOR THERMIONIC CONVERTERS 

Jean-Louis Desplat 
Rasor Associates, Inc. 
Sunnyvale, CA 94089 

Desirable improvements in the performance or capability of nuclear 
thermionic converters can take several forms: 

a. Higher power density without penalty to output voltage or conversion 
efficiency, resulting in more compact reactors. 

b. Efficiency of conversion to limit the size and weight of the waste 
heat radiator. 

c. Widening of the interelectrode gap without penalty to either the 
conversion efficiency or electrical power denSity, of importance to 
the in-core reactor concepts where fission-induced fuel swelling can 
cause closure of the gap. 

d. High saturation currents combined with low cesium pressure in the 
interelectrode gap, a critical necessity for advanced converters and 
induction coupling [I] and/or direct AC output. 

As shown both theoretically and experimentally, one approach to achieving 
some of these performance improvements is simply to increase the emitter 
temperature. However, this enhances the rates of mass transport in both the 
reactor heat source and the converter, normally resulting in eventual adverse 
performance changes and penalizing the system lifetime capabilities. 

This work was performed for the Innovative Science and Technology Office of 
the StrategiC Defense Initiative Organization under Contract No. F3361S-88-
C-2881 with Wright-Patterson Air Force Base, through the Innovative Nuclear 
Space Power Institute. 
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Another well-known and experimentally confirmed method for performance 
improvement, which could be incorporated with only small design consequence to 
the reactor concepts, is to introduce small amounts of oxygen into the 
converter. The benefits of oxygen addition have been demonstrated 
experimentally in several laboratory converters (out-of-pile electrically 
heated) [2]. 

The oxygen additive work done to date is, however, only indicative of the 
potential offered by this mechanism. This past work has been limited in its 
quantitative content, the objectives having been to demonstrate that the 
effect does indeed exist, is stable and reproducible, and that the addition 
can be accomplished in prototypic converters in a relatively simple way by 
oxgenating the collector. However, this approach makes the oxygen-releasing 
process dependent on the collector temperature, which is a critical system 
parameter in space thermionic reactors. The precise control of the amount of 
oxygen released, therefore, becomes difficult. 

If the full potential and understanding of oxygenated converters is ever 
to be realized, an essential first step ;s to devise a means of obtaining and 
maintaining a known oxygen content in the converter vapor. The objective of 
the present research is to examine the possibility of using an oxygen ion 
carrying solid electrolytic cell to that effect. 

2.0 THE SOLID ELECTROLYTE APPROACH 

To control the oxygen content, or "activity", in a thermionic converter, 
it has been suggested to use a solid electrolytic cell capable of carrying 
oxygen ions [3]. The operating principle is illustrated in Fig. 1. Under 
thermodynamic equilibrium and assuming that, for the particular range of 
temperature and oxygen activity, the electrical conductivity is exclusively 
ionic, the cell open circuit voltage is given by Nernst's law [4]: 

(1) 
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Fig. 1 

Cs 
OPEN CIRCUIT VOLTAGE: 

V .. RT LN Ifu.] :J-0XYGEN ACTIVITIES 
llF ~Az 

ANODE 

Operating principle of oxygen control in a thermionic 
converter, by means of solid electrolytic cell capable 
of carrying oxygen ions 
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where T is the cell temperature, at and a2 the oxygen activities at the anode 
and cathode respectively. If, for instance, at is known, a2 can be 
immediately derived from Eq. 1. When a voltage is externally superimposed 

2_ 
onto Eo' then a net ionic current, in this case carried by 0 ,flows through 
the cell, the ultimate result being the transport of O2 molecules from one 
side to the other. N. Rasor has expanded on the original suggestion with the 
concept of a Collector Oxygen Electrolytic Dispenser (COED), in which the 
oxygen ion electrolytic cell is added to the collector of a thermionic 
converter: this concept is shown schematically in Fig. 2a and its possible 
integration into the multilayer collector structure of a "flashlight"-type 
fuel element for a thermionic nuclear reactor is depicted in Fig. 2b. 

The COED structure consists of a solid oxygen-source counterelectrode 
layer, an oxygen-ion-conducting solid electrolyte layer, and an oxygen
permeable electrode layer that also serves as the collector of the thermionic 
converter. The oxygen-source layer consists of a mixture of a metal and its 
oxide which has a thermodynamically-fixed oxygen activity. The solid 
electrolyte is a metal oxide having essentially pure oxygen ion conductivity. 
The collector layer is a metal that is compatible with cesium vapor and in 
which oxygen is highly soluble and mobile. 

In the thermionic converter application, Fig. 2b, the COED cell is 
envisioned to be integrally combined with the converter collector-insulator
cladding tri-layer structure, which is required in contemporary thermionic 
fuel elements to isolate the collector electrically from the liquid metal 
coolant. It is further anticipated that the additional solid-electrolyte and 
oxygen-source layers can be incorporated by the same or similar methods as 
those now used to form the tri-layer structure, not substantially increasing 
the total thickness. The possible inclusion of an outer oxygen barrier, 
region 10 of Fig. 2b, is also indicated, but may prove unnecessary_ 

A preliminary experiment, demonstrating the feasibility of using an 
oxygen-ion-conducting solid electrolytic cell to introduce oxygen in a 
cesiated diode, was recently performed at RAI as part of the TRICE program 
[3]. In this experiment the introduced oxygen formed cesium oxides in the 
diode, providing a source of oxygen-bearing species which enhanced the 
electron emission of a tungsten filament. 
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Fig. 2a Basic thermionic energy converter with COED cell 
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Integration of COED cell into multilayer collector structure 
of "flashlight"-type fuel element for thermionic reactor 
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The COED concept is much more ambitious, due to the integration of the 
oxygen source and of the thermionic converter collector in the same structure. 
But this integration also seems like a very logical development since the 
operating temperatures of both the solid electrolyte and the collector are 
quite similar, e.g. 900-1100 K. 

At the same time, the COED concept offers substantial improvements over 
the previous ways of dispensing oxygen at the emitter surface: 

the rate of oxygen dispensation is not solely dependent on the 
collector temperature, as in the oxide collector approach. 

the rate of oxygen dispensation is controllable by an outside 
voltage, hence opening the possibility of feedback control. 

oxygen transport is theoretically reversible. 

the oxygen activity inside the converter can be measured. 

Thus, the implementation of the COED concept offers the unique opportunity of 
controlling and measuring the amount of oxygen released in the converter, and 
thereby should provide an unequalled approach to determining quantitatively 
the effects of that oxygen release on the overall converter performance. The 
practical use of the solid electrolyte cell approach is, however, contingent 
on two major issues: the first one is the adaptation of this technology to 
the requirements imposed by the nuclear thermionic converter; the second one 
is the ability of having a reversible electrolytic cell in the converter 
environment, i.e. the ability of adding oxygen to, as well as removing it from 
the converter inner atmosphere. It is likely that at the beginning of oxygen 
introduction into the converter, oxygen will be consumed until thermochemical 
equilibrium is reached between the various species. Removing oxygen from the 
converter will become necessary if there is an optimum oxygen activity or if 
oxygen is released inside the converter through other processes. One such 
process could be the diffusion of oxygen from UOa-based fuels through the 
emitter cladding. 
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This paper examines the problems associated with the cell integration 
into the converter structure: 

selection of suitable solid electrolytes; 
verification of materials'compatibility; 
ability to achieve a leakfree joint between metal and solid 
electrolyte. 

3.0 INTEGRATION OF A SOLID ELECTROLYTE CELL INTO A THERMIONIC CONVERTER 

3.1 Selection of Suitable Solid Electrolytes 

Oxygen-carrying solid electrolytes are based on oxides of Group IV 
elements [5]. A quick search revealed that, of those, only calcia-stabilized 
zirconia (CaSZ) and yttria-doped thoria (VOT) were available off-the-shelf in 
the tubular shape envisioned in the design of COED converters for nuclear 
power applications. 

3.1.1 Selection criteria 

The integration of the electrolytic cell in the oxygen
permeable collector structure imposes new requirements on the electrolyte 
material: 

a. It must be compatible with the cesium vapor and possibly 
also with cesium oxide vapors. At this stage in the design, it is not yet 
clear whether cesium oxides are actually formed on the porous collector 
surface or readily dissociate. 

b. A leaktight joint between the electrolyte and the 
converter envelope must be formed. 

c. For in-core thermionics, the electrolyte must be stable 
in the neutron flux. However, for the design of a laboratory converter, this 
constraint may be ignored. 
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d. The electrolyte should have reasonable resistance to 
thermal shocks, and reasonable mechanical strength. 

3.1.2 Cesium compatibility test 

To our knowledge, only one article in the scientific 
literature deals with the compatibility of YOT and yttria-stabilized zirconia 
(YSIJ and liquid cesium at -1000 K [6]. In this severe environment, after 
about 50 hours YSI showed some penetration, while YOT showed some sign of 
attack only by a liquid Cs

2
0

Z
-CS0

2 
phase. YSZ "crumbled" after 7 h at 800 K 

in a similar liquid mixture, but the process leading to this attack was not 
identified. 

A cesium compatibility was therefore performed. An all
nickel vessel, fired in wet hydrogen to remove carbon, was loaded with samples 
cut from YOT and CaSZ tubes purchased respectively from Cerac* and Alfa**. 
The final configuration was one sample of each material in contact with the 
liquid cesium and with the vapor above it. The vessel was heated for 230 h at 
980 K (cesium vapor pressure around 1 atm). 

A comparison of the weight of the respective samples before 
and after this first test revealed that ZrO z samples had gained about 1% in 
weight, while the weight decrease for the ThOz samples was less than 0.03%. 
The Cs-exposed ZrOz samples crumbled when squeezed with plastic tweezers, but 
the ThOz samples remained mechanically sound. The obvious conclusion is that 
ZrOz had been severely attacked. This was confirmed by ESCA (x-ray 
photoelectron spectroscopy) analyses performed after ion-etching about 0.1 ~m 

to eliminate surface contaminants (ESCA probes only about 100 A deep). ESeA 
spectra for Cs-exposed ZrOz and ThOz are compared in Fig. 3, clearly showing 
the presence of Cs in the bulk of the IrOz sample, about 3% in atomic 
concentration, but undetectable (less than 0.5%) in ThOz ' 

* ThOz 15% wt YzOs ' Cerac, Milwaukee, WI 53201 
** Zr02 5% wt CaO, Alfa, Danvers, MASS 01293 
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Fig. 3 ESCA spectra for cesium-exposed Zr02 and Th02 samples 
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It is suspected that the presence of Si02 as an impurity in 
Zr02 is the cause of the severe attack by cesium due to the formation of 
silicates. Si02 is added by manufacturers to strengthen mechanically Zr02 • 

In our case, the amount of Si02 was about 0.5% in weight. 

Since admittedly the conditions of this first test were much 
more severe than those expected in a thermionic converter, where liquid cesium 
is not in direct contact with the solid electrolyte and the cesium pressure 
only of the order of a few Torrs, a second test was run on four Zr02 samples 
exposed to cesium vapor at 3 Torr. One sample was from Alfa (as before), and 
the three remaining from Zircoa (Si02 less than 0.25% w). The test ran for 
240 hours. Weight measurements showed an increase of 0.1% on a Zircoa disk, 
but none on the other samples. All samples had remained mechanically strong. 

A third test in which Zr02 samples of various Si02 contents 
were held at 900 K in 19 Torr of cesium for 420 hours, revealed however that a 
Zircoa sample became very brittle, although the weight increase was again only 
0.1%. The results of this final test are being analyzed. 

3.1.3 Comparison of thoria and zirconia electrolytes 

The machining, brazing and operation at collector 
temperatures of the two electrolytes under consideration require reasonable 
mechanical properties and resistance to thermal cycling, the latter being 
expressed as a composit~ of thermal and mechanical properties. 

Table I allows to compare these properties, the cesium 
compatibility and the resistance to neutron irradiation. A subjective scale 
was used with rankings 1 through 3 in order of decreasing quality. 
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TABLE I 

Comparison of thoria (YOT) and zirconia (YSZ) 
============================================= 

ELECTROLYTE I YOT YSZ 
=======;===================================== 

Cesium compatibility 1 2 

Resistance to thermal shock 3 1 

Thermal conductivity 2 3 

Resistance to neutron irradiation 3 1 

============================================= 

(Rankings 1-3 in order of decreasing quality) 

Thus, for the experimental converters to be built to test the COED concept, 
YOT seems a better choice. For the eventual design of in-core converters with 
oxygen control, the importance of the long-term effect of cesium exposure on 
zirconia will have to be assessed against the neutron fertility of thoria. 

3.2 Testing of Metal-Solid Electrolyte Seals 

Since the electrolyte is to be integrated in the collector 
structure, leakfree seals between the electrolyte and the converter envelope 
have to be developed. VOT and CaSZ ceramic materials having thermal expansion 
coefficients similar to that of alumina, kovar was chosen as the metal. It 
also offers some resistance to oxidation, which can occur on the high oxygen 
activity side. Two earlier seal designs, with YOT tubes copper-brazed to 
kovar, tested during the TRICE program [3, 7] are shown in Fig. 4. 

The seal design in Fig. 4a had the thoria in compression, leading to 
mechanical stress and cracking of the thoria itself. The design in Fig. 4b, a 
butt-seal with backup thoria ring, alleviated this problem, but operation at 

_2 
high oxygen activity (10 Torr) at 900 K resulted in oxidation of the copper 
braze. 
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Fig. 4a First design of a YOT cell 

Fi g. 4b Second design of a YOT cell 
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The two main problems for this type of seal were, therefore: 
resistance to thermal cycling, 
resistance to oxidation. 

3.2.1 Brazed kovar-electrolyte samples 

CaSZ and YOT tubes, about 1.2 cm 00 and 0.9 cm 10, were cut 
to form cylinders, 1.2 cm long, and rings, 0.2 cm thick. Kovar foil, 0.13 mm 
thick, was cut in disks matching the tubes ~O's. CaSZ were metalized with a 
W-Mn paint, which involved treatment at 12000C in wet H2 -N 2 • YOT were 
metalized with a Mo-Mn paint, which involved treatment at 11400C in the same 
atmosphere. Copper-brazed samples were assembled by INTA for thermal cycling 
and oxidation resistance tests. Such samples are shown in Fig. 5. 

A special corrosion-resistant plating was used involving 
alternate electroplating of nickel and rhodium layers. The tests of 
resistance to oxidation and thermal cycling are more important for YOT, as 
failures of such brazed joints occurred frequently during the TRICE project, 
and since the issue of the cesium compatibility of Zr02 has not been resolved 
yet. 

3.2.2 Thermal cycling tests on Kovar-Thoria joints 

The brazed 
from 25 0 e to 7000e and back 
decline} of ±40e/min, and a 

samples, helium leaktight, were cycled in vacuum 
to room temperature with a temperature rise (or 
soak at 7000e of 30 minutes. After each cycle, 

the sample was leak-checked. 
leaktight after three cycles. 

All four Kovar-Thoria joints were found 

3.2.3 Oxidation resistance tests on Kovar-Thoria joints 

_3 

The same samples were then cycled in 1 x 10 Torr of oxygen 
at about 6200 e, staying at that temperature for three hours. All four Kovar
Thoria joints were found leaktight, incidently completing a total of six 
temperature cycles. Some oxygen uptake by the thoria occurred, shown by the 
light yellow discoloration (Thoria heated in vacuum is bluish-white). 
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Fig. 5 Brazed Kovar-Zirconia (left) and Kovar-Thoria (right) joints 
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4.0 PRELIMINARY CONCLUSIONS AND FUTURE WORK 

Since the new Kovar-Th'oria brazed joints performed so well, and given the 
excellent resistance of thoria to cesium corrosion, thoria is obviously the 
the best choice for the electrolyte for laboratory converters. The 
relationship between silica content, mechanical properties and cesium 
corrosion of Zirconia is being investigated in more detail to determine the 
suitability of Zirconia as an electrolyte material. 

Future work will first concentrate on the issue of the reversibility of 
the electrolytic cell in a converter environment. The concern here is that 
the oxygen activity inside the converter might be so low, due to the oxygen 
affinity with cesium, as to limit the removal rate to unacceptable levels. 
Future work will then address the question of finding a correlation between 
the oxygen activity inside the converter, as determined by the electrolytic 
cell open-circuit voltage and the emitter work function. 
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MODEL OF MASS TRANSFER BETWEEN ELElCTRODES 

IN A THERMIONIC CONVERTER 

D.Y.Lul:>imov B.N.Bol:>Kov E.A.Lavrentyev A.S.Panov 

Scientific Research Technological Institute 

PodolsK,USSR 

Abstract 

Chemical mass transfer of a material 

under nonisothermal conditions through mUI

ticomponent gas phase containing caesium 

vapour is considered. The system of nonl1-

near equations is obtained on the base of 

up-to-data mod.el notions Of adsorption an<1 

lateral interaction between a<1atoms on the 

surface of 8011ds. It allows to calculate 

surface concentrations of the elements 

whiCh the gas phase contains an<1 to des

cr1be mass transfer processes between two 

surfaces of electro<1es. D1fferent kin<1s of 

d.ependence of 1mpact molecules stick1ng 

probab111ty and adatoms <1esorptlon energies 

from a surface on the degree of gas phase 

componen ts coating are consl<1ered. The 

influence of oxygen in gas Phase on mass 

transfer of electrode materlals is eStima

te<1. These developed notions are appl1ed 

to the analYSiS Of mol~bdenum and tungsten 

electrodes mass transfer 1n a thermlon1c 

converter. 

When descr1blng chemlcal mass transfer 

between two surfaces under nonlsothermal 

cond.ltions. one must taKe lnto consl<1erat1-

Thermionic Energy Conversion 

on chem1cal reactions and mass transfer 

trough a gaseous medium. One can diSting

uish three steady-state cond1 tlons: 

1) dif'fus1ve • when mass transfer rate 1s 

<1eterm1ned. by diffusive process in a gase

ous me<1lum; 2) k1netic. when adsorptiOn 

processes on surfaces are prinCipal and 

3) 1ntermediate (dlffuSl ve-klnetic). The 

d1ffuslve comlltions are studied well eno

ugh /1/ and are used at relatively high 

pressures, when free path length of gas 

particleS is considerably less then the 

surface spacing. In other cases adsorption 

and. <1esorptlon processes play an important 

part and a Baseous medium acts as a diffu

sive barrier reduclnB mass transfer rate 1n 

comparlS1on with the klnetlc cond1 tions 

when molecules overcome the surface spac1nB 

without any coll1S1ons. The latter two con

d.i tiona are used in a caesl um thermioniC 

converter. For their descriPtion a gaseous 

medium an<1 sol1ds interaction behav10ur is 

necessary to know. 

The mass balance condltion dUring steady 

-state mass transfer between two surfaces 

haVing the same areas results in the f01-

lo'W1ng atom-molecule flows relation: 

167 



(1) 

where r.iS number of i-atoms in j-moleculej 
I) 

5(.') 
j is J-molecule stiCKing probability on 

r-surface; )Vt~r) 1S J-molecule desorptlon 

rate from r-surface; Rj is mass transfer 

ratio for j-molecules which depends on the 

mean molecule rate, the surface spacing and 

dlffusion coefficients of considered mole-

cUles in a gaseous medium; under the kine-

tiC conditions Rj:1 /2/. 

Set of equations (1) contains S, and 

.fr1 i which are functions 9; of surface 

coverage 

medium. 

with the components of gaseous 
1'1 

The number of the unknown ~ and 

is two times larger then the number of 

equations. The additional equations making 

the solution of the set of equations simple 

can express the amount of each element on 

the electrode surfaces 

H - A( Ul elil .,(~,.8t~') I - ~\' i ... s i 
(2a) 

or the mean partial pressures of compounds 

formed from the conSidered elements 

(2b) 

where A 1s area of the electrodes, T is 

surface temperature, is number of the 

adsorption centres on the surface and 

-mass of j-molecule. 

When conSidering interaction Of a gaseous 

168 

medium with a surface, one can obtain Sea,) 
and ,. (91) dependances. Let it be a metal 

surface. At low pressures and hlgh tempera-

tures one can suppose that the interaction 

is described by set of balance equations 

each of which can be written as: 

(3) 

where j-mOlecule 'flow flying on the 

surface. 

The sticking probab1bl ty S1 of j-molecu-

les is function of adsorption p. and de-

sorption Pol" probab1l1t!es from different 

kinds of centres and probabillties o'f f1n-

ding these centres f" /3-6/. When adsorbing 

AB molecule, the sticking probabil1ty is 

equal to: 

(I.j. ) 

Adsorption and desorption probabili tes 

must take lnto account the ada tom migration 

along the surface and in general depend on 

the surface temperature. The equations of 

type(l.j.) allow generalizing to more complex 

molecules and presence of a greater number 

of ada tom kinds on the surface but result 

in compl1cated relations. When processing 

experimental data, it is more convenient to 

use prOXimate but simpl1er relations. 

The right hand sides of equa tion (3) 

contain the partial flows Of atoms and 

lecules desorblng from the surface. If 

mo-

one 

consider desorption in terms of the theory 

of absolute reaction rates /7/, one can 

wrl te for the desorption rate: 
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(5) 

wnere k is Boltzmann's constant, 1'1 1s 

Planck's constant, n$ is concentratIon of 

J-partlcles on tne surface and); 1s desor

ptlon energy of J-partlcles. 

Let tne partlCles be a two-d1mentlonal 

gas. If at tne desorPt1on tne act1vated 

complex 1s In equ111br1Um witn tne part1c-

les formlng it, d1fferent eQu1l1br1ums w1l1 

be reacned between tne atoms and tne mole-

cules on tne surface. In tne case of a two 

-component gaseous medlum, for example, 

cons1stlng of oxy,en and nydrogen tne equ-

111br1ums can be written as: 

XH(s}+yO(,)+ZH(g):H _ 0", H
t 

(g) (6) 

If It 1s assumed tnat tne sum Of tne partl

cle states on tne surface dIffers from tne 

sum of tne states of tne correspon1ng par

tlcle 1n a gas pnase by tne loss o:f a 

translat10nal de,ree of freedom and tne 

ener,y Change by the value of desorption 

actlvation energy /7,8/, one can obta1n a 

relation between tne molecule flow and the 

flows o:f the atoms, :form1n, thIs molecule: 

(7) 

where 

(8) 

1s coef:flclent. tak1n, 1nto account 

dlmentlons; 18 molecular we1ght of 

Thermionic Energy Conversion 

J-compound; NA - AVogadro number; !(j (T) Is 

gas equil1br1um constant for J-compound. 

One can see :from express10n (8), that Bj(U 

1S only function o:f temperature and so the 

dependence of the molecule flows on the co-

verages 1S expressed 1n terms of the atom 

:flow dependence. It should be noted. that 

g1ven equations (6)-(8) don't make dl:f:fi-

cultles, when belng general1zed to a grea-

tel" number o:f elements. 

Let us COnSider the atom desorption from 

metal sur:face. The atom desorptlon rate Is 

determined by equation (6) too. Its depen

dence on the sur:face concentratlon can be 

explainec1 In terms of ni and Jl' For the 

f1rst quantity tne dependence is ratner 

slmple n i :ns· 8, but the atom desorption 

energy dependence reqUires special conslde

ration. 

The atom actl vatlon energy from a metal 

surface 18 usually obtained :from thermal 

desorption experiments. Numerous experlmen

tal data /9/ show considerable spread 1n 

desorption heat values, :for example, when 

desorblng oxY,en from a molybdenum sur:face, 

}o :360-650 kJ/mol and }o:370-640 kJ/mol, 

respectively. Such spread 1n data 1s asso

Ciated w1th the effect of many factors on 

the atom activation ener,y /9-12/; lateral 

interactions between adatoms, surface non

unlformity. etc. 

Sta tlstlcal adsorptlon d mo els /11-18/ 

don't Ussually concretize the interactlon 

nature and only take lnto account a pa1r-
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wice interaction between the nearest neigh

bours. Among the Known models only the sur-

face electron gas model /13-14/ allows to 

taKe into consideratiOn the mutual effect 

of different Kinds of adatomS on the de-

sorption energy. 

According to the model assumptions the 

desorption energy can be written as: 

(9) 

where 

(10) 

is an effective charge of i-atom and 

m* is an effective mass of an electron of 

the surface electron gas. While derivating 

relations (9) and (10). 1t was assumed that 

1) the adsorptiOn activation energy equals 

zero; 2) was calculated according to the 

data on electron worK function, polarizabi-

11 ty and radl1 of particles 115/; 

3) the linear interpolation of the experl-

men tal dependences of the desorption ac-

ti vation energies on coverage was used for 

estimating mit 19.16/. The values obtained 

as a result of estimating the quantities in 

equa tions (9) and (10) are given in table I 

for a number of materials.Thus, the surface 

electron gas model gives an opport uni ty of 

calculating the desorption energies. taKing 

lnto account the ada tom interaction and 

obtalning - dependence in a mUI-

ticomponent gaseous medium. 

The taKen assumptions, when considering 

the adsorption and desorption.can be tested 

on the basis of the available experimental 
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data on tungsten evaporation in oxygen and 

water vapor.The calculated results of tung

sten interaction with oxygen.carried out by 

a numerical method in equations (3) and (7) 

and the experimental data on the tungsten 

evaporation rates/19-30/are given in fig.1. 

The oxygen sticKing prObability was taKen 

as: 

0.56(1-6) . (11) 
(1-e. )2 +0.59101 0 (1-9 0 )+0.36101: 

and the eqUilibrium constans are taKen from 

131/. 

The constans for calculating Table 

the desorption processes 

A refrac
tory 
metal 1 

W 
poly-

o 1.02 75432 -38313 20659 15626 

H 1.65 33711 12771 -6886 -5209 

crystal Cs 0.48 33422 33205 -20659 -13542 

o 1.00 66729 -12578 10768 5959 

Ho H 1.65 35708 6525 -5587 -3191 
poly-

crystal Cs 0.26 31333 23367 -20004 -11070 

o 1.42 65840 -11840 8311 13350 

W H 1.05 16950 11240 -4086 -6565 

(110) Cs 0.71 35970 26822 -9750 -15667 

o 0.82 74500 -17410 9621 11270 

W H 0.82 34780 9621 4781 -5895 

(112) Cs 0.41 34815 22420 -11740 -11!510 

The experimental data on tungsten 

evaporation rates in the mixture of water 

vapor and hYdrogen 1331 were used for es-

timating S ".0 because of scantiness of 
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1nformation on tlle water stick1ng probab1-

l1ty on refractory metals /32./. 

Let stick1ng probablli ty of H 10 -molecu

les be wr1tten as: 

s = 
",-0 

( 1 2. I 

A=2..16; B=6.31 and c=o were obtained bY 

a least-squares tecllnique. 

1& 
10 

'; 
10 

noD 1<\ 2:100 I< 

01 
I 0, 

00/ , 
I 

01 
& 

1 
0'1 
0' OJ 

01 
01> 
f 

'" q 0 

~ 
I , 

F1g. 1. Tlle tunesten evaporation rate ver-

sus the oxygen pressure at d1fferent 

temperature 

o - experiment /19-29/,--- calculation/50! 

the present work. 

Tak1ng into account the part1al fil11ng 

of the surface with oxygen, Hz 

probability was given as: 

sticking 

( 1 5 I 

The exper1mental and calculated data on 

tunesten evaporation rate in HIl O+H2 -mixture 

are g1ven 1n flg a.The same operations were 

carrIed out for Mo-O-H-s1stem. The calcu

lated. reSUlts of mOlybdenum evaporat10n ra-

Thermionic Energy Conversion 

tes In oxygen and 1n water vapor and the 

known ex perl mental d.ata /34/ are sllown In 

f1g.3 and 4.Tlle calculated. and experlmental 

data are 1n satlsf'actory agreement. 

If the j"1l(9i) and S:i(9,) depend.ences of 

dlf'ferent gas J-part1cles are known, we can 

calculate the 1nteraction of the mult1com-

ponent gaseous med1um w1tll meta1l1c surfa-

ces as 1n caesium thermIonIc converter. 

Let us llmlt ourselves to consld.er1ng a 

gaseous me<l1um conSIstIng of' tllree elements 

CS,O.H. It shOUld be noted tllat 1n Cs-O-H 

-s1stem under tllermionic converter cond1tl-

ons accord1ng to the thermodynamic est1ma

tions the oxygen 1s contaIned maInly as 

caeSium hydroX1de CsOH. Therefore, we shall 

cons1der CS+CsOH-mlxture wllere refractory 

metals evaporate. The calculated results 

are given In flg.5 and 6. Tlle data 1n flg.5 

a 

1(,00 2000 2200 T.~ 

F1g.a The tungsten evaporat1on rate versus 

the temperature 1n H~ 0+H2 -mixture 

1. p ... a =1.33 . 10.
4 Fa, p .. ~ =1.33· 10" Pa; 

2. 
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~£M.' Cl\i~S·I 

101\ 

5 6 1 to,,",iC' to" 

Fig. 3 The molYbdemum evaporation rate ver-

sus the temperature and oxygen pressure 

- calcUlation; 

L gpo.. (Pa): -0.18(1); 

-1.18(4); 

)41 Mo. CIA'~S'\ 

IOH 

16 
to 

lOIS 

~ 5 6 

- experiment/3+! 

-0.58(2); -0.88(3); 

-1.58(5); -1.88(5). 

~ 
p. 

D.61 

0.t~1 

0.02 61 

lo'/r, ~,l 

Fig. 4 The molllbdenum evaporation rate 

in H~ O-vapor versus the temperature 

__ -calculation; - experiment 

show the effect of the caesium hydroxide 

and caesium pressures change on the tung-

Hen evaporation rate when tungsten 
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is in Cs and CsOH vapors mixture. While 

considering particles desorbing from a sur-

face, it is necessary to take into account 

ions besides atoms and molecules /35/ as 

follows from fig.5.The tungsten evaporation 

rates in different gaseous media: oxygen, 

water vapors and caesium hydroxide are com-

pared in fig.5. 

tO~ 

5 b 7 10'/T. K'I 

The tungsten evaporation rate at 

different pressures of CsOH and Cs versus 

the temperature 

Jl'Iw,CIIA'~.~" 

101'3 
~--

10 
11 

lOll 

tolO 

~ 
\0 

11000 2000 2200 2-400 T.K 

Fig 5. The tungsten evaporation rate in 

oxygen, water vapor and caesium hidroxlde 

versus the temperature 

When describing the mass transfer processes 

in the interelectrode gap, the availabil1 ty 

of steady-state conditions of mass transfer 

between the electrodes is supposed, and 

model of refractory metal interaction with 
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mult1component gaseous med1a 1s used, that 

has an effect on the set of equations 

(1)-(2). In this case the mass flow through 

the lnterelectrode gap from each electrode 

surface is sum of the flows desorb1ng from 

the surface and reflected by the metal sur-

face of the particles. The stick1ng proba-

b1l1ties and the deSorblng flows are func-

tlon5 of coverage with the elements forming 

the compounds of the gaseous medium of the 

thermion1c converter interelectrode gap. 
~r-----~~~-------------, 

0.6 

o.~ 

e, 1---'--..1......:::==:---'----'---\ 
0.6 

,9 
10 

1200 11,00 i600 i£DO 2000 r; K 

F1g 7. The tungsten surface coverage wlth 

oxygen an<l hydrogen at <lifferent pressures 

of H 0, H for different total tungsten eva-

poratlon rates versus the temperature 

1- 1'11,0=1.33 . 10 -~ Pa; 5. ]4 .... =10. 2 cm'2 s -l 

2. P ><,0 :1.33 . 10'" Pa; 6. !'a:1O 
13 cm'::! s -1 

P II ,=1.33 10 ·1 Pa; 

3. P :1.33 10 Pa; 7. -, 
10 Pa; 

-6 
10 Pa. 

Therfore, as a result of solving the set of 

equations, when calculating both the mUlti

component gaseous med1um interactions and 

the mass transfer thrOUgh the 1ntersurface 

Thermionic Energy Conversion 

gap, the values of coverage with the metal 

surface elements are obtalned as partlal 

results. Chang1ng in oxygen and hydrogen 

coverages with the temperature, when eva po-

rating tungsten ln the water vapor and hyd-

rogen m1xture, 1s shown ln flg.7. From the 

abovementioned dependences it follows that 

the surface oxygen concentration 1s much 

higher than the surface hydrogen one and 1t 

1s the surface oxygen that ls respons1ble 

for increas1ng the tungsten evaporating 

rate. ThiS conclusion can be contlnued in 

the follOWing way: the aVaUabllity of oxy-

compounds in a gaseous med1um can cause an 

increase in the refractory metal (Wand HoI 

evaporation rate and in the 1nterelectrode 

mass transfer, 1n particular, 1n mass 

transfer from an eml Her to a collector. 

The <lescr1bed model can be used for es-

timatlng the processes proceeding in a 

therm1on1c converter, when being prepared 

for operation and used under operating con

dit1ons. 

Using the data on the partial pressures 

and partial rates one can obtain the initi

al data for equation (2b), and haVIng sol

ved the set of equations (t) and (2) one 

can eStimate the effect of the thermal pre

paration condItions on the mass tranSfer of 

the electrode materlals. The ava111bllity 

of the results on the electrOde material 

mass transfer values under operating Cond1-

tions allows to estimate the Possible con

centrations of the impurlties (oxygen and 

hYdrogen ) on the electrode surfaces of a 
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caesi um thermionic converter and to connect 

them wlth the electrode emisSlon characte

ristic variation and with the lenerated 

electric power variation. 

Conclusions 

1. The mOdel of the multi component gase

ous medium interaction wlth the refractory 

metals (molybdenum and tunlsten) was deve

loped. 

2. The interelectrode mass transfer 

model, allowinl to calculate the oxygen and 

hydrogen amounts on the electrode surfaces 

in a caesium thermionic converter and the 

electrode material mass transfer, was deve

loped. 
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PLASMA SPRAYED TUNGSTEN AS EMITTER MATERIAL 

G.H.M.Gubbels 

Laboratory for Solid State Chemistry and Material Science 

Eindhoven university of Technology 

P.O. Box 513, 5600 MB Eindhoven, The Netherlands 

ABSTRACT 

The electron emission of etched and unetched plasma sprayed 

tungsten was measured in the unignited ion rich mode. Work 

functions were derived from the measured saturation current 

densities. In the ignited mode, I-V characteristics were measured. 

Using an un etched and an etched plasma sprayed tungsten emitter, 

barrier indexes of 2.35 and 2.05 eV respectively were found. At 

1400oC, in the case of an unetched plasma sprayed emitter, a power 

density of 1.5 w/cm2 was found while for an etched plasma sprayed 

emitter a power density of 4.5 w/cm2 was measured. 

1. INTRODUCTION 

In order to facilitate commercial application of combustion 

heated thermionic energy converters, higher efficiencies and lower 

material costs are required. For the realization of these goals we 

suggested the utilization of plasma sprayed tungsten as an emitter 

material [lJ instead of tungsten produced by Chemical Vapor 

Deposition. The plasma spraying process is presented schematically 

in Fig .1. The tungsten powder is mel ted in a plasma torch and 

sprayed on a substratum. A hot shell for a combustion heated 

converter is produced by plasma spraying tungsten on a brass 

spindle with a diameter of 5 cm. According to the supplier 

( H.C.Starck, Berlin ) the tungsten purity is better than 99 w%, 

and the C content is less than 0.05 w%. The spraying process is 

performed in the air. Tungsten powder with a grain size of 5-20 

~m is injected into the plasma flame. The plasma sprayed layer is 

about 0.5 mm thick. After the spraying the tungsten is reduced in 

hydrogen at a temperature of 1500 °c. Next, the tungsten is 
. -5 0 sintered 1n vacuum (10 mbar) at a temperature of 2000 C. 

Thermionic Energy Conversion 177 
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1= SOOA 

r powder from feeder 

Fig.1.Sketch of the set-up of the plasma spraying process. 

2. THE RESEARCH DIODE 

In order to measure the current-voltage (I-V) characteristics a 

plasma sprayed tungsten disk was produced and joined to a 

molybdenum emitter sUbstructure of a research diode by vacuum 

brazing. Mo-42 at%Ru was used as filler material. The plasma 

sprayed emitter faced a molybdenum collector. The emitter and 

collector diameters were 1.3 cm. The various flanges are joined by 

copper gaskets. The emitter was heated by an electron gun (W-6%Re 

filament, 0.5mm in diameter). A sketch of the diode is presented 

in Fig.2. Collector and cesium reservoir temperature were measured 

and controlled automatically using Pt/Pt-10%Rh thermocouples. The 

emitter temperature was measured with a Pt-6%Rh/Pt-30%Rh 

thermocouple. In order to avoid the effect of the electrical 

resistance of the leads, a four point measuring method was used 

[2]. The I-V characteristics were obtained using a Tektronix 577 

D2 curve tracer with sense connection. The diode was out gassed 

using an AEI triode ion pump (120 l/min). The ultimate temperature 
o -8. was 1600 C. The ultimate pressure was 10 robar. After test~ng the 

plasma sprayed tungsten emitter in the research diode, this 

emitter was electrolytically etched [3] and tested once more. The 

electrolytically etching was performed at a voltage of 2V in a 3% 

NaOH aqueous solution. 
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Fig.2 Sketch of the research diode. 

3 . ELECTRON EMISSION OF UNETCHED PLASMA SPRAYED TUNGSTEN IN THE 

UNIGNITED ION RICH MODE 

In the unignited mode various I-V characteristics were measured 

at a low inter electrode distance [4] (see Fig.3.). The emitter and 

collector temperature were kept constant. Various cesium reservoir 

temperatures were employed resulting in ion rich conditions. Using 

the Richardson equation the work function (t) can be calculated 
from the saturation current (Is) : 

t=kTe ln(120Te
2/Is ) 

where Te is the emitter temperature in K and k is the Boltzmann 

constant. These work functions are presented as a function of the 

reduced temperature, i.e. the emitter temperature divided by the 

cesium reservoir temperature (see Fig.4.). 
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-1.8 V -8.8 0 

Fig. 3. Electron emission in the ion rich unigni ted mode using a 

plasma sprayed tungsten emitter. The emitter and collector 

temperatures were 12000 C respectively 3500 C. Various cesium 

reservoir temperatures were used: 150, 160, 170 and 1800 C. 

The inter electrode distance was 0.02 mm. 

:> 
3 
4J 

1: 
Q. 

+ 1200 A 1300 0 Langn 0 1400 .. 1600 
Hig.JChi 

5r-------~---------r--------,_------_. 

4 

3 

2 

1 

1 :2 3 4 5 

Te/TCs 

Fig.4. Work functions calculated from the saturation current 

density in the ion rich unignited mode. Measurements at 

various cesium reservoir temperatures were performed at 

emitter temperatures of 1200, 1300, 1400 and 15000 C. 

Literature values [5] are indicated (0) too. 
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4. THE UNETCHED PLASMA SPRAYED TUNGSTEN EMITTER IN THE IGNITED 

MODE 

In the ignited mode , various I-V characteristics were obtained 

at fixed emitter and collector temperatures and fixed inter 

eiectrode distance [4]. Only the cesium reservoir temperature was 

varied. It was kept at a specified temperature, which was raised 

10 degrees in every subsequent experiment (see Fig.5.). The 

Boltzmann line is indicated. From the voltage difference between 

the Boltzmann line and the measured I-V characteristic, the 

barrier index is deduced. At the conditions presented in Fig.5 the 

barrier index is 2.40eV. 

The power density of the converter can be calculated from the 

voltage current characteristics. In Fig.6. the power density 

measured at three temperatures is presented. A power density of 

1.5 w/cm2 was found at 1400 °C. This is a power density one would 

expect for a poly crystalline tungsten emitter. 

/ 
/ 

/ 

/ 
/ 

/ 

I 

I 
I 

I 
I 

I 
I 

I 
I 

I 
I 

2 

l::::~~==::::t::==::j 0 -8.6' -OA -0.2 o 

Fig. 5. I-V characteristics in the ignited mode using a plasma 

sprayed tungsten emitter and a molybdenum collector. The 

emitter temperature and collector temperature were 14000 C 

and 6350 C respectively. The cesium reservoir temperatures 

ranged from 250 to 3000 C (step 10oC). The inter electrode 

distance was 0.3mm. The dashed line is the Boltzmann line 

(V+2.30V). 
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Fig.6. Power density of the converter with plasma sprayed tungsten 

emitter and molybdenum collector at emitter temperatures 

of 1300, 1400 and 1500oC. 

5. ELECTRON EMISSION OF THE ETCHED PLASMA SPRAYED TUNGSTEN EMITTER 

IN THE UNIGNITED ION RICH MODE. 

In order to expose the {110} tungsten crystal planes at the 

surface, the plasma sprayed tungsten emitter was electrolytically 

etched. The work function of the etched plasma sprayed tungsten 

emitter was calculated from the measured I-V characteristics in 

the ion rich unignited mode (see Fig.7.). It was found [4] that 

the work function of the tungsten emitter changed less than 0.1 eV 

upon etching (see Figs.B. and 5.). 
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Fig.7. Electron emission of etched plasma sprayed tungsten in the 

ion rich unignited mode. The emitter and collector 

temperature were 13000 C respectively 370oC. Various cesium 

reservoir temperatures were used: 180, 190, 200, 210 and 

220oC. The inter electrode distance was O.OSmm. 
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Fig.S. Work functions calculated from the saturation current 

density of the etched plasma sprayed tungsten emitter in 

the ion rich un ignited mode. Measurements at 

reservoir temperatures were performed 

temperatures of 1200, 1300 and 1400oC. 
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5. THE ETCHED PLASMA SPRAYED TUNGSTEN EMITTER IN THE IGNITED MODE 

I-V characteristics were measured in the ignited mode at 

various condition [4J (see Fig.9). Power densities are reproduced 

in Fig.10. It is seen that the power density is much higher using 

an etched plasma sprayed emitter (at T =1400oC, P=4. 5w/cm2 as 
2 e 

compared to 1.5 Wjcm for unetched plasma sprayed tungsten). 

~---'----~----~----~16 

-0.81 

I 
/ 

/ 

I 

-8.4 

8 

" 

Fig. 9. I-V characteristics in the ignited mode using an etched 

plasma sprayed tungsten emitter and a molybdenum collector. 

The emitter temperature and collector temperature were 

14000 C respectively 630oC. The cesium reservoir temperature 

ranged from 260 to 3200 c (step 10oc) • The inter 

electrode distance was 0.4mm. The dashed line is the 

Boltzmann line (v+2.00V). 
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Fig.IO. The power density of the converter with the etched plasma 

sprayed tungsten emitter and molybdenum collector. The 

emitter and collector temperatures were 14000 C 

and 6300 C respectively. The cesium reservoir temperature 

was optimal. various inter electrode distances were used. 

6. DISCUSSION AND CONCLUSION 

Comparing Fig.5 and 9 the effect of the etching of the emitter 

can be deduced. It is seen that at the same cesium reservoir 

temperature, the etched emitter results in a higher current 

density and in a lower barrier index. Which explains the much 

higher power density of the diode with the etched emitter. The 

higher current of the etched emitter is expected, because a lower 

cesiated emitter work function was measured too. The measured 

higher current density in the ignited mode corresponds with the 

O.leV lower emitter work function. 
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However, the bare work function of a (110) plane: ~(110)=5.3 eV 

and that of a poly crystalline surface plane ~pol =4.5 eV differ 

much more, i. e f1~=0. 8 eV. It is generally accepted that the 

difference of the the cesiated work function equals the difference 

of the bare work functions [5]. It is concluded that the {110} 

tungsten planes developed during etching disappear during 

operation at high temperature (emitter temperature up to 1500oC). 

However, using a etched tungsten emitter, a stable and 

surprisingly low barrier index is found • 

For the etched and unetched emi tter , the characteristics were 

calculated [4] using the model of N.Rasor [6]. The experimentally 

determined emitter work functions were used in the calculation. 

The value of the collector work function was kept the same in both 

cases. It resulted from the calculation that the current density 

is higher using the lower emitter work function (in the etched 

case, 0.1 eV lower). But the barrier index is the same in both 

cases. We conclude from this that the work function of the 

collector has changed in the experiments using the etched emitter. 

As a result of the evaporation of material from the etched emitter 

the composition of the collector surface changes. 

The molybdenum collector surface was thoroughly investigated with 

X-ray diffraction , Scanning Electron Microscopy and AUGER. using 

various acceleration voltages in the scanning Electron Microscope 

the composition and the layer thickness of the outer layer can be 

determined. using X-ray diffraction, carbides were detected on the 

collector surface. The combined analyses indicated [4] that a 

tungsten carbide layer (W2C, about 0.02 gm thick) was condensed 

on to the molybdenum collector. 

The above measurements indicate that plasma sprayed tungsten, 

after reduction and sintering, is a suitable emitter material. 

Etching the plasma sprayed tungsten emitter resulted in a high 

power density of 4.5 Wjcm2 at an emitter temperature of 1400oC. 
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TRANSPARENT THERMIONIC CONVERTERS 

G. O. Fitzpatrick, Advanced Energy Technology, Inc., San Diego, CA 

Summary 

A novel thermionic converter concept is described in which the collector 

is transparent in that it absorbs a minimum amount of thermal radiation from 

the emitter, transmitting the greater part. Such a configuration can be 

accomplished by use of sapphire as the structure of the collector with a 

coating of metal tens of Angstroms thick serving as the electrode surface. 

One application of this concept is a high efficiency thermionic converter. 

The transparent collector would be incorporated into a converter of otherwise 

conventional design, such as a cesium diode of planar or cylindrical configur

ation with emitter heated by any means (solar, combustion or nuclear fission 

heat). Outside of the transparent collector would be an ideally adiabatic 

reflecting surface. This reflecting surface would operate at the same tempera

ture as the emitter, and so the total thermal radiation from the emitter would 

be zero. Since thermal radiation is parasitic to the thermionic power 

conversion process, elimination or reduction of radiation enhances converter 

efficiency directly. 

High Efficiency Thermionic Converter 

Efficiency of a thermionic converter is defined by the equation 

n = 
VJ 

q + q + q + Qs/A 
e r c 

where the terms in the numerator are the converter electric power output and 

those in the denominator the converter thermal power input. V is the converter 

output voltage and J is the interelectrode current density. The thermal power 

components are 

qe energy flux associated with the interelectrode current, called also 

emitter electron cooling 

thermal radiation flux from emitter 
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qc thermal conduction flux through cesium vapor from emitter 

Qs/A the net heat from the power source that bypasses the interelectrode 

space, mainly by way of the emitter lead and other structure, per 

unit electrode area. 

Thermionic converter designers make an effort to minimize Qs, and years of 

development effort in thermionics have focused on raising the VJ product. The 

concept of a transparent converter aims to minimize q • 
r 

A converter design is proposed as illustrated in Figure 1. The collector 

is composed of a structure of sapphire coated with tens of Angstroms of a 

metal, which serves as the electrode. Outboard of the collector would be a 

vacuum with multi-foil type insulation. The coated sapphire collector would 

either reflect or transmit the greater part of thermal radiation originating 

from the emitter, and the surface of the multi-foil insulation would reflect 

thermal radiation back through the transparent collector to the emitter. As a 

result, the surface of the multi-foil insulation would operate at near the 

emitter temperature with a minimal net radiative heat transfer off of the 

emitter, thus minimizing q • 
r 

The collector would run at a temperature determined by the electron 

cooling and cesium conduction which impinge upon it, the Joule heating 

generated within and the thermal conductance of periodic penetrations of the 

sapphire which connect it to the collector base. Representative temperatures 

are shown in Figure 1. 

Sapphire is the suggested material for the transparent collector. The 

spectral distribution of the emitter radiation, whatever the emitter material 

might be, can be expected to follow the Planck distribution for black body 

radiation. As can be seen from Figure 2, for a temperature of 1800 K the 

distribution peaks around 1.6 jlm falling between 0.7 and 5.0 jlm. Compare this 

distribution to the spectral transmittance of sapphire in Figure 3, where it is 

a maximum over the same range. Note also that the spectral reflectance of 

sapphire is minimal in this wavelength band. 

The metallic collector coating must be compatible with long-term 

thermionic performance and highly electrically conductive. Its thickness is 
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optimized balancing transparency with lateral electrical conductance. (Thermal 

conduction is accomplished through the sapphire and the metal.) For the 

purpose of initial feasibility studies, copper, nickel or platinum are 

considered candidate materials for the coating. Transmittance through the 

coating is modeled according to electromagnetic theory (Ref. 2). 

where 

T ... -d/do(\,T) 
e 

d (A, T) = ('A c/o ( T» 1/2 
o 

and A is the wavelength of radiation and 0 (T) is the temperature dependent 

electrical conductivity. A 20~ layer of copper has a calculated transmittance 

of 97%. 

Because of the thin collector electrode, the transparent thermionic 

converter must operate at low current density compared to "conventional" high 

pressure cesium diode type thermionic converters. High conversion efficiency 

can be obtained, however, at low current density. A standard reference for 

thermionic converters is Thermo Electron Planar Converter #46 (Ref. 3), which 

was tested over a range of emitter temperatures and with interelectrode spacing 

between 0.03 and 1.0 rom providing electrode output curves for optimum cesium 

pressure. Emitter was (110) oriented tungsten and collector was niobium. 

Figure 5 shows the hypothetical optimum efficiency of converter 146 in ignited 

mode operation at representative constant electrode temperatures with assumed 

varying values of q ranging from the estimated value for the electrode pair to 
r 

one tenth of that value. Clearly the maximum efficiency rises, and it occurs 

at lower current densities. 

Even higher efficiencies can be obtained operating a transparent converter 

in the unignited mode or in the quasi-vacuum mode. 

spacings are required, however. 

Very close electrode 

Figures 6 and 7 presents typical results of calculated performance of 

transparent converters. Calculations use properties of the sapphire collector 

structure with copper collector electrode coating. Radiative heat exchange 

through the collector is modeled as one-dimensional. The variable L is the 
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relative pitch between current leads on the collector. 
modeled is shown in Figure 8. The configuration 

Figure 9 is a summary comparison of calculated maximum (limiting case) 

converter efficiencies for transparent converters in two modes of operation 

with performance based upon actual performance of three experimental devices. 

Shown in the figure are the theoretical maximum lead efficiencies (in whatever 

operating mode) for varying values of barrier index, Vb. Plotted at points A 

and B are the calculated efficiencies for the best results of experimental 

devices Thermo Electron #46 and SAVTEC-15 (Ref. 4) as they were built. Each, 

respectively, operated the ignited and unignited mode. Shown at points A' and 

B' are the values of their efficiency if they were transparent converters and 

operated in the same mode. Point A" is the resulting best efficiency of 

Converter 146 in the unignited mode. 

Dramatic increases in converter efficiency appear to be possible with the 

transparent collector concept, and in particular when combined with the SAVTEC 

converter configuration, a conversion efficiency near 30% might be expected. 
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Figure 3 - Analyzed normal spectral transmittance of aluminum oxide 
(Sapphire).(Ref. 1) 
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Figure 4 - Angular spectral reflectance of aluminum oxide (Sapphire). 
(Ref. 1) 
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TECHNIQUES FOR THE STUDY OF DIFFUSION IN ADVANCED TEC ELECTRODES 

Paul R. Davis 
Department of Applied Physics and Electrical Engineering 

Oregon Graduate Center 
19600 N.W. Von Neumann Drive 

Beaverton, OR 97006-1999 
USA 

and 

William A. Hackie 
Linfield Research Institute 

Linfield College 
McMinnville, OR 97129 

USA 

ABSTRACT 

The next generation of thermionic fuel element (TFE) converters being 

developed in the United States may incorporate high creep strength emitters 

to minimize fuel swelling problems. The anticipated design for such an 

emitter incorporates a substrate of a high creep strength material like W-1% 

HfC, which is formed into the emitter shape and coated with CVD W. 

A potential problem with this emitter design is the stability of the 

surface properties of the CVD W. These properties are extremely sensitive to 

the presence of adsorbed or surface segregated species, even in quantities 

less than one atomic layer. Thus, the possibility of Hf, C or impurities 

from the substrate diffusing to the emitter surface and altering its emission 

properties is a serious concern. 

We discuss means for monitoring the diffusion of species through CVD W 

layers, for determining diffusion rates and for measuring the effects of these 

species upon the emitter surface properties. Techniques to be used include 

thermionic projection microscopy to measure the emission uniformity of the 

emitter surface and to monitor its change with time, and surface sensitive 

analytical techniques including Auger electron spectroscopy and secondary ion 
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mass spectrometry to study diffusion parameters. 

Ve also plan to study Cs adsorption onto CVD V surfaces with adsorbed 

diffusion products, in order to measure the effects of these species on 

cesiated emitter surface properties. This is part of a larger effort to 

investigate coadsorption of Cs and fission reaction products onto electrode 

surfaces. 

INTRODUCTION ' 

The next generation of thermionic fuel element (TFE) converters being 

developed in the United States will probably incorporate high creep strength 

emitters to minimize fuel swelling problems. One possible design for such an 

emitter incorporates a substrate of a high creep strength material like V-l% 

HfC, which is formed into the emitter shape and coated with CVD V. This 

design provides the high-temperature mechanical strength necessary for long 

converter lifetime. The CVD V layer provides the proper emitter work function 

during operation in Cs vapor, and the surface of this layer must have stable 

properties over the lifetime of the device. 

A potential problem with this emitter design is the stability of the 

surface properties of the CVD V. These properties are extremely sensitive to 

the presence of adsorbed impurities, even in quantities less than one atomic 

layer. Thus, the possibility of Hf, C or impurities from the substrate 

diffusing to the emitter surface and altering its emission properties is a 

serious concern. In particular, any such contamination which modifies the 

intrinsic work function of the CVD V or its ability to adsorb Cs can have a 

detrimental effect upon the power output of the converter. 

Another potential problem with TFE converters operated for long times is 

diffusion of fission products into the interelectrode space of the TEC diode. 
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Whether such diffusion will occur in advanced, composite emitter systems has 

not yet been determined, but it certainly seems possible when 5-10 year 

operating lifetimes are considered. If this diffusion does occur, these 

fission products may have significant effects upon TEC operating 

characteristics. 

We are initiating a two-pronged program of study of these potential 

diffusion effects. First, we will perform measurements to determine whether 

significant diffusion can be expected during the anticipated TEC device 

lifetime, using accelerated testing methods and appropriate modeling. Second, 

and in parallel with these measurements, we will study the effects of 

potential diffusing species upon the surface properties of TFE electrodes. In 

this paper, we discuss the experimental techniques to be used in these 

studies. 

EXPERIMENTAL TECHNIQUES 

Diffusion from the bulk to the surface of a solid specimen commonly 

produces a phenomenon known as surface segregation, that is, an enrichment of 

the diffusing species in the surface layer. In the case of TEC electrodes, 

any surface segregation of diffusing species may be detrimental to device 

operation. It is therefore clear that the most direct method of tracking 

diffusion-induced effects is to use surface-sensitive analytical techniques. 

In particular, changes in the surface chemical composition and electronic 

properties need to be studied. 

1) Vork Function 

The work function may be measured most directly using some form of 

retarding potential technique (1). We will use the field emission retarding 

potential method (FERP) which yields the absolute work function of the surface 
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directly (2). FERP provides the most accurate way to measure the true work 

function. This method works best on flat single-crystal specimens at least 2 

mm in diameter. It may also be used on practical, polycrystalline surfaces, 

where it measures an arithmetic average of the work functions of the various 

planes exposed at the surface. FERP is most suitable for the study of 

surfaces at room temperature, and is difficult to implement for heated 

samples. The FERP technique may also be used to determine the low-energy 

electron reflection characteristics of a surface. In the study of diffusion 

in TEC electrodes, FERP will be used primarily to determine changes in work 

function of controlled surfaces during adsorption of impurities, both with and 

without the presence of adsorbed Cs (simulation of the effects of diffusants 

at surfaces). 

A second method for the measurement of work functions and changes in work 

functions is the thermionic projection microscope (TPM). This instrument 

allows the distribution of electron emission intensities to be measured from 

the pattern on a fluorescent screen. Several talks given at this conference 

discuss results of measurement made using various embodiments of the TPM 

(3-4). Our particular experimental arrangement is discussed in detail 

elsewhere (5), but is described briefly here for completeness. 

Figure 1 shows schematically the implementation of our TEC. The 

electrons emitted from the heated specimen are accelerated and projected onto 

a phosphor screen which is coated with a thin layer of aluminum to attenuate 

the photons emitted from the hot specimen. The pattern on the screen is 

recorded with a vidicon tube and frame grabber which provides a digitized 

position versus intensity map to a personal computer. The image is coded with 

a color scale for visual display, and can also be plotted in pseudo-three-
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Figure 1. Schematic drawing of the TPH experimental tube. 
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dimensional and gray-scale forms (Figs. 2 and 3). The digitized data is 

processed with background subtraction and median averaging routines and is 

corrected for distortion induced by projection of a hemisphere onto a flat 

screen. Then, the emitted current density (J) from any region of the specimen 

may be calculated. The temperature (T) of the specimen is measured 

pyrometrically, so the equation 

J = AT 2 exp(+./kT) (1) 

may be used to calculate the effective work function (f.> assuming the pre

exponential factor A is 120 A_cm- 2 _K- 2 • Using the TPM we will be able to 

determine the emission uniformity of the CVD emitter surface, monitor its 

change with time and do accelerated testing by increasing the specimen 

temperature. 

2) Surface Composition 

Although it is essential to know what effect diffused surface impurities 

have upon the work function of the emitter surface, it is equally important to 

determine the nature of these impurities. With the surface sensitive 

analytical techniques of fixed-beam and scanning Auger electron spectroscopy 

(AES) and secondary ion mass spectrometry (SIMS) we will be able to determine 

precisely which species have diffused to the emitting surface and where the 

diffusion has occurred (for example, along grain boundaries). AES is 

particularly useful for quantitative measurement of species which segregate 

to the surface in quantities of at least a few percent of the surface layer. 

Surface segregation is common behavior for many bulk impurities in metals, and 

is driven by surface energy considerations. 

SIMS is an especially sensitive technique, and it provides an inherent 

depth profiling capability. Thus, we will be able to probe the distribution 

of diffusing species within the CVD W layer of a high creep strength emitter. 

204 Proceedings Specialist Conference Eindhoven 1989 



Figure 2. Pseudo-three-dimensional image of the thermionic .misslon pattern 

from the hemispherical end of a <110>-orlented V rod. 
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I I 

Figure 3. Gray-scale image of the thermionic emission pattern from the 

hemispherical end of a <110>-oriented V rod. The electron emission profile 

shown at the bottom indicates relative emission intensities along the line 

bisecting the pattern. 
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Our particular SIMS uses liquid metal ion source technology, developed in our 

laboratory, to provide a sub-micron lateral resolution capability. Thus, SIMS 

analysis of diffusion at grain boundaries within the CVO V layer is practical 

with this instrument. The information provided by these surface compositional 

analysis techniques will allow us to determine the diffusion constants of the 

diffusing species in the CVD V layer. 

3) Cs Adsorption 

A final set of experiments will involve Cs adsorption onto CVO V surfaces 

with adsorbed diffusion products. Of particular importance will be the 

determination of work function versus coverage of Cs on the contaminated CVO 

V surface, vhich viII be determined by the FERP method already discussed. 

Furthermore we viII use thermal desorption mass spectrometry (TOS) to 

determine the binding energies of Cs on these surfaces. Ve are presently 

using an elemental Cs source and the FERP, AES and TOS techniques to study 

coadsorption of various species and Cs onto collector surfaces, and the 

investigation of Cs on emitter surfaces with adsorbed diffusants is a logical 

and compatible extension of that work. 

CONCLUSIONS 

The research discussed here addresses a potentially serious problem with 

composite TFE emitters intended for long-term, high-temperature applications. 

The experimental techniques applicable to this research are all vell

established, and do not represent any dramatic departure from the tradition 

of surface analysis. Nevertheless, these studies are expected to provide 

important insight into the viability of new types of emitters for use in 

advanced TFE designs. 
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NONSTATIONARY PROCESSES IN THE KNUDSEN TEe MODE 

V.I. Babanin, , I.N. Kolyshkin, 

V.I. Kuznetzov, V.I. Sitnov 

Ioffe Physical-Teolmical ti tute, Aeademy Seienoes 

Leningrad, USSR. 

Plasma in the Knudsen TEO mode essentially nonequilibrium. The 

tribution function of charged icles differs strongly from the 

Maxwellian one. Under these condit an instab ity sets in and 

ampli tude ions develop. To describe the nonlinear 

nonstationary the special methods are required. Calculat 

of the nunstationary proeesses are a necessary the case when 

vOltage is appl to the collector or auxiliary eotrode, i.e. at 

ini tial stage the KJ1Udsen discharge development. 

Before studying the nonstationary processes let us consider some 

particularities of ¥nudsen TEC . The &~udsen number under the 

TEO conditions is defined as follows 

Kn 'AId (1 ) 

A -- mean path, d - value of intel--electrode gap. In the 

Knudsen mode Kn 1 eleetronE: across the gap without 

colI ions. In thlS case power to current 

is most near 

ttu'n out 

the maximum to min Lmurn and 'JlEe effie 

at it,:: thermodyn9.lnio value ()f the effioiency given by Oal"not. [Ph::;; 

charge may be ized for instance by means of 

the essential of the gap (to ~'I fJ-m) • TEe with the full 

compensation of space charge is the TEO. But sueh decreasing of 

gap difficul t ize in practice. Therefore are used to 
neutralize the electr'on Charge. As a rule the cesium chosen as an 

addi tion. providing conditions most near to those of 

i TEe it is to produee ions by means of the surfaoe 

ion. The oceurring the are mode leads to the 

inevitable voltage and the TEe efficiency decreases. 

The important parameter of the E:nudsen mode TEO with the surface 

ionization is the of neutralization 

(2 ) 
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n~(o) and n!(o) - densities of ions and trons with positive 

veloci ties measuX"ed directly at the emitter surface. This parameter 

depends on the properties of the emitter surface. Next important 

parameter is the ratio d/A.D (here A-D -the Debye length). As a rule dl'AD 

1, i. e. plasma is present in the gap. Under Knudsen condi t ions it 

impossible to rise essentially cesium vapor pressure. In this case 

aI?, expeT'iments have shown work function in the presenee cesium 

vapors is lowered insignificantly and the use of oesium vapors doesn't 

permit to obtain optimum emitter. 

rr'he idea of using additional component with high absorption 

energy in the Knudsen mode proved to be frui t ful. Barhun vapor appears 

most sui table for this purplJse. Due to relatively high ionization 

tential Ba actually not ionized on surfaee but it effectively 

reduees the emitter work function. One can vary emitter work function 

in a wide range without changing other TEO parameters by means of 

contrOlling the Ba pressure. It especially important for the 

physical investigations. The TEO with Os-Ba fill was first studied 

by Psarouthakis [1 J. Howevel'" in this paper overstated resul have 

been presented, which are probably due to mistai{es in the temperature 

mei:.1BUrements. Further systemat investigations of Os-Ba TEe were 

carried out in [2], where the attention was paid mainly to the 

depen(ienoe of saturation current on the Ba vapor pressure (Figure 1a). 

A t fixed values of emitter temperature and Cs vapor pressure this 

dependence has a rather sharp maximl.un. Existence of the maximum is 

associated with the oompetition of the two prooesses which take place 

during the lowering of emitter work fLIDction: inoreasing of the 

eleetron emission and decreasing of the ion emission. At the maximum 

point the parameter l' proves to be near unity and to the right from 

this point the regime turns out to be undercompensated. While in the 

overeompensated regime the saturation current ooincides with the 

emission current of emitter, in the underoompensated regime it is 

restrioted by a nonoompensated electron spaoe oharge. First 

oaloulations of potential distributions in the underoompensated 

Knudsen regime were oarried out using assumption of full filling of 

tential well by ions [3J. It follows from these caleulations that in 
tIDdercompensat regime the saturation ourrent doesn t t depend on l', 
i. e. the dependence j on the P Ba should be 1 ike a curve in Figure 2 
denoted by dashed line. Essent difference experimental results 
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from the calculated ones is due to a low degree of filling of 
potential well by ions. 

Results of solving of self-consistent system of kinetic equations 
and the Poisson equation in assumption that ion capture is absent 
point to the of a virtual cathode near emitter (Figure 3). 
Height of virtual cathode increases with decreasing r [4]. Because of 
the strong growth of potential barrier retarding the electrons 
decrease of r resul ts in reducing of the current (Figure 2b). Such 
calculations well correlate with experiment. 

An actual emitter surface is always inhomogeneous in terms of work 
function. The emit is covered with patches having the different 
work functions. the potential wells in which capture of 
may take place are located near the patches with a high work 
function may be the effective ion absorbers. Even if these patches 
occupy a small part of surface the ion absorption by the patches may 
be significant since ions oscillate and approach the surface many 
times. 

Dependence J(PBa ) 

materials of substrata 
has been investigated for the different 
[5]. Figure 3 shows these dependences for 

polycrystalline W, monocrystalline W
110 

and Ta at the same cesiwn 
pressure and emitter temperature. I these cases the curves are 
qualitatively similar. The only effect of the emitter material is to 

the value of the PBa. at which the maximum current is reached. 
Among theee materials the polycrys line tungsten the maximum 
adsorption energy the barium atoms. In this case the maximum 
eurrent attained when the barium pressure the lowest. This 
resul t is in a good agreement wi th experimen tal data [6,7). For 
example,in accordance with [6] the specific energy of barium 
adsorption for monocrystalline W

110 
is 2.3eV/atom, for W

111
--

4.6eV/atom and for Wi 5.2eV/atom. Thus, the (110) with the 
maximum work function has the lowest barium adsorption energy ae:. 
compared with another . It follows from the Figure 3 that the use 
of barium practically solves the problem of the emitter material 
selection. Optimization of the emitter work ftillction and obtaining of 
the maximL~ current value are ensured with any substratum. The value 
of this current is universal under the other conditions. It was 
shown that this value 

J =1.57·j 
o eq 

(3) 
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Here J -equilibrium current density in a closed isothermal cavity at eq 
the fixed temperature of the walls (T==TE ) and Os pressure. 

Table 1 shows the values of the J • J and (.pEo for a fixed eesium 
eq ° 

flu.."{ to emitter surface Pc == 1018cm-2sec- 1 at different emitter ,s 
temperatures. The magnitude <P~ is the optimum value ()f emitter work 

ftmc:tion. The decrease (()Eo with £'rowin2' P results in the maximum 't' '-t.J '.J a 
saturation current increase aec~ording to the law 

J rv (P ) 1 /2 , 
o Os J. fV rp )1/2 

° \ Os 
(4 ) 

Ii'iglu-e 4 shows the the ore t ieal and experimental dependences j 0 (P OS ) at 
0.8 mm and various TE , The good agreement between the theory and the 

experimental data is shown in a wide range of the eesium pressure from 
5.10-3 to 2·1 0-2Torr . It may be seen that at very low pressures 

experimental points are above the theoretical elwves. It is due to the 

thermomolecular pressure effect occurring when cesium is introduced 

through a nonisothermal tube. This effect is observed at very low 

pressure. The deerease of the experimental value at increasing the 

eeshun preSSLwe above 2.10-2 Torr is due to scattering of eleetrons by 

ceshun atoms. Here we see again the competition of two processes: the 

Table 1. 

increase of Jo 
with growing 

I 2 J ,A/cm2
! TE,K I 0 

PCs' and scattering of elect-I j ,A/cm e<PE,eV eq ° rons. Condition Kn ~1 for ce-

1'(00 0.202 0.317 3.05 shun cor'responds to 

1800 0.447 0.'(01 3.12 
1900 0.912 1 .432 3.20 P d == 2 ·1 0-2Torr . mm (5 ) Os 
2000 1.739 2.730 3.27 
2100 3.124 4.904 3.35 If the gap decreases, a value 

2200 5.333 8.374 3.42 of eurrent density may be in-

2300 8.709 13.673 3.50 creased by the law 

2400 13.68 21.471 3.58 
2500 20.75 32.576 3.65 Jo N 

d -1/2 (6 ) 
2600 30.53 47.938 3.73 
2'(00 43.73 68.651 3.81 The maximlun power of TEO 

2800 61 .12 95.952 3.89 under Knudsen conditions, W , 
0 

2900 83.57 131 .2 3.96 was calculated for various 

3000 112.0 176.0 4.04 TE and Tc [5 ]. Figure 5 shows 
-------------------~-
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Wo as a function of TE for various <Pc (<Pc is connected unambiguously 
with Tc ). The experimental data are also presented here. They well 

agree with theoretical ourves if we suggest tha t e<p~ is wi thin a 

range 2. .3eV. It should be noted that the experimental data were 

obtained at very high collector temperatures (1300-1500K). The 

possibili ty of obtaining a high specific power at a high collector 

temperature is based on the fact of Knudsen TEO efficiency being close 

to the Oamot one. 

Now attention should be paid to the typical features of TEO 

having a developed or multicavity surface emitter. The geometric 

surface development implies the use of surface slots having 

rectangular cross-section with walls perpendicular to the emitter 

surface. The preliminary experiments involving such s1.:u-faces showed 

that the surface development results in the noticeable increase of TEO 
power. However, many effects observed were not explained. In [8] the 

transverse magnetic field was used to analyze the anisotropy of the 

velocity distribution function of electrons emitted by a multicavity 

emi tter. In our experiment anisotropy was observed; electron 

veloci ties in a plane parallel to the cavity walls proved to be 

higher. A model was suggested which explained the formation of the 

electron distribution function within the cavity as a result of 

eleotron scattering on non-onedimensional potential structures in the 

vicinity of patches on the wall surface. 

Fo I' obtaining most reliable data on differences between 

parameters of TEO having the smooth and multicavity emitters a special 

experiment was carried out (see [9] ) in which operating conditions 

were the same for both emitters. The main error in results of Os-Ba 

TEO study appears in measurements of the emitter temperature. It is 

due to changing transparence of the sapphire windows acted upon by 

barium. There exist additional errors of measurements of the 

mul ticavi ty !3mi t ter temperature associated with the technology of its 

fabrication. Therefore in the experiment consideI'ed the emitter was 
made in the form of a tablet and one half of an operating surface was 

a multicavity emitter while another half was a smooth emitter. Against 

each of them two isolated collectors were placed (Figure 6a). 

Figure 6b shows the dependencies of current and power gain 

coefficients on PBa. It is seen that the main gain was obtained in the 

overcompensated mode; it amounted to 5. As a consequence, the W(PBa ) 

dependenoe f,)r the mul ticavi ty emitter has a maximum broader than that 
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f(n" case of the smooth emitter. The comparison of maximal power values 

on the W(PB;) dependences indicates that the gain attained in the case 
of the multibavity emitter application is as high as 40%. 

We have always observed current oscillations of large amplitude 

in the Knudsen TEO with a smooth emitter as well as with a multicavity 

emitter. Oscillations exist mainly in a region of current saturation 

(Fi~_we 7). Their frequency is about 1MHz at d ~ 1mm. 

When one investigates theoretically the nonlinear time--dependent 

processes in a bounded collisionless plasma at eaeh time t electrons 

and the electric field may be assumed to adjust themselves 

"instantaneously" to the icm distribution at that time. The kinetic 
equation for ions moving in the time-varying electric field and a 

Eclationary kinetic equation for electrons together with the Poisson 
equation for the known ion distribution are solved in turn. 

The computation of the ion velocity distribution funetion is 

reduced to calculating of some particle trajectories. The main feature 

of the computational method is as follows: each trajectory at a point 
of (x,t)-plane is calculated by integrating the equation of motion for 

a particle bach~ard in time starting at this point and ending at the 

time the trajectory intersects the emitter. This method ~~rantees the 

high acctwacy of the distribution function calculations [10]. 

The calculation of the electron and potential distributions for a 

fixed ion distribution reduce to solving a second-order ordinary 

differential equation with boundary conditions 1.>(0 )=0, l.>(d)=<Dc ' This 

nonlinear boundary-value problem has as a rule a nonunique solution. 
The number of possible solutions, as well as their stability, may be 

analyzed by means of the 'Y),E-diagram [11]. To construct the diagram 

the electric field strength near the emitter is varied and the E(O)
dependence of the potential value at the colleetor <D(d) calculated 

each time is plotted. The diagram intersections with <D(d)=<Dc line give 

all the boundary-value problem golutions. The plasma state for which 

the diagram slope at the point of intersection is negative is stable 

relative to small electron perturbations. In the opposite oase it is 

unstable. 

The calculations have shown that the nonstationary process in 

plasma involves the alternation of two stages: the slow (ion) and fast 

(electron) ones [8]. The fast electron transitions develop from the 
Pieroe-type instability. They play the prevalent role in the nonlinear 
structure formation during the lX:;eillation prooesses. Figure 8 gives 
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-an example of a time-dependent procese in the Knudsen TEC with a 

relatively small gap value of diAD which in the end trans s into a 
stable s ionary state. It has ,supposed that the ion flu.x from 

emi tter turned on instantly at a time t=O. The ion transit time 

across AD is chosen as a unit of time. Under conditions considered 

nonstationary process is aperiodical and involves only one jump. Note 

that the stage into which the transition oocurred was prepared by the 

plasma forehand (see the dash 1 in Figure 8b). 

Figure9 shows the process of nonlinear oscillations in a diode 

with a larger : diAD 6 [12J. One observes here several electron 

jumps, a moving virtual cathode whioh limits the eleotron current 

passing aoross a diode and strong electron fields accelerating ions 

towards the elec 

The ion intersection with the moving nonlinear potential 

structure to the formation of strongly accelerated ion beams 

in energy (Figure 10). As a oonsequence, the ion kinetio energy 

is 100a1 in space (Figure 11a). Note that the ion density curve in 

the has no such sharp hLUnps (Figure 11 b ) . 

The nonlinear part of the fast (an evolution of the Pierce-

type instab i ty) has been studied in Ref. [13]. The electron transit 

time across AD is as a unit of time ( in eesium plasma it 

about 1 of tlle ion transit time). It has been shown that the 

process develops aperiodioally and ends in a new stage which differs 

strongly from the initial one (Figure 12). 

The problem investigat of transient processes existing 

a t the initial s of the Knudsen TEC discharge. Such processes 

occur tmder conditions when the vol tage CPa exceeding the ionization 

potential <:Pi appl between electrodes. If the surface 

ionization negligible the ini t electron current correspond:.:: to 

the 1 known Langmuir's 3/2 power law: 
j3/2=(1/9'1'~)(2e/me)1/2¢a3/2/d2. Current at the initial discharge 

s is due to the eompensation of the eleetron space eharge by ions 

which are ted in an intereleotrode spacing as a result of direct 

impact ionization of atc)ms by electrons. Appearance of the ions leads 

to expansion of the ionization region and to sagging of the potent 

in this region. In its turn it causes the further increase in ion 

generation ( Figure 13 ). In order to describe quantitatively this 

process it is neeessary to solve a system of kinetic equations for 

charged particles distribution functions and the Poisson equation for 
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the potential of self-consistent electrioal field in the spacing 

taking into account ion generation. Effective numerical analytical 

methods solving such nonlinear system developed make it possible to 

caleulate all diode states available and to define a oritical values 

of ourrent J and vol tage <p corresponding to the cr cr 
discharge ignition. 

For the oaloulation of transient processes at the initial stage 

of disoharge (14) as well as for investigation of the surface 

ionization TEe o~.cillations an altiabatic apPI'oaeh was used. Poisson 

equation involved in this approach 

Here Tf and £ 
1=J I J" , e 3/2 
(iensi ty a 

distance -d, 

= 0 (7 ) 

dimensionless potent and tanee from the cathode, 

- relative electron current, and Ni (Lrr;) - ion charge 

point ~ at a time "[ ( the unit of the potential is <p. , 
time - t =d/(2e¢ilm.)1/2,charge density n

i 
=<p./(4~ed2). o 1 0 1 

TIle current and potential distributions are fotmd from thlE'. equation 

if the ion density known. '11h8 main problem is to find N
i . For 

numerical solving of the kinetic equation for ions phase space ~,v is 

sep3.ra in a sufficiently large number of small cells A~p' AVpj and 
the distribution function is represented by densit Fpj of the ions 

and their mean velocities Vpj in the cells. In order to calculate the 

evolution of the ions from different cells during a time step the 

partiole number conservation law used. Such conservative method 

ensures the high acouracy and stability of the numerical scheme. 

An important parameter whioh defines the character of the 

ionization procees development is 

b = (m 1m ) 1/20 n d (8) 
i e 0 a 

Here n atom density, 0 - typical ionization eross seetion. At the 
a 0 

value of the spacing d parameter b proportional to atom 

pressure P • 
a 

The results calculation for the fixed b and different anode 

vol near the ionization threshold a1"'e represent in Fjgure 14. 

It is seen that at ¢ <¢ during the time t t_ a steady state with a cr u 
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the monotonic potent 
to preigni tion 

distribution established which corresponds 
curve point at a given anode vol tage (Figure 

14a., curves 1-2). On oontrary, if rh >th. the steady state does not 't'a. 'reI" 
t and the continuous growth of the current (Figure 14a, curves 

3-6) and expanding of the ionization (Figure 14b, id ourves) 
are observed, time neoee-sary to attain zero field strength at the 
anode being inversely proportional to the value of overvoltage ¢a-¢cr. 
It seen also that retardation of the ourrent growth at t>t is 

° conneoted with the beginning of ion neutralization at the oathode. 
Dependenoe of an ionization cross seotion on eleotron energy in 

the wide range of is nonmonotonic. For Os it was measured in 
[15] and is represented in Figure 16b. As is seen from oaloulations 
[16] suoh behavior of the oross section results in the pI'esence of the 
ori t pressure pO below whioh the Knudsen discharge does not 

a 
develop (JiligLu'e15, ourves 1-4). At P >po there are two branches of I-V a a 
curves (F'iglU'e15, curves 6--10) in the of monotonic potential 
distributions and, 
potent (Figure 16a). 
of turne- out to be 
igni tion potential ¢o 

cr 
vol range in which 
potent distribution 

Both phenomena -
mode the existence 
pre tion I-V eurve are 
contraIl the OlU'ren t 

Thermionic Energy Conversion 

tively, two values of the disoharge tion 
the case of Os filling and d=1mm the value 

3·10-3Torr and corresponding value the 
equal to 40V (~1 O¢ i). As P a increases a 

the developed diseharge with nonmonotonic 
ts is expanded. 
Fieree-type instability in the Knudsen TEO 

of high-vol tage low-current branch on the 
of great importance: they open new ways for 
systems with Knudsen bounded plasma. 
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Abstract 

Diamond (D) and Diamond Like Carbon (OLC) films and thick sections are being 
considered for several applications, one of which is as electrical insulators 
for the converter of the in-core thermionic generator. While it is 
conjuctured that properties of D and Ole should make it ideally suited for 
this, there is dearth of solid experimental data under planned thermionics 
operating conditions. 

The purpose of our work ;s to fill this need for data. In specific terms, our 
goals are to: 

(i) Optimize several methods of D & DLe depositions, 

(ii) Characterize the thermomechanical. optical and electrical properties at 
room and elevated temperatures, and 

(iii) Determine the effects of fast neutron and gamma irradiation on the 
structure and properties of these films. 

D and DLC films using a variety of H2/CH4 gas mixtures, have been deposited on 
si lieon and niobium substrates, using four different deposition techniques. 
These include i) RF-coupled plasma enhanced CVD method; ii) RF-induced plasma 
enhanced CVO method; iii) laser assisted CVO process and iv) micro-wave 
assisted CVD method. The resultant films have been examined using optical and 
scanning electron microscopy and Raman spectroscopy. The results with respect 
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to the two techniques involving RF assisted plasma are very encouraging. The 
laser based and the bare wire ionization techniques have not been fully 
explored at this time. 

Very good to excellent diamond coatings have been achieved through RF based 
methods with the substrate temperature being about 950°C and H2/CH4 (volume) 
ratio being about 50 at a flow rate of approximately 100 cc/min. With lower 
substrate temperatures (T < 600°C) diamond like carbon coatings are 
produced. Raman spectra and SEM and optical microscopy confirm above results. 

A high vacuum, high temperature electrical resistivity measuring apparatus 
capable of going up to 1200°C, was designed and fabricated specifically to 
measure the highly insulating 0 and OLC films. The r,esistivity measurements 
are in progress and initial results indicated that in the case of pure diamond 
coating. the resistivity of 5 11m thick coating is in excess of 105 

Q cm at 
temperatures of up to 600°C. 

Pl ans are bei ng made to ; rradiate 0 and OLe films in the EBR-I I reactor to 
study the behavior of these insulating materials under the simultaneous 
exposure to neutron, gamma fluxes and high temperatures. 

1.0 Introduction 

Solution of the sheath insulation problem in the thermionic converter is 
central to the effective utilization of thermionics for high temperature 
energy conversion. A typical in-core thermionic fuel-element is shown 
schematically in Figure 1. The insulator is located between the inner and the 
outer sheaths. 

In so far as the insulator is concerned. the properties of most interest 
are thermal conductivity, electrical resistivity and structural stability. 
The higher the electrical resistivity and the thermal conductivity, the better 
the overall performance of the fuel-element. In addition, for space based 
applications, the specific values of these properties (the thermal 
conductivity and electrical resistivity per unit mass) are of extreme 
importance. The adhesion and structural strength are also of importance. The 

Thermionic Energy Conversion 239 



insulator has to withstand a certain minimum number of thermal cycles. caused 

by the start-up. shut-down and power-ramp operations. 

The basic design criteria for the insulator for a nuclear power reactor 
in the range of 0.5 to 5.0 MW(e) are as follows. 

1. Operating temperature range 900 to 1300 K 

2. Applied voltage in the range of 15-100 V 

3. Minimum thermal conductance - 1 W/cm-K 

4. Maximum fast neutron fluence of 4 x 1022 n/cm2 (E> 0.1 MeV) 

5. Operating lifetime of about 7 years 

Additional requirements are thermal compatibility with the niobium substrate 
and compatibility with cesium gas. 

The development of a high temperature electrical insulator of a high 
thermal conductivity which can successfully operate without mechanical or 
electrical degradation in the hostile environment of high temperature and high 
neutron fluences has plagued the thermionic program for a number of years. 
Most of the previous insulator work has concentrated upon conventional 
ceramics technology involving hot-pressed oxides. However. the oxides are 
unsatisfactory because of the problem of ionic conduction, large irradiation 
caused swelling, poor ceramic-metal (Nb) bond joint and inherent structural 
brittl eness. 

Diamond coatings, on the other hand, have the potential for satisfying 
all the needs as the insulator for the thermionic generator. The thermal 
conductivity of diamond is the highest of all known materials -- for example t 

it is about 5 times that of copper at room temperature. Theoretical 
electrical resistivity is also, the highest of all material and is about equal 

to 1070 ohm-cm. Because of the impurities commonly present in the natural 

diamonds the experimental1y measured maximum electrical resistivity is only 
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about 1017 ohm-cm. Nevertheless, the value of 1017 ohm-em is several orders 
of magnitude grater than the best of the experimentally measured resistivities 
of all oxides and ceramics. including sapphire. All of the structural 
strength parameters of diamond are also very favorable. 

In this paper we describe our recent diamond deposition experiments and 
the various results obtained from the deposited films. In particular, we have 
developed independent deposition techniques and a special high temperature and 
high vacuum resistivity measurement apparatus capable of reaching up to 
1200°C. Finally. we present a brief discussion of the current state of the 
theoretical understandings on thermal stability and irradiation effects as a 
prelude to our planned future work. 

2.0 Experimental 

2.1 General Process Description 

There are various practical methods of producing diamond coatings. While 
an exact. detailed theory based on first principles for diamond deposition has 
not been developed by anyone as yet, the diamond deposition has been 
successfully attained through. in general, by variations of the eva 
techni que. A general ized CVD process is summarized through the followi ng 
steps: 

a) A mixture of an inert gas or hydrogen together with a hydrocarbon gas 
is dissociated through rf or other types of ionizing mechanism -- at an 
absolute pressure value of less than 100 torr. The basic thermodynamic 
equat ions are: 

llH 

The energy of dissociation, llH is provided by and through the high 
temperature, or by the rf, or by the laser or by direct ionization. In 
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some instances, it has been noted that the substrate itself acts as a 
catalyst in the initial stages of dissociation process. 

b) The dissociated gas is usually mixed with a stream of hot hydrogen 
gas. Typical value of the ratio of hydrogen to the hydrocarbon gas is in 
excess of 90. 

c) A suitably heated target surface is exposed to the flux of 
dissociated gas. 

d) The carbon from the dissociated gas deposits on the surface with 
diamond or graphite structure. 

e) The hot hydrogen gas molecules and hydrogen ions (present from the 
dissociation process) combine with carbon in the graphitic form, forming 

hydrocarbon gaseous molecules leaving behind a clean diamond 
structure. 

Good diamond/diamond-l ike carbon films can be formed by controll ing the 
deposition and removal rate of graphitic carbon formed simultaneously to the 
formation of the diamond structure. Thus, the rate of graphite etching should 

equal or exceed the graphite deposition rate. 

In addition, the surface condition has to be just right for the deposited 
diamond to adhere on to the surface. If the stresses induced by differential 

thermal expansion exceed the allowable shear stresses at the interface, upon 
cooling or repeated thermal cycling, the diamond coating may spall-off. 
Therefore, in some instances, a suitable thermal expansion matching-layer may 
be required to be deposited on the substrate of interest prior to diamond film 
depos it ion. 

2.2 Deposition Methods: 

Since the nucleation and growth of the diamond lattice is dependent upon 
the plasma details, we have chosen to deposit D/DlC films using five 
independent techniques, as described later in this section, to determine, 
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which of these would produce the best insulator for our intended use. 
Additionally. since some of the properties are known to be dependent upon the 
manufacturing technique, (i.e., plasma chemistry) we have decided to integrate 
manufacturing methodology into our overall goal of producing effective 
insulator material for the thermionic fuel element. 

We have successfully deposited diamond and diamond like carbon films via 
LCVO, plasma-coupled CVO and micro-wave CVD techniques. In addition, two more 

apparatuses have been constructed. for depositing O/DLC coatings. These 

include direct ionization CVD and plasma-induction CVD methods. Figures 2 
through 6 schematically show the design drawings of these apparatuses. We are 

able to vary all of the chemical concentrations for each of these techniques. 

The prinCipal features of the LCVD or the photoionization method (Figure 

2) consists of i) the excimer laser beam. ii) the rotating (source) graphite 
target, iii) the substrate holder with independent temperature controller, iv) 
the inlet stream of mixture of H2: Ar: 02 gases. v) independent substrate bias 
controller (0-2 KV). vi} quartz chamber construction, vii) variable substrate
to-target distance adjuster. vi i i) high vacuum system and ix) the MKS brand 
gas flow (mass) controller (not shown in Figure 2). 

In the photoionization method (Fig. 2) a highly intense laser beam hits a 

rotating graphite target and creates an ionized plume of carbon atoms. These 

ionized carbon atoms are attracted on to a hot substr.ate kept at a negative 
potential (0-2 kV). The ionized carbon atoms nucleate into graphite and 

diamond structure (graphite to diamond ration of between 1000 to 10,000). A 
continuous stream of ionized hydrogen atoms is allowed to impinge upon the 

substrate. The ionized hydrogen attacks preferentially the graphitic-carbon, 
leaving intact the diamond nuclei. Thus, if the process is continued, the 
diamond nuclei continue to grow and form the diamond fi 1m. The actual 

apparatus, in the as-built state is shown in the photograph of Figure 7. 

The laser parameters and other details of the deposition runs were as 
fo llows: 

excimer laser (wavelength = 308 nm) 
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Pulse energy 300 mJ 

f = 125 Hz or 250 Hz 

Pulse width = 20 ns 

Beam spot size 0.5 rnm x 1.5 mm 

Pulse fluence = 40 J/cm2 

The RF coupled sputter deposition process is schematically shown in Fig. 

3. The basic underlaying principle is somewhat different from the 
photoionization process. The RF coupled sputter deposition process converts 
carbon from a hydrocarbon gas, such as methane (CH4) into diamond and graphite 

structures. Only a minor fraction of the deposited film originates from the 
sputtering of the graphite cathode. -Figure 8 shows the actual apparatus while 
Fig. 9 shows the RF-glow discharge around the substrate during one of the 
depos it i on runs. The RF power generator and controller are the Advance 
Energy/U.S. Gun Model IRFX-600 andI8TX-600. respectively. 

The RF induced deposition technique is somewhat similar to the RF coupled 

sputter depos it ion method except that there is essenti ally no sputteri ng 
taking place. Figure 4(a) shows a schematic sketch of the RF induced 
deposition apparatus, while Figure' 4(b) shows the actual apparatus. No 

deposition runs have been made on the apparatus as yet. The RF power 

generator is the LEPEL Model #T-5-3-DF-J-S. 

The direct ionization method is schematically shown in Figure 5. This is 

the simplest of all methods. It consists of essentially a vacuum system and a 
hot wire to ionize the source gas and hydrogen. The drawbacks of this method 
are: short 1 He span of the hot wire, leading to frequent changes and low 
ionization efficiency of the hot wire. 

Finally. three independent runs were made using microwave assisted CVO 

apparatus !ASTEX model HPMS system (Figure 6)]. Two of the runs were made for 
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a single crystal silicon substrate of (100) orientation and the third one was 
made for a polycrystalline niobium substrate. These three runs were made at -
500°C, - 800 0 e and - 950 0 e (on niobium) respectively. 

2.3 Apparatus for Resistivity Measurement 

A high vacuum-high temperature resistivity apparatus is schematically 
shown in Figure 10. The specimen holder and the electrical connection details 
are schematically shown in Figure 11 while the actual. as-built apparatus is 
shown in Figure 12. A clean high vacuum is provided (final stage) by a 
cryopump. The furnace is capable of conti nuous and stable use of up to 
1200"C. 

2.4 Substrate Preparation 

Except for one deposition run, all runs have been made using (100) single, 
crystal silicon substrates. The one exception was with a polycrystalline 
niobium substrate. 

The sil icon substrates were further conditioned by one or more of the 
following operations: 

1) electro-mechanically polished (mirror polish-rms < 0.01 ~) 

2} chemically etched using 49% cone. HF acid 

3) mechanically scratched using 3 or 6 or 9 ~ diamond polishing powder. 

The niobium substrate was mechanically polished (final stage) by using 6 
~ diamond powder. 
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3.0 Results 

3.1 RF Couple CVO Method 

The results from the RF coupled techni que are very i nteresti ng " The 

coatings were extremely hard (scratch test on MOH scale ~ 8.0) and adherent. 

The effect of the scratches on the .nucleation and growth phenomenon is quite 

vividly shown in the optical photomicrograph of Figure 13. Figure 13a was 

taken from the transition region between electropolished and 9 ~ deep 

scratched region. The electropolished region (left 1/3 of Figure 13a) is 

essentially free of any deposition. The scratched region (right 213 region, 

Figure 13a) has good coverage. Figure 13b (at 520x) shows the coating on the 

fully scratched up region of the substrate. Some of the specimens have been 

examined via a scanning electron microscope (Model JEOL 400). Figure 14. 15 

and 16 are from a typical deposit as developed on the chemically etched 

surface. Figure 14 is a low magnification (150 x) photomicrograph. The dark 

band about 3/4" wide running from top to bottom is the scratch from the 

scratch test -- which was performed to determine the hardness of the 

coating. The coating is (clearly) seen to be (i) rough and (ii) made up of 

many "hi 11s 11 and small "domes. 1I Figure 15 is a higher magnification (10, 000 

x) photomicrograph taken from a region near the scratch mark in Figure 14. .It 

shows that (i) the coating itself is about 1.0 ~ thick and (ii) that the 

surface contains many small lIislands. 1I The lIislands ll are more clearly shown 

in Figure 16 (at 40,000x). These photomicrographs indicate that the 

di amondldi amond 1 ike carbon film develops via the cl assica 1 nucl eation and 

growth phenomenon. 

Finally, a few Raman spectra were obtained on some of the specimens. A 

typical Raman spectrum is shown in Figure 17. Both the diamond and the 

graphite peaks are present, indicating that these coatings are not made of 

pure diamond lattice and hence, are of the OLe type. We believe that had the 

substrate temperature been 1000°C. instead of 700°C, the coatings would have 

been of pure diamond lattice. 
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3.2 Microwave Based - CVO Method 

3.2.1 Silicon Single Crystal (100) Substrate 

There were two runs made for silicon single crystal substrates. During 
the first run, the specimen was at too low a temperature (- 500°C) and it 
resulted in a sooty deposit. The other sample was deposited at 800 0 e and it 
developed a diamond like carbon coating of about 10 ~m average thickness, as 
shown in the photomicrographs of Figures 18 and 19. However, the coating does 
not appear to be of pure diamond there are graphite like platlets 
distributed through the thickness, as indicated at locations marked "A" in 
Figure 19. 

With regard to the niobium substrate, the deposition run was made at 
950°C. The resulting deposit appears to be made of pure diamond crystallites, 
as shown in the Figures 20 and 21. 

3.3 Resistivity Measurements 

Resistivity measurements were made on the two micro-wave eVD samples -
OLC on silicon (Spec. #86) and 0 on niobium (Spec. #89). The results are very 
encouraging and shown in the graph of Figure 22. As seen in Figure 22, the 
resistivity of the diamond film is about one to two orders of magnitude 
greater than that of the diamond like carbon coating. 

4.0 Discussion 

4.1 D and OLC Deposits 

From our preliminary results, it appears that it is possible to deposit D 
and OLe films using the CVO type methods. Additional deposition runs will 
elucidate the detailed conditions necessary for developing either D or OLC 
films. However. from our prel iminary data. it appears that for substrate 
temperature of less than 800 0 e. pure diamond film does not result. Instead. a 
mixture of diamond and graphite composite film results. For substrate 
temperature of 950°C. pure diamond lattice results. Thus, the key parameter, 
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in addition to the plasma chemistry needs, is the substrate temperature during 

deposition. It is conjuctured that at low (T s aOOOe) substrate temperatures, 

not all of the graphite is etched away by the hydrogen ions. 

4.2 Thermal and Irradiation Stability 

Two major issues relating to the use of diamond or diamond films in a 

reactor are the stability of the diamond form with respect to temperature as 

well as stability with respect to neutron irradiation. Although very little 

data is available for diamond films, a great deal of data exists for natural 

diamond. It is expected that diamond films will be comparable to natural 

diamond, although this statement needs to be verified through additional 

future work. 

Several investigators have indicated that diamond in its natural form 

wi 11 anneal radiation damage. An excellent example of this is provided by 

Woods IlJ for natural diamond irradiated with energetic neutrons and 

electrons. Wood's data indicated that essentially all of the damage was 

annealed out between 600 U
( and 800°(. 

Vance [2 J performed experiments with fast neutron damage of natural 

diamond at 373 K. Irradiations of 2.4 x 1019 , 2.5 x 1020 , 4.8 x 1020 and 1.63 

x 1021 nvt were performed. Fast neutron fluence is expected to be especially 

damaging because of knock-on collisions caused by the scattered nucleus. 

Thermal reactors are expected to be much less damaging than fast reactors. 

Transmutation of the carbon nucleus is very rare (the thermal cross section is 

only .004 bn). 

Most of the samples experience some density decrease upon irradiation, 

indicating that damage had occurred and some lattice expansion had taken 

place. Radiation swelling of diamond results as local ized vacancies in the 

lattice migrate and eventually coagulate, forming macroscopic voids and 

pores. X-ray crystallographic analysis showed that at 2.6 x 1020 nvt, diffuse 

scattering occurred, indicating that the lattice had become more disordered. 

Samples were annealed for one hour periods at temperatures ranging from 923 K 

to 1923K (some samples were annealed several times at increasing 
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temperature). The results indicated that for samples with volumetric swelling 
of less than 12%, anneal ing was effective in restoring the samples to their 
original size and single-crystal orientation. although some diffuse x-ray 
scatter; n9 was noted. Above 12%, the samples reverted to a semi -amorphous 
state. 

Irradiations by Primak et al.. [31 produced similar results. Lattice 
distortion was observed in many of the samples which were irradiated at up to 
1021 nvt. Successive anneals at temperatures ranging from 350 K to 1270 K 

( 

were successful in reducing the lattice constant to about the original value. 

Qualitatively, the significance of these results to the proposed use of 
diamond films in a reactor environment is to show that defects 1n the 
radiation-damage diamond lattice can be annealed out with temperature. Wood 
[1] estimated that vacancy annealing temperature is about 500°C for diamond 
latt ice. Because the data by Vance were taken at 373 K. self-anneal ing was 
retarded and could not be as effective as it would be at thermionic trilayer 
operating temperatures conditions, it can be anticipated that many of the 
localized vacancies which are formed will be annealed out of the lattice 
before they have a chance to coalesce 

Thermal reactors of the Topaz type would experience fluences within the 
limits of some of the data. Unfortunately. the aforementioned researchers did 
not study the effect of radiation damage upon the electrical resistivity. It 
is presumed that the electrical reSistivity would remain high after 
irradiation and annealing, but this- needs to be verified experimentally. It 
is also presumed that the electrical characteristics of diamond films would be 
similar to those of natural diamond. This ignores the possible effects of 
impurity dopants, effects along grain boundaries and so forth. The 
similarities between natural and diamond film samples need to be verified, 
experimentally under the conditions of high temperature and neutron fluence. 
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Evans 141 and Davies and Evans 15] have presented considerable data and 
analysis concerning the behavior of natural diamond at high temperatures. At 
temperatures above 1500 K. graphitization of the surfaces occurs. 
Graphitization is a nucleation process and for the most part does not occur 
internally except at defect sites, cracks and so on. 

Graphit izat ion can be described by the following Arrhenius type of 
equation. 

dx/dt C exp (-EQ/RT) • 

where dx/dt is the rate of graphitization in units of microns per unit time, 
EQ is the activation energy (experimentally determined to be 730 +/- 50 kJ per 
mol. R is the gas constant and T is the temperature. Unfortunately, Davies 
and Evans do not indicate that value of C. However, C can be calculated 
knowing that the .02 9 test samples (density = 3.51 g/cm3) were about 68% 
graphitized at 2273 K in ten minutes, corresponding roughly to a linear 
graphitization rate of 0.35 cm per .. 10 minutes, or .035 mm/min. Thus, the 
value of C would be about 2 x 10-15 mm/min. For T = 1000K, and t = 7 years, 
then the depth of graphitization is only 5.7 x 10-17 mm, a meaningless 
amount. Thus, if graphitization can be adequately explained as an activation 
energy process, it would not affect diamond insulators for thermionic 
applications. Of course. the rate of attack is affected by chemical reactants 
such as oxygen. It remains to be verified that the diamond will be chemically 
inert with respect to the refractory metal surfaces in the trilayer thermionic 
insulator. 

Qualitatively, then, it is our expectation that damage produced by 
irradiation in diamond crystals will be annealed by temperature resulting in a 
very radi at ion-hard materiaL Based on our understanding of the effects of 
the thermal and radiation environment, diamond and diamond films should be 
extremely stable. It is not expected that temperature and radiation will 
combine in some synergistic manner to weaken the lattice. If this prediction 
can be confirmed experimentally, a major technological problem with the 
thermionic generators will have been solved. 
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5.0 Future Work Plan 

Plans are to proceed along the general objectives outlined earlier. 
subject to the availability of adequate resources. Specifically, we shall 
perform the following experiments and/or theoretical calculations and 
modeling: 

a) Fully characterize 0 and OLC films on several substrates using 
standard metallography methods and specially developed resistivity 
measuring apparatus. Oata shall be obtained in the temperature range 
of room temperature to 1200°C. 

b) Perform irradiation experiments, using the EBR-II fast reactor 
facilities. Irradiations shall be performed at several temperatures 
including the design normal and design basis accident maximum 
temperatures. 

c) Compare data obtained from the irradiated specimens with the 
unirradiated specimens, 

d) Develop theoretical models and understanding of the mechanisms 
responsible for the measured irradiation effects, and, 

e) Modify current apparatuses to facilitate deposition on cylindrical 
surfaces. 
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Figure 4b. As-Built RF-Induced CVD Apparatus 
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Figure 6. Micro-Wave Based CVO Apparatus: Models ASTEX Model IHPMS 
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Figure 7. As-Built LCVD Apparatus 
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Figure 8. RF-Coupled CVD Apparatus 

(a) Overview 

(b) Chamber Detail 
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Figure 9. View of a Specimen During a Deposition Run: RF Coupled CVD Method 
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Figure 12. Details of the Specimen :~older (Figure 11) 
For Resistivity Measurement 

Thermionic Energy Conversion 265 



266 

(a) (b) 

Figure 13. 

Typical photomicrograph showing the effect of the scratches in the development 
of Diamond/Diamond Like Carbon coatings. Figure 13(a) is from the boundary 
between scratched and unscratched region. The left 1/3 portion of Figure 
13(a) is, essentially, devoid of any coating and it was also in the 
electroplished condition. The right 2/3 portion shows good development of the 
coating. Figure 13(b) shows the coating at higher magnification in the fully 
scratched region (with 9 ~ deep scratches). 
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Figure 14. 

Figure 15. 

Scanning electron micrographs of Di amond Like Carbon coatings deposited via 
RF-coupled technique. The dark band in Figure 14 is the scratch from the 
scratch hardness test. The coating thickness is measured to be about 1 ~ in 
thickness (Figure 15). 

Thermionic Energy Conversion 267 



Figure 16. 

Details of Figure 15. The individual islands (of diamond) are measured to be 
about 50 to 100 rID in size. 
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Figure 18. Low Mag Showing Coating Cross Section: Thickness ~ 10 vm 

Figure 19. High Mag Showing Mixture of Diamond and Graphite Plates (HAil) 

OLC on Silicon: Micro-Wave CVO: Substrate Temperature 800°C 
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Figure 20. Low mag (1.000 x) 

Figure 21. High mag (4.000 x) 

Diamond Film on Niobium: Substrate Temperature 950°C. 
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THERMION Ie SPACE NUCLEAR POvlER SYSTEMS 

WITH LONG LIFE: KEY ISSUES AND PERSPECTIVES 

OF DEVELOPMENT 

G .. M. Gryaznov, E. E. Zhabotinsky, a'1d V. 1. Serbin 

SCientific-Industrial Unification uKrasnaya Zvezda" 

USSR, Moscow 115230 

ABSTRACT. 

The ffi3.in factors affecting lifetime of thermionic fuel element 

(TFE) are: 

-d~forffi3.tion of the fueled emitters under swelling fuel down to 

short circuit of thermionic cells; 

-the quali~ative and quantitative composition of impurity gases 

in the interelectrode spacing; 

-the electrical reSistance and electrical strength of .the TFE 

. insulation. 

The constructional and technological measures for a . severe 

decrc2r3e in thl? ffi.:.1.S:3 transfer inten::;ity in inter-elect.rode spacing 

are described. CeSium vapor supply system::.> of space nuclear 

power system (SNPS) "TOPAZ" based on a single usage of' cesium va

pors are presented; the data on gaseous impurities are given. Ce

:~1 urn V.1POf' :;:uppl y opt 10n:3 arc pre:.:;cntcd :~Ch()m.::.lt1 call y .:md an .:\:.:--

·sessmont of tl1eIr errectivones:; t'rom viewpoint of extraction 01 
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cal i nsul at ion ['0:3 i stance and strength requ i rement:; in the ther

mionic r03.c:tors are present.ed. Pr3.ctical real i zati on of described 

i.l8asures may provide converter efficiency in thermionic reactors 

of no less tharl 10% during a three-five-year Ut'etin10, if tho 

range or .ami tter heat flux 1:3 35-40 W/cm**2. Wi th :3uch TFE para-

meters and at coolant temperatures 600 C c1.nd '150 C for thermal 

an,j fast thermionic reactors re:?pectively lna:;:3 cl.nd dimensional 

performances of trlermionic SNPS wi 11 be satl:;fa.ctory. 

INTRODUCT ION 

The:-mlC:1iC reactor power systens In:.1.y be llsed for providing 

electric power in space from several kilowatts to megawatt le

vels. At power levels from 20 kYle and rrore thermionic SNPS will 

have an inJ"'rerent aclvarltage OVer solar power systems taking into 

account IJ'l.asS, operation and economiC performances in the near 

term. The bClSic requirements ror the thermionic SNPS are: 

-a three-five-year lifetime at initial stage with increasing up 

to seven-ten years; 

-power range of 15-20 kWe to :;everal hundred ki 1 o \'{.:Itts for long 

duration space applications, and the increasing to meg.J.watt level 

for advaliced space missions of the 21st century (for example, 

lI'O>·rs mI" ,... • ..; l' 0 .... ) • :1LU .....;;..,;:;, J!; 

-c.c;rrpatibi 1 i ty ot' r.ass and dimensional performances with 

nil it ies of advanced launchers; 

-competi ti ve abi 1 i ty in reliabi 1 i ty. sar"ety and COSL 1 n compa-

rison wi th another types of-SNPSand solar power system:>. 
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THE DEFORMAT ION OF FUELED EMlTTl:}:S 

The lifetime will be primarily l1Gf'inGd by .3. IfE and t:.e 

lifetime l'E'quirE!nlEnts :::;et limi 

fuel rod ane emittEl~ tempe:r3.tures. 

on the e lectT i cal p.8.rarnc:tE::r:3> 

It is not pcssible, in the pn):::,onr. :~;t.;:]tc or tb:' 

IfE 1 j fetinlEl wi th power clensi ty fInd its other pararf!E:ters.· N(:ver-

theless, the certain qU~'1titative conditions nDY be forrnulatcd 

Which are necessary for the realization of long lifetime. 

One of the main factors limiting lifetime of IFE is the dcform;..1-

tion of the fueled emitters under :3welling fuel up t.o silO!~t 01['-

cuit of thermionic cells. The deformation of the emitters With 

the UT-ani urn' dioxidl~ is determi-ned by the folloWi ng factors [1-4]: 

-swelling of uranium dioxide with columnar' structure of grain:.::, 

because for SNPS With power levels beyond 20 kWe fuel temperature 

exceeds 1700 C and ;:;tructuro rebu i 1 ding from equ i axed into col um-

nar structure of grains wi 11 be accompl ished in several thousand 

hours; . 

-creep reSistance of emitter envelope; 

-creep reSistance of fuel rod; 

-enough free poro::',ity in:3ide fuel rod; 

-gas venting out of fueled emi tter. 

At burn up of 2 ..• 2,5% which is characteristic for SNPS \·n th pov:-

er levels of up to ~'.oO kWo the poro::::i ty or rue h~,j emi tter:: rna~v' 

as great as 0,'1 ... 0,8. EmItter deSign must fulfil requirell .... .,r;ts 

that the creep re!:. istance of emittor envelope to be e:.:~sent.ially 

higher than the creEp 'esistance of fuel at their working tempe

ratures. In this ·ca::e swelling fuel nay tIe redistributed into in-
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ncr porosity. The u:~~e or' refrnctory tungsten alloy;.:; contaning 1';0, 

Hr. Ta, Nb anc1 :::;0 on fOl' the emittor envolc'pa i:3 v(~ry pll)mi:~:in~r; 

as thiS t.::J<os placc:. t.t1(> emi Ltel' envelopo i:::; covered t)y ;]. flJ)e: 

emi:.:;:;i ve layer of monocrystall ine tung:::tel1 ( a few ten:::; oT' micro-

meter in thicknes::;). 

The!.:')e measures mi ghL be E:ftcct i ve oni Y ','illen in use a g.J.::> vont. i ng 

system from the fueled emitters, ~ince its falluro resul in 

short Circuit of 3. thermionic cell at times not more than several 

thousand hours because of envelope dofornnLion under inner gEl!; 

pressure at any POSSible values of envelope thicknes:3. For reI ia

bility of gas venting system~ e.g. with capillary head, it is es

sential trlClt the capillary head temperature: in is'othcrrral cavity. 

forrred by revaporised ruel surface~ should be not lower than the 

temperature of this surface (1). ThiS places certain requirements 

upon the capillary head positioning and upon tube heat re:;lstaI1ce 

. from. Capi lla,rV outlet up to the paint of its connection wi th the 

end of a thermionic cell. Another solutions of g~3 venting sys-

tems at the sarre conditions of their reliability are pOSSible. 

Emitter' dla.rreter change of a t.hermionic cell under swelling fuel 

ma.y be apprOXimately described using the linear law with time 

I " , 
\.1.1 

where d~i- initial emitter diameter, 

~ - emitter temperature, 

276 

9-v~ average volume heat power denSity, 

to - ti.tn8 of changes in structure, consi:;ting snnll pa.'""t 

of S~PS lifetime. 
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prOXimately lino3rly ovor timo • emitter tjia.motcl' chanGe 

carr thon bt' dO:3cr i bed U~3 i nlS: equ;..lLi on:3: 

- X (t) J 

( 3) 

where a accidental magnitude, 

8 - determinati ve mag-ni tude. 

At instant of time t magnitude -x.(t) must not exceed a limiting 

value Xeim . from b,)ginning with Wllich thermionic cells may 

regarded to be completely short Circuiting. Thus: 

( 4) 

If we take that Q(c;.VI Te)iS distributed by normal law with 

regard to the values of geometrv size:; and strength properties, 

then 

where Q - mathematical expectation, 

<5 - disperSion. 
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Thermionic cell f'ai lure probabi li ty as a resul t of' short circui t 

may be wri tten as 

Q(t)= f-P(t) 

For the degradation of thermionic reactor eleclrical pl~I'r'Ol'lT~'t.nCG 

we needLo divide all the thermionic cells into some: group::; ac

cording to heat power density within tile lunits ~f'I~V'I'fV'f-Ll~vl 
Let us assume distribution characteriStics(a, 6') in every 

group to be the same. Then medium number of the thermionic 

cells which are short cireui ted at instant of time t in group i , 
containing n i thermionic cells, will be 

( '7) 

The total number or thermionic cells which are short Circuited in 

all groups at instant of time may be wri tten as 

( 8) 

'I'I:T,ere m - number of chosE:n thermionic cell groups. 

Tt-le rredium nurrber of tho thermionic cells which are: short cur-

cuit.ed discharged per one TFE: 

I m. 
"£(t)=-n ;f niQi(t), 

TFE t-f 

( 9) 

where n TFE - nUIPber of TFEs ina core ot' thermionic rC3ctor. 

As a condition of TfE cllarClcterisLic stability VIC may proposE: 
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inequalities 

J:.' (t) $ ex) t ~ T e ) d..« f 

At gi ven value d.. thE~r0 cal) be ~.l.S;,:;c::_;:=;8d roqu i rE~!ltOnt:3 of tll0 liklzn i

tudes a and to in ordc·J' to get tJl0~-;(' i nequ:11 i ti cs. 

THE INFLUENCE OF GAS I MPUR IT IES 

For the lifetime stability of TFE characteristics compOSition 

of gas impuritie:3 in interelectrode spacing is very import.ant. 

These gas impuruties are rcsponSiblle ror mel:;:; tran::;f0r processes 

in interelectrode gap which noy lead to the change of radi3tive 

and emission-adsorption properties of the electrodes, to 3.(1di-

tional current losses and de::::truction or con:;truction element:; in 

fueled emi tter. Basically, dioxide ruel is the ::;;ource of oxygen. 

When the fuel and ,other TFE elernents content carbon impuri ties it 

should be POSSible the pre:;ence of carboniC OXides ( pri rrari 1y, 

rrcnoxide.) in the interelectrode spacing. CarboniC oxides were 

regi:3tered during the ground tests r- ..... 1·" 
...... .,., .. :..;. "" 

samples from the cesium cavitie::;; pumpir-;g cut S::/::;tEffi or 

mi on i c reactor; mon,)x i de conte nt exceeded d i Oi: i ::1'2 OSf'. - (: ;;t by f:. ::1['-

1 Y one order of m::l{:;n i tude. F 1 owrate of carbon monox 1:..18 reacr/3:C 

4 ... 5*10,,-,*( -5) vlatLs at tempE:raturc 300 C aftor 3000 hours or the 

In thi~3 ca::;;c cal'bon monoxide prc::::;:;;ure in t.he TFE 

interelectrode spacing could be OStillDtcd 3,:3 hi~:;h a::::; 10 Pa. 

The interaction of' carboniu oxid ... "':3 wiLh cf:::~ium v:J.por nnv Lt~ad 

COndOJ1Sed phases format i en, for € X:1InP 11:"', C J' 2 C DJ I C,r 011 cul\.i carbon 

at the colleGtor temperatuJ·c:::; when oxid0:::; pre;;sure:3 exceedIng eq-
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uilibrium over condensed phases. Pressure evaluation of carbon 

m::moxide interelectrode spacing of SNPS "TOPAZ" doe:::; not oxcluclo 

condensat i on of c.:J.rbon compound on the call cctors. 

In thar:T'al thermionic reactor hydrogen (rom :31rconi LIlli hycll'lcio rno-

dar'alor penetr.3.ts:3 t.G TFE intcrelectrode spacing. Dlwing tho STO-

und te:;t.s of SNPS "TOPAZ" in which measures for long-term rer.(!nL j-

on of hydI'ogen wos not incorporated, appcar.:mcc of hydrogen inti K! 

interelectrode sp&;ing was detected at 250-300 hours after tho 

begining of the tests. After 3000 hours of tests the hydrogen 

flows reacrled 5 ... 7*10**( -4) Watts at the temperature 300 K; in 

the total gas flow hydrogen fraction exceeded 90 %. In this case 

partial hydrogen pressure in TFE interelectrode spacing could ex

ceed 65. Pel.: The negati ve influence or~ such hydrogen pressures in 

. the gap on TFE electrical characteristics is connected \vi th the 

. 1 ncreases of--heat (;onductl Vi tyand plasma losses because of the 

interaction of cesium atonu and elec"trons \'lith molecules and hyd-

rogen atom;. 

It should be noted that the effect of these factors is qUite suf

ficient to explain effiCiency degradation ratiO on order of 20 % 

for 4400 hours lifetime~ that was olY3ervec1 during SNPS "TOPAZ" 

tests. 

The presence of ·hydrogen in gap along with carbonic oxides :ray 

lead to hydrocarbon formation at the collector temperatures and 

its subsequent decomposition on the emi tter surface. I t way 

suIt in "carbidization" of the emjtter surfaces with f'ornntion 

of corr.pounds ( e. g. we and W2 C) and reduction of its bare work 

function. 
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THE MEASURES FOR DECREASE MASS TRAN:~FER PROCESSES IN TFE GAP 

1.n OI'der to decrea::::;e the na;s tr.J.n~;t'er proces:::>e:::: in i nterel ect

rode spacing tile 3evcral constructional and t(~chnological mea:::u

res must be performed, which include [1,5-'IJ: 

- the use of ura.ni um d iox i de wi th ui\yd·::n cOIJtcnt clo:::z) to ::;tc i . 

cl1iometric: 

-the use of hi t~h temperature i ng from all component:; of 

TFE ( at the tcmpnratures not exc8r:d i ng oporatJ ng ) reouc i ng 

impurity concentration in it.~ 

- the use or spec i al pas:3ages for rc mov i ng f iss i on and i mpur it Y 

gases which will restrain their penetrat.ion into the interel 

ectrode gap; 

-the use of :3pecial protective cover:; for d.;:'crease hydrogen le

akage ( from the hydride cavity of thermionic reactor) and 

vent'hydrogen penet.rating into interelectrode gap; 

-the use·of cesi:.lm vapor supply system with suffiCiently high 

flow rates ( up to several tens grammes per hour ). 

The act! Vi ties perforrood in the last i tern are summarized below. 

CeSium vapor suppLy system wi th single cesium usage is used In 

the thermionic SNPS "TOPAZ". i UIn vapor from tile reservon

that is maintained at gi ven temperature level by Jrean:; of e1 

ric heater, pasSE!S U1rough the inlet C:OIT'P1Utation charrJ:.er, 

through all connected hydraulically in parcllel to Intere 

gaps of TFEs, throq;h the outlet commutation cr,3:!.oer fur tfl':;> r 

the throttle, limiting ceSium vapor flow fate: 1[: tilt~) ::::ystem ;"'.f:(1 

reach pyrolitic graphite cesium trap. Wlth U18 fIxed an'ount ot 

1 i qu i d ces i um in the reservo i I' the cos i urn vapor f1o'tlrate un.:::un-

biguously determines the lifetime of SNPS. The t.rap capaci ty j:; 
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de?igned for absorption of the whole amount of ce:::;iuITl. The nOrJ--

condenced gases are removed from tile trap into the ouLer ::::p.:1.CO. 

Trle application of such cesium supply system is essentially 1'e-

stricted by folloViing factors: 

-the volume and the m.ass of the reservoir increa:::e proportional 

to lifetime SNPS at fixed vapor floWl~ate; 

ttl€' cesium vapor flo'l'{rate is in prinCiple r'estrictcd ( u r,.::w 

tens of grCiIT'u'1'tes per day ), due t.o i ntore lect!'ode (;.3p hydr.J.ull c 

reSistarlce and increasing of electric losses when cosium vapor 

. pressured ... ttp ! n TVf: reach value of .aboot 130 Pa 

To car~cel triS first of this restrictions it is efficient to emp-

loy 0\l.11tiple-usage C0~ium vapor supply systems in W!lich the 

flowrate (joesn" t practically connect wi th lifetime of SNPS and on 

the amount of liqUid cesium. It is such systems that are lfost 

perspective for longl ife SNPS. 

Tl-.19 Cf!~il1m vanor .generator in such systems may use the principle 

of r~at pipe with zones of evaporation and condensation, from 

latter of these rerroval of noncondensed gases may be provided. 

The determining value for distribution of impuri ty ga<;;es partial 

pressures is a quantity 

) (11) 

where P=/A +P2)/2 - mean ceSium vapor pressure in gap; 

/J..p '= P, -pz ; 
PI} Pz - pressures in the inlet and outlet commutation 

cl1.::-unbers, respect i ve 1 y; 

L - TFE length; 
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d e - diaIootE<r of' the rUE~l~-"d emi tter; 

A size of inten)lectronc gap; 

par ( cl i i net i '1(: tor d i rr'erent b::.'ces ); 

U(p) gas-dynamic conductivity ot' 

Since U (P)"'/JjJ~, where d=/dr:/dc}!c, 
diameter of TFE, then the quantity EJ 
very slightly depend on cle. 

i I)tcre lectr'ode 

"'"')t""j d 1 ',~ t""L' L" 1', #<; __ 

gap. 

One-dimensional eq~J3.tlon tor thc~ di:::tribution or lJi·.purity g\s,se:~ 

pi'essures in the i nte re 1 ec t.rode SP;)C i ng ~, ccns i de!' i ng 

gases as being "free.zed- in" into tl:e cesium V3pcr now 3Jid 

ga:::;es generat i on rab.~ is constait. at the gap 1 E~ngth" can be 

, wri tten as 

8 d P,p 
L d x P 

) (2) 

where Qf}- the amount of total gases generation in IFE. 

Using the solution of thiS equation we can obtain the next ex

press i on for the mean pre~::;:3ure of i mpur it Y ga:.::e:3 in the i nt.er

electrodE! gap: 

Py =[3 ff: ff{f-M)-M+1 J+PooM J 

·M == ~ [ I - exp (- 8)] ) 

where - cesium vapor flowrate in a Sil:£'10 

Po the p.!"essure of the ir.ipurit~1 gases in the outlet 

commutation ch.::,unber of thermioniC reactor, whiC.h 
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is defined from the equation: 

U4) 

where Q;£ - total cesium vapor flowrate in thiS chamber. 

It seem3 interesting to compar'c the cosium vapor :~upply sy:-:Lcm 

. Qf the SNPS "TOPAZ" with that 'of the one-side diffu::::ion :3chE·me 

for rerroval of the ,impuri ty gases from i nt-ere lectrode :.,-;pac i r,~;. 

fer this sch'}mc; thr:'! mear. pres:::;urc of impurity 

:;cr .bed by expression: 

( 15) 

ariel ~ ..:. tem'p~ratur..es of the i mpur it Y ga::;e:3 in the 

gap anrj in· thettu··ottle. re:;pectively ( "Ttfl == (Te -t 

+ TC}/2); 
t - is the coefficient, considering the inrluence or 
JeM. . 

e lectroIragnet i c . forqes upon the cl i str i but i on or the 

cesium vapor pressure in the gap. 

tn 1:. Ln 
At 4PeH/Fes ~ 0.1, the value )el'1~1, PeS ce~3i lJm pr'€:;::;ure 

in the inlet of TFE, tJPeH - cesium vapor pressure drop in gap, dUB 

to electr?rragnetic forces. In this scheme it is a:33umed that the 

cesium vapor is pumped through the COIrJllOn for all the TFE cesi urn 

chamber. 

We shall introduce the ratiO ot'mean impurity gas prc::::;;3ure::=:: in 

Cr:)th consi dered cesi urn system:;; 
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ci.= 
-IJ (I-M)++ 

[I of -j n TFE e ;: f eM J 
] ( if:) 

From the condition that the ce:;ium vapor pres::::;Lwe drcp in Hlt0r-

electrode gap does not exceed 130 Pa we ira;,: e'/2.1cate U~D 

values of e. For 11 ={ 0, 4-0, 5) *10**( -3) :1\ 7;j. =~ -,;'::;;J K. 2; .. ~ 

~ =850 K this value for technological g.::'.:;;;;s, wi th t.he nY,Jlecu

lar l11c.1.SS n(~ar 28, is of about 1 8.lid 01 abol:lt 0,6 ror hydrogen. At 

the above values of f} • we 

d-.~ 0,6 at. 8 =1,0. 

ot,L:~.l· f'l tt,).,-,..,t. _I = U' ..... "It El 0 6 __ '" lA ,ILl., =,1 ci.nd 

We consider these values to be the limi ting estimates of tile ad-

vantages of t.he cos i um vapor supply of SNPS '·TOPAZ" in comp3.1'i-

son wit.h the one-!::ide diffusion scheme, haVing similar cesium V3.-

por flowrates. It must be noted that at the fueled emi tter' 

swell ing the value of B 
of the gap size. 

decre.as€:s proport. i onall y t.o the 

Application of :;y:;t.em:; wit.h multiple usage of ce:;ium vapor Ir';3ke:; 

it possible to improve essentially· its etTectivenes:; as far 3.:3 

the removal of the impurity ga:3e::; from inter81ectrode gap. Thus, 

for: instance, in tile one-side diffusion scheme at 

- f T,.2. Q L Q <: -- 0<0, p.!J -- 7 p~ fa .... 
<:; '--' 7t L1'71:; P JJ 

i -i r~ \ 
\, 1 I I 

The eVident condition of of rea:::;onablo cesium vapor flowrate 

increase is the foll owi ng: 
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l ;t t"'" 
\. J. 0) 

A still higher effectivene:::;s my be reached in the two-Side dif-

fusion scheme, where the impurity gases are removed from both 

e::ds of i ntere lectrode gap into two CBS i urn CRvi ti es either by lTY2-

ans of diffusion only, or by means of diffusion with the provided 

pumping of cesium vapor through -the gop with limited flov,rrate; 

pumping-over of cesium vapor through each chamber is accomplish

ed Rt a higher f'lowrate. 

:..t 8 <: < 1 and f eM ~ 1. wi thi n use of such cos i um vapor suppl y sys

tem, the ilf1puri ty gas mean pressure is defined by the correlation 

'p - p (n TFe Q2 ( - c.r . +-
Q~ /2 

Qp. L 
( 19) 

Re5.SDna::} 8 c'::'Si um vapor flowrate in this system is: 

Q 12' {l,lI·d e . P . n· Tt; 
:f~ L'T,· 19-

(20) 

The increase of value t7 to the limiting leve in conformity 

with,the above mentioned estimates will lead to a not more thaI), 

25 % decrease of impurity gas mean pressure in gap as compared 

to the case, when 8 «1. 

REQUIREMENTS TO ELECTRICAL INSULATION RESISTANCE AND STRENGTH 

To provide the thermionic reactor performa.nce, the insulation 
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re:;isLl,nce and i electrical :;trG!1Gth ar(:' of f!reat. significanc"'. 

To restri~:;t Ux: CUfT'c:nt leaJ:.i.'I.gu t!il'o~!~'h thl) in:.::~ulat.ion to not. !!i.)--

.... 0 "I~""n A - t~~,::. ,~~·t r')aI'" ot" t' ~1''''l'I''irll'ic l'p'::j('''~'l' total r" llrr'erlt I .c· l,..aJCl..i.;-- ·j11.".. ... 'h .. " ..t- c-" ~I~. 11.1.-..-, iA .... ·(. ......... ·l·U • _....... . " 

i sfy t h,:~ cond i t ion: 

R > UTI? 
in -- j3 I ') 

where z;;../? - thermioniC reactor vol 

From the cond i ti en of e lectr i c ngth bre.:~;do\'in vol tc.ge of 1 n

sUlation lIid?'-r l{./( ) where r - is the olectric ::::trength m3.rgin 

factor. It is pos:;ible to connect the mi1jdle point of thermiorllC 

reactor electriC ,Jurcuit by mean;::; of finite or zero reSistance 

wi th "ITl.'1SS" then :'he deITl2.rlds on 7/,-1( 
times. 

THERMION Ie HEACTOH PERFOR~AANCES 

rr.ay te reduced up LO t:.·;c 

Theoretical and (Xperinx:ntal inve:;tig.::itions demonstrate that 

wi t.h use of effect i ve emi tter aIlti collector mater 1 PI'O'! i C1 i r~J 

vacuum work function of about 5 eV and efTective emissivit'y'Dt' 

electrodes Get < 0,2, begining of life IrE effIcioncy and lneZtfl 

emi tter surface heat densi ty from to 40 W/cm**2 may r&ach 12 l. 

at optinal collector temperatures and ce::::;iurn vapor preS:3ure. For 

long lifeti~ stability of such characteristIcs ( tat(ing in c:,,_ 

count its permiSSible degradation 20 %) it is essGntial to 1'0-

a1 i ze the above nll,mt i oned cond it i on::.~ 1 n the de:; i gn of TFE and 

thermionic reactor. 

ConSidering abuve IT\(!ntioned paralw.::tel's of TrE in therm...1.1 thermi:)-

nic . reactor with rrkuimum core volulTJia of up to 0,08 ntA,*3, tho 

electriC powc:r on reactor ter'mi n3.1:::; exceeding 100 kW can 
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achlGvod; find LhO' thonnionio rC3Cltor Sl)!.:t:lfic lin.::.:, COI1:~;Hkrin~1' 

its main service subsystetrG ( cesium system, control drives, 

etc. ) will arrount to 10-12 kg/kW. The SNPS radiator surf'ac0 at 

efficiency of not less than 10 % and or rTlCiximum coolant tempora

~ at ~rmiQnic reactor outlet not motte than 500 C will not 

exceed 60 111**2. 

As. for the fast thermionic reactor with miniool critical dimenSi

ons on ba:;e uranium dioxide fuel, having reactor core volume of 

about 0,1 111**3. the total emission surface of up to 9 m**2 and 

using sodiUm-potassium eutectic alloy as coolant. the mean mass 

-characterlctics wi 11 be to 5-6 kgl kW. The SNPS radiator surface 

at electriC, power thermionic reactor about 300 kWt and maximum 

coolant temperature of up to 750 C will be to 75-80 m**2. At the 

above rrentioned characteristics,-the SNPS fl.aving thermal and fast 

.thermionic reactor at e~ectrical power of up to several hundred 

kilowatts, will befullycompatiole with the posSibilities of 

space ·launCr.l€:fs. 

CONCLUSIONS 

On the base of available theoretical and experin~ntal data it 

1S possible to formulate the requirem.:mts to TFE and thermionic 

reactor of long lifetiJOOthermionic SNPS.At optimal parameters of 

TFE emi tter and collector uni ts and roCtlization of the design and 

tectmological measures aiJOOd at providing the TFE electriC cha

racteristics stability, during the lifetime of about several 

years and at mean emitter heat densities of 25-40 W/cm**2. con-

version efficiency not less than 10 % may be achieved. At such 

TFE paratOOters SNPS wi th tIlermal and fast thermionic reactor will 
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t.ible with the pO::;:3ibilit.ie:~ of :3pace launch v0i11cle::::. 
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1. Abstract 

PAPER FOR THE TEC SPECIALIST CONFERENCE 
EINDHOVEN, NETHERLANDS 

October 9-12, 1989 

Close-Spaced (SAVTEC) Thermionic Converters 
for Space Nuclear Power Systems 

Gary O. Fitzpatrick 
Advanced Energy Technology 

San Diego, California 

Edward J. Britt, John L. Lawless, Joseph R. Wetch 
Space Power Inc 

San Jose, California 

SAVTEC, a self-adjusting versatile thermionic converter, has 
potential application to advanced incore-thermionic power systems. A 
good lead efficiency, typically 10% or more, is achievable with SAVTEC 
at relatively low emitter temperatures, e.g. 1300 K to 1400 K. This 
contrasts to the emitter temperature of 1700 K to 1800 K for the normal 
ignited mode thermionic converter. The lower operating temperature of 
SAVTEC allows the fuel cladding to be at a lower temperature where it 
has greater creep strength. By making the cladding strong relative to 
the fuel, this reduces the fuel swelling problem. LoWer temperatures 
may also permit the tungsten inside the reactor to be replaced by 
niobium for better neutronics. Also, SAVTEC can operate efficiently at 
lower power densities than conventional thermionics. The combination 
of lower temperatures and lower power densities than conventional 
thermionics permits larger incore fuel elements to be used in fast 
reactors. This can lead to reducing driver rod requirements in fast 
reactors. 

The feasibility of the SAVTEC concept of close-spaced thermionic 
converters was demonstrated five years ago. Additional work is needed 
to demonstrate their manufacturability, reliability, and lifetime. 
SAVTECs have a system reliability advantage because they can be tested 
and replaced as necessary before launch. In the radiatively coupled 
TFE design, the SAVTEC TFE can be tested out of core similarly to 
single-cell TFEs. With additional manufacturing experience, improved 
quality control procedures, and improved designs, we believe that 
manufacturing yield can greatly improved. Several design improvements 
have been suggested for improved manufacturability and reliability. 
These include: (1) the use of a pedestal with improved stiffness, (2) 
careful surface polishing before assembly, (3) improved lead 
attachment, and (4) the choice of materials which prevent cold-welding 
in space. A manufacturing procedure is discussed which attempts to 
automate production while maintaining careful quality control. 
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II. Introduction 

It has long been recognized that near ideal thermionic converter 
performance could be achieved if the inter· electrode gap could be 
reduced to a few microns. SAVTEC (Self Adjusting Versatile Thermionic 
Converter) technology has achieved these spacings. In the SAVTEC 
concept, the inter· electrode spacing is controlled using thermal 
expansion. This approach is potentially important in both solar and 
nuclear power applications. The principal issues to be resolved are 
reliability and lifetime. In particular, SAVTEC power density, 
efficiency, and operating temperatures appear to be well suited for in
core nuclear reactor concepts. 

A schematic of a research SAVTEC converter is shown in Figure 1. 
The emitter lead also functions as a structural support for the 
emitter. Thermal expansion of this lead causes the emitter to separate 
from collector by a few microns. In this design, the emitter is 
radiatively heated. For higher total power, many SAVTEC converters can 
be combined on a single substrate as shown in Figure 2. 

This paper will review demonstrated SAVTEC performance and address 
issues of nuclear SAVTEC design and SAVTEC manufacturing. Some 
concepts for nuclear thermionic fuel elements (TFEs) that use SAVTEC 
will be discussed in Section IV. SAVTEC design options for improved 
reliability will be presented in Section V along with the outline of a 
possible manufacturing procedure. 

III. SAVTEC Performance 

292 

SAVTEC converters operate in the quasi-vacuum mode of thermionic 
conversion. By maintaining the inter-electrode gap as small as a few 
microns, space charge effects can be minimized. Thus, the voltage loss 
associated with the plasma in ignited mode converters is eliminated. 
The resulting efficiencies may be very high, approaching that of the 
vacuum ideal converter. 

A series of SAVTEC experiments were performed at Rasor Associates 
several years ago. Keasured lead powers are shown in Figure 3. At low 
emitter temperatures, and hence low current densities, there is good 
agreement with vacuum diode theory. At higher emitter temperatures, 
the behavior is described by unignited theory. 

A comparison of efficiency versus emitter temperature for various 
types of thermionic converters is shown in Figure 4. Two theoretical 
lines are shown for barrier voltages of 1.6 and 2.0 V. A SAVTEC 
converter, denoted SIS, was operated at l750K and achieved an 
efficiency of 18%. This is much higher than the efficiency of 
conventional ignited mode thermionic converter as represented by the 
TFE design. Other SAVTECs are shown operating at lower temperatures. 
Comparison with the Vb-2.0 V line, shows that performance was 
substantially better than that of an ignited-mode converter. 
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Some SAVTEC experimental results are summarized in Table 1. The 
rows marked SAVTEC refer tests on individual converters. The rows 
marked Hotshell refer SAVTECs operated in an array inside a combustion 
heated hotshell. The hotshell arrangement is illustrated in Figures 5 
and 6. Not all the SAVTECs installed in this hotshell operated 
reliably. Sample results are shown in Figure 7. The SAVTECs which 
successfully opened in that test are marked with X. The others did not 
open in that test. For two of these, the problem appeared to be 
inadequate collector cooling which reduced the desired differential 
thermal expansion. To further complicate interpretation of the 
results, the combustion provided uneven heating and the SAVTEC 
converters which were installed were designed for operation at a 
uniform temperature. This may explain why those SAVTECs towards the 
outside of the hotshell, where it was cooler, were more likely to fail 
to open. 

IV. In-Core SAVTEC Reactor Concept 

SAVTEC has several potential advantages for in-core nuclear reactor 
operation: 

1. A good lead efficiency, typically 10% or more, is achievable with 
SAVTEC at relatively low emitter temperatures, e.g. 1300 K to 1400 
K. This contrasts to the emitter temperature of 1700 K to 1800 K 
for the normal ignited mode thermionic converter. 

2. The lower operating temperature of SAVTEC allows the fuel cladding 
to be at a lower temperature where it has greater creep strength. 
By making the cladding strong relative to the fuel, this reduces 
the fuel swelling problem. 

3. The lower temperatures may permit the tungsten inside the reactor 
to be replaced by niobium for better neutronics. 

4. SAVTEC can operate efficiently at lower power densities than 
conventional thermionics. The combination of lower temperatures 
and lower power densities than conventional thermionics permits 
larger incore fuel elements to be used in fast reactors. This can 
lead to reducing driver rod requirements in fast reactors. 

5. SAVTEC converters can be tested out of the core. 

6. The fuel body can be removed leaving the SAVTECs in place. 

A conceptual arrangement for SAVTECs within a thermionic fuel 
element (TFE) are illustrated in Figure 8. The walls of the TFE are 
lined with SAVTECs which are heated radiatively by the uranium fuel. As 
shown in Figure 8, the fuel is hexagonal. Fuel swelling may cause 
distortion in this hexagon. In this case, it may be better to state 
with a circular fuel body as shown in Figure 9. Note that swelling of 
the fuel affects SAVTEC performance only if it physically touches and 
damages the SAVTEC. Unlike conventional TFEs, the fuel cladding is not 
the emitter. The SAVTEC design is shown in more detail in Figure 10. 
The SAVTECs may be connected in series along the length of a TFE as 
shown in Figure 11. 
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Unlike conventional flashlight TFE designs, the SAVTEC converters 
are not in physical contact with the fuel or its cladding. Furthermore, 
when out of the core, the fuel cladding can be resistively heated to 
test the SAVTECs. The fuel rod may even be removed if desired. This 
permits SAVTEC TFEs to be constructed with greater reliability. 

V. SAVTEC Manufacturing Issues 

306 

While SAVTECs have been built and tested in a research environment, 
reliable manufacturing of them has not been demonstrated. 60·90% of the 
early SAVTECs worked at least once. Further, 40-60% appeared to work 
reliably. At 40-60%, the yield is better than many space PV cells. 
An alternate design with possibly greater reliability is illustrated in 
Figure 12. In this design, the emitter is supported by a ceramic 
pedestal. For greater mechanical stability, the pedestal has a mucher 
larger outer diameter than the emitter support shown in Figure 1. 
Thermal expansion of this pedestal is responsible for lifting the 
emitter off the collector under operation. 

If the converter must be cycled on and off, there is the 
possibility of cold welding between the emitter and collector. This 
can potentially be prevented by coating the collector with a metal such 
as copper. Because the molybdenum and copper are not miscible, they 
cannot cold·weld. 

In a practical application, it is likely that many thousands of 
SAVTEC converters would be required. Some method for automated 
manufacturing would be required. For the SAVTEC design in Figure 12, 
an approach for automating the final assembly and brazing is shown in 
Figure 13. After the emitter and collector pieces have been lapped for 
surface accuracy, they would be placed in a holder as illustrated. 
First, the holder would then be placed on a support and the metallized 
ceramic pedestal would be inserted. The emitter·pedastal braze would 
then be made. Secondly, the holder would be turned over and the 
collector·pedestal braze would be made. During this braze, the emitter 
and collector would be in light contact. The assembled SAVTEC would 
then be removed from the holder. 

The accuracies required in SAVTEC assembly are similar to those in 
the electronics and optics industries. SAVTEC manufacturing can 
benefit by using technology they have developed such as lapping and 
clean environments. 

A strong quality control process would be key to successful 
manufacturing. This would occur in all steps from material procurement 
to assembly of a reactor. To achieve repeatable results, careful 
control of the brazing process is particularly important. Also, as 
shown in Figure 14, testing should be carried out both before and after 
the TFE is assembled. 

Proceedings Specialist Conference Eindhoven 1989 



-I 
J 
CD 

3 
0" 
::l 
0" 
m 
::l 
CD ca 
'< 

b> 
~ 
CD 
til 
0" 
::l 

~ 
...... 

~ 

~ 

A 
SPI 

IMPROVED SAVTEC DESIGN FOR 
MORE RELIABLE MANUFACTURING 

Sapphire . 
Tube ~ Centerline 

I 
I 

I 

Fine Wire -----11.-\ 
Emitter Lead 

Ti Braze (Emitter Pedestal) 

I 

I 
I 

I OFHC Cu Coating ~~ ___ ..., 
To Prevent Cold-

~f ~~itter 11 
- <0.5 mil 

T I 

Welding 
! U Nb 

Advanced 
Energy 

Technology, Inc. 

FIGURE 12. 

I Collector 

I lJ! 0,-----

OFHCCu Braze II" I ~ I 
(COlleC!Or Base) 50 mil __ I 

I 200 mil 

"\ 

..../. 
100989-10 



c.> 
o 
(I) 

'"0 

B 
& 
;:;" 
IC 
(II 

f n. 
Ql 

~ 
g 
a. 
CD 
iii 
:::J 

2 
m 
~ 

f 
:::J 
...... 
U) 
(I) 
U) 

~ 

FIXTURE FOR FINAL SAVTEC 
ASSEMBLY AND BRAZING 

/ .. ····cCG ~~ ~ ~.?J SAVTEC Holder 

.... /<.::......... / ... / .. ". ... ......... ::::: .""/ Lapped SAVTEC Emitter 

I 

FI GURE 13. 

~ Bottom Rest Positions \( , ?~ \ the Sapphire Support Tube 

1) Emitter - Pedestal Brazing 

'-- Rest for 
Sapphire Tube 

abo 2) Turn-over and Braze Collector Base - Pedestal 

Emitter and Collector are in 
Contact (Shorted) During Braze Advanced 

Energy 
Technology, Inc. 

100989-11 

"\ 



-f ::::r 
(I) 

3 
c5" 
:::l 
('j' 

m 
:::l 
(I) 

~ 
g 
:::l 

~ 
iil 
is' 
:::l 

~ 

A SAVTEC QUALITY CONTROL PROCESS 
SPI 

{~I Fabrication 
• Materials Procurement 
• Cutting 
• Drilling 
• Capping 
• Brazing 

';-;·;;:;:i:~;::ill;:::~{;'::i~~;:rdiii~i~~ 

Advanced 
Energy 

Technology, Inc. 

FIGURE 

Testing and 
Thermal Cycli ng 

Burn-in 

Reject 
Assembly 

ofTFE 

Out-of-Core 
Testing 

Rejects Assembly 
of Reactor 

100989-9 



VI . CONCLUSION 

310 

Only a very SAVTEC experiments have been performed so the data is 
limited. Results to date indicate high efficiency and good agreement 
with theory. Applications have been identified for solar, nuclear, and 
flame-heated systems. Of the few that have been fabricated, a 40-60% 
manufacturing yield is indicated. Many of the manufacturing issues are 
similar to those in the semiconductor and optics industries. By 
applying techniques borrowed from these industries, a greatly improved 
yield is expected. 
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Abstract 

Lifetime Performance projections for 
In-Core Thermionic Converters 

J.W. Vandersande and R. Ewell 

Jet propulsion Laboratory/ 
California Institute of Technology 

Pasadena, CA 91109 

The dominant failure mechanism of an in-core thermionic converter 
is considered to be emitter deformation, which results from U02 
fuel swelling, and can lead to shorting to the collector and hence 
to a loss of power output. The performance of each converter in 
the core of a SP-IOO design thermionic reactor was evaluated 
relative to this failure mechanism in conjunction with the modified 
LIFE-4 fuel-clad model and experimental converter performance data. 
The results of the analysis showed that, even in the worst case 
scenario, initial shorting will start after about four years and 
that the power system will last an additional two years. 
Thermionic energy conversion is thus a potential candidate for 
future space missions. 

Introduction 

Thermionic energy conversion is a potential candidate for space 
nuclear power sources for future space missions. A thermionic 
nuclear reactor power system was designed several years ago for the 
first phase of SP-100 [1]. The reactor core consists of a close 
packed array of 176 thermionic fuel elements, TFEs, housed within 
a cylindrical vessel. Each TFE contains six thermionic converters, 
with U02 fuel inside, connected in series and housed within a 
cylindrical outer sheath. Control of the nuclear reaction is 
provided by cylindrical control drums which surround the vessel and 
by seven in-core shut-down rods. The reactor is cooled by a pumped 
liquid metal loop and associated heat pipe radiator. 

One of the requirements of such a space nuclear power source is the 
ability to provide power continuously over a long time period, such 
as 7 years or more. It is thus necessary to determine the possible 
failure modes and model them so that the lifetime of this type of 
thermionic reactor can be predicted. The main failure mode that 
will be considered here is emitter deformation which, as a result 
of U02 fuel swelling, can lead to shorting to the collector and 
hence lead to a loss of output power. This is considered to be the 
dominant degradation mechanism. Open circuits are possible, though 
not likely, but have also been considered. In order to make life 
predictions a model was developed which combined converter 
performance data and fuel-clad deformation rates to determine when 
and where the initial interelectrode shorts would occur and as a 
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result when the power system would start to fail. 

Performance Model 

The system model that was developed included a detailed analysis 
of the projected performance of each converter in the reactor core. 
The thermionic converter that was assumed for the design is a 
cylindrical converter with a CVD <110>-W emitter and a niobium 
collector as depicted in Figure 1. The thermionic converter 
performance was based on a phenomenological analysis which 
calculates the current density versus voltage as a function of 
emitter and collector temperatures, cesium pressure, emitter and 
collector work functions and the interelectrode spacing [2]. The 
converter performance model was calibrated to planar converter 46 
(tested by Thermo Electron in 1970 [3]) which underwent extensive 
performance mapping over a wide range of emitter and collector 
temperatures, cesium pressures and interelectrode spacings. The 
performance data for a planar converter was used because 
insufficient data was available for a cylindrical one. However, 
the difference between them is expected to be small based on the 
small amount of data that is available. Both planar converter 46 
and the cylindrical converter used in the reactor design used a CVD 
<110>-W emitter and a niobium collector. 

The inputs which are required for the thermionic reactor system 
performance model include the reactor, coolant loop and radiator 
geometries, the average emitter temperature, coolant loop 
temperature drop, cesium reservoir temperatures, and the relative 
power density profile for the reactor. The reactor core was 
divided into five radial rings and 6 layers, each of which has the 
potential for a different power density and hence different emitter 
and collector temperatures. Each emitter temperature is calculated 
by requiring that the average temperature corresponds to the input 
value and that the resultant thermal power density profile is 
attained. The thermal power is calculated as the sum of electron 
cooling, cesium conduction, thermal radiation and conduction, and 
resistive heating and the total depends on the emitter and 
collector temperatures. The collector temperature is calculated 
by the thermal power rejected from each converter, and the fluid 
temperature at that particular location within the core. The fluid 
loop temperature is determined by the total heat to be rejected and 
the effective radiator area. 

The reactor core was designed to try and flatten both the radial 
and axial power profiles. The core was designed with five radial 
zones, with the fuel in each zone having a different central hole 
diameter in the U02 pellets. Preferentially removing fuel from the 
central rings by means of larger central holes, flattens the radial 
heat generation rate. The core also has six different axial 
layers, one for each converter within the TFE. Each converter has 
a different fuel pellet length and thus a different emitter and 
collector length. The fuel pellet lengths have been shortened in 
the center of the core and lengthened at the top and bottom of the 
core in order to flatten the axial heat generation rate. A 
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constant fuel enrichment has been maintained throughout the core. 
This effort to flatten the fission power distribution has led to 
a relatively uniform emitter temperature distribution throughout 
the core. 

The cesium pressure wi thin the interelectrode gap is another 
crucial parameter relative to the converter performance. Each TFE 
has to have a single cesium pressure within it, because all of the 
cells are interconnected. However it is possible to vary the 
cesium pressure depending on which radial zone the TFE is in. The 
code thus allows for five different cesium pressures, one for each 
radial zone. These pressures were optimized to give the best 
converter performance. 

The electrical network for the thermionic converters is also an 
input. The cells are connected in a series parallel network. The 
circuit which was considered consisted of four parallel strings of 
264 converters connected in series. All cells in series must have 
the same current, and those in parallel must have a common voltage. 
This means that most of the cells will not be operating at the 
optimum point on the I-V curve, depending on the electrical 
network. The principal degradation mechanisms that were considered 
in the model are those which either cause a short circuit or an 
open circuit in the network. In addition, radiator degradation 
which results from the failure of heat pipes due to the impact of 
meteoroids and debris was considered. 

The primary emphasis on determining the performance of a 
thermionic reactor as a function of life was emitter swelling, 
which could ultimately lead to the emitter touching the collector 
and causing a short circuit. Emitter clad swelling depends on the 
choice of fuel and clad, what their temperatures are, and what the 
fuel power density and void fraction and burn-up is. The existing 
LIFE-4 fuel-clad model was modified after an extensive review of 
the data on high temperature UOz fuel clad tests and measured rates 
of fission gas release [4]. The factors which were identified as 
most strongly affecting distortion rates are the emitter 
temperature, the tungsten emitter thickness, and the fuel power 
density and void fraction. These factors were mapped over their 
full possible design and operating ranges (with three void 
fractions and three power densities being considered) so that the 
emitter distortion rates could be predicted as accurately as 
possible. 

The system model estimates the emitter distortion as a function of 
time. The interelectrode gap was assumed to be 20 mils (0.5 mm) 
at the beginning of life and to decrease over time. Both theory 
and converter test data, indicate that the converter performance 
will improve with decreasing gap to a maximum at between 5 and 10 
mils (0.25mm) and finally dropping off rapidly for a gap of less 
than 5 mils (.13mm). The converter performance model calculates 
the performance as a function of the interelectrode gap. However, 
the emitter does not distort uniformly. The shape of the emitter 
distortion that was used in the model was based on that 
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experimentally measured in TFE 6F3 (5J. The code thus calculates 
two interelectrode gaps, one which is the minimum at the point of 
maximum distortion and is considered for shorting, and a second 
which considers the overall emitter distortion and is the effective 
gap which is used for performance calculations. As a result of the 
emitter swelling, performance of the thermionic reactor will 
initially increase with time, thus allowing a reduction in emitter 
temperatures while maintaining a constant net electrical power 
output of 100 kilowatts. 

Results 

The results of the analysis indicates that a beginning of life 
average emitter temperature of from 1745 to 1767 K is required in 
order to provide a net electrical power of 100 kilowatts to a user 
at a distance of 25 meters from the reactor. The range of 
temperatures is due to uncertainties in heat transfer 
calculations and mass optimization. The reactor is operated in a 
manner to provide a constant 100 kilowatts of electric power at a 
constant voltage of 100 volts throughout the lifetime of the 
mission. Running the model with the input reactor relative power 
density profile, presented in Figure 2, resulted in the emitter 
temperature profiles at the beginning of life and after 60,000 
hours as indicated in the Figure. 

The results of the model showed that the first interelectrode 
shorts (considered to be when the interelectrode gap is equal to 
or less than 3 mils (0.076 mm» occurs in those converters with 
the highest emitter temperatures, smallest fuel voids, and 
highest power densities after 70,000 to 80,000 hours (8 to 9 years) 
of operation. As a worst case, an emitter deformation rate 23% 
greater than that predicted by the modified LIFE-4 code was used. 
This was based on the extreme discrepancy between predicted and 
actually measured distortion rates in the 6F3 test. In this worst 
case, initial shorting would occur after 40,000 to 50,000 hours 
(4.6 to 5.7 years) of operation. The effect of one and two open 
circuits per year was, also, determined. The effect of two open 
circuits per year reduced the time at which the first short circuit 
would occur, in the worst case, to about 32,000 to 42,000 hours. 
These results are summarized in Figure 3. 

The actual life of the power system is not set by the first short 
(which produces a small reduction in power) but rather by the time 
at which the reactor coolant temperature exceeds the Curie point 
temperature in the electromagnetic coolant pumps. This will occur 
only after the loss of about 30% of the converters in the reactor. 
The model predicts that such a loss will occur about 20,000 hours 
after the first short circuit. Hence, the objective of meeting a 
7 year (60,000 hours) life with the continuous generation of 100 
kilowatts of electric power from a thermionic reactor is feasible. 
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Summary 

A model was developed to predict ~he lifetime of an SP-l00 design 
thermionic reactor, required to provide 100 kilowatts of 
electrical power. The system model, which included a converter 
performance model, a modified fuel-clad model, and a model for the 
heat removal loop and heat pipe radiator, considered emitter 
deformation to be the main degradation mechanism. In addition, 
heat pipe failures caused by the impacts of meteoroids and debris 
and potential open circuits in the thermionic converter network 
were considered. The results indicate that under nominal 
assumptions the first short circuit, caused by emitter distortion, 
would occur after 8 to 9 years of operation. The results, also 
indicate that, in the worst case scenario, the first short circuits 
would occur after about 32,000 to 40,000 hours (about 3.5 to 4 
years) and that the power system would fail about 2.3 years after 
the first shorts. Thus, a long-life (at least 7 years) in-core 
thermionic nuclear space power system is feasible. 
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INTRODUCTION 

The recent success of the in-core thermionic reactor concept, as 
demonstrated by space-based testing of two 10 kW(e) Topaz reactor units, 
provides a point of departure for further research and development. The 
single-cell thermionic fuel element (TFE) used in these reactors offers 
many operational advantages in contrast to multicell TFEs including: 
testability outside the reactor core using resistive heating; a relatively 
small number of manufacturing operations required to build a TFE; 
simplicity of providing paths for supply of cesium as well as exhaust of 
fission gas, etc. 

However, the significant drawbacks include 30-50% resistive losses 
due to the high currents and long electrical transmission path; and a 
corresponding lack of scalability beyond the ten or twenty kilowatt level. 
Accordingly, the efficiency of single cell TFEs is limited to five or six 
percent, or roughly half of what is attainable in multicell TFEs. Thus, above 
the ten kilowatt level, multicell TFEs represent the component of choice, 
based on today's technology. However, the advantages of simplicity of 
manufacture and non-nuclear testing are lost. 

It is worthwhile to inquire whether the use of advanced technology 
might be able to extend the usefulness of the single cell diode to higher 
power levels while retaining the important benefits of simplicity, 
testability and long life with stable operation. 
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DESIGN RATIONALE 

To this end, there are some broad technical requirements which must 
be satisfied to achieve a workable design. To begin with, the desire for a 
small system mass leads to a design of a zirconium hydride-moderated 
reactor core, which creates excellent nuclear fuel economy. However, the 
maximum tolerable burnup, together with the energy conversion efficiency 
of the system places a constraint on the minimum amount of nuclear fuel 
required for a given energy density. The current state of the art in TFE 
design is directed towards burnup levels of 4.1 % average burnup or less. 
Thus, a 30 kW(e) system operating for seven years at ten percent 
efficiency requires an excess amount of fuel equal to 

where F is the fission rate = 9.38 x 1015 f/sec for a 300 kW(t) reactor; ma 

is the atomic mass of the fuel = 235 grams, and A is Avogadro's constant = 
6.02 x 1023 atoms/mol. Thus, 

m burnup = 808 grams. 

The total amount of fuel required at beginning of life is then 

mo = 808 g / .041 = 19.7 kg of uranium, or 22.4 kg of U02. 

which happens to be close to the minimum critical mass of a hydride 
moderated thermionic reactor. If the conversion efficiency is only 5%, the 
fuel requirement is 39.4 kg. Therefore, the critical loading and ultimately 
the system mass is substantially penalized if an energy conversion 
efficiency of about ten percent or higher is not realized. 

For thermal neutron spectrum reactors, it is neutronically inefficient 
to have a fuel pin diameter greater than about 1-1.5 cm, because of the 
flux depression in the center of the element (that is, the center of the fuel 
is not very acessible to thermal neutrons because they will be strongly 
absorbed in the first few millimeters of the fuel). Thus the minimum 
practical emitter area will be achieved with a fuel diameter of about 1.5 
cm. Assuming an 85% theoretical density fuel, the number of elements 
required is equal to 
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where p is the density of U02 , Mo is the mass of U02 , d1 is the fuel pellet 

diameter, dv is the diameter of a fission vent tube and I is the active length 

of the fuel element. Using a U02 fuel density of 9.21 g/cm2 , <Iv equal to 

0.3 em, and an active fuel element length of 35 em, 

nmin = 41 TFEs 

corresponding to an electrode area equal to 

= 8100 cm2 

where d2 is the emitter diameter (assumed equal to 0.3 cm greater than 

the fuel pellet diameter for this case). Thus the maximum power density on 

the emitter electrode will be no higher than 3.5 W(e)/cm2 . This is 
significant because it permits the researcher to place an upper bound on 
the power density of interest for application to this system. 

A lower value is obtained by selecting the smaller diameter fuel. For 
this case, then nmax = 114, A = 15,000 cm2 and P" = 2.0 W(e)/cm2 . Thus 

a reasonable thermionic operating point can be selected within the range of 
2.0 to 3.5 W(e)/cm2 . Higher power density can only be considered in the 
event that higher thermionic efficiencies can be reached, or if shorter 
lifetimes are acceptable. 

Between the lower and upper bound, the tradeoffs will involve the 
reactor core size (which will tend to increase as metal is added to each cell) 
and the thermionic lead efficiency (which will decrease if metal is taken 
away). Currently, a point design is baselined at an emitter diameter of 1.4 
cm and a fuel pellet diameter of 1.1 cm. Figure 1 and Table 1 describe the 
baseline design. 

Because the thermionic converter is inherently a low voltage, high 
current device, Joule losses are very significant in the power density range 
required. For example, consider a single-cell TFE with a emitter resistivity 

p. The effective resistance is calculated from the differential version of 
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VENT TUBE 0.3 CM 

FUEL PELLET 1.1 CM 

EMITTER 1.5 CM 

PLASMA GAP 1.6 CM 

COLLECTOR 1.8 CM 

INSULATOR 1.81 CM 

OUTER SHEATH 1.90 CM 

Figure 1. Thermionic Cell Cross-Section 

TABLE 1. TFE PARAMETERS 

EMISSION AREA, CM2 
EMITIER TEMPERATURE, K 
COLLECTOR TEMPERATURE, K 
CESIUM EFFECTIVE TEMP, K 
CURRENT DENSITY, A/cm2 
ELECTRODE VOLTAGE 
LEAD VOLTAGE 
OUTPUT POWER DENSITY, W/cm2 
EFFICIENCY 
EMITIER EFFECTIVE BARE WORK FUNCTION, eV 
CESIATED SURFACE WORK FUNCTION, eV 
COLLECTOR CESIATED WORK FUNCTION, eV 
NUMBER OF TFEs 

165 
2000 

880 
575 
2.55 

1.2 
0.90 
2.30 
10% 
5.2 
3.1 
1.5 
79 
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Ohm's law, 

= l"AReff 

from which Reff = 2p 1 I p[d2
2 - d1 2 J. This neglects the variation of 

thermionic performance along the length of the element, which is adequate 
for the coarse analysis used here. The total effective electrode resistance, 
R e' for the case in which power is extracted from both ends of the TFE, is 

simply one-half the sum of the collector and emitter resistance. 

Defining a load resistance RL and electrode resistance Re , the Kirchoff 

equation is 

Since the power consumed by the load is 

then 

Thus, making the substitution I = JIIA, 

or 
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The quadratic equation in I yields two solutions. The solution for higher 
efficiency and smaller current is the practical solution, or 

This equation also produces a constraint for the minimum value of V or 

V min = (4ReP) 1/2 

Physically, this means that for V < V . , it is impossible to produce the 
mln 

required load current. An increase in thermal power will result in more 
power being dissipated as internal losses. 

Substituting the numbers for the actual case at 1.5 cm emitter with n = 79, 
and P = 190 W(e) per half cell, the effective emitter resistance for the case 
in which power is extracted from both ends is 

= 0.54 mn 

Similarly, the collector effective resistance is 0.38 mn. Adding an assumed 

lead resistance of .5 mn yields 

Re = 1.41 rnn 

V min = (4 x 1.41 x 10-3 m n x 190 W)1/2 

= 1.04 v 
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Figure 2. Lead Efficiency versus Electrode Voltage 

Thus if V is not at least 1.04 volts, then it will be impossible to 
produce the required current, no matter what the theoretical I-V 
characteristic of the diode may be. In other words, the electrode and lead 
resistance imposes a limit on the slope of the load line on an I-V curve. 
Note that 50% of the output power is wasted at this voltage, so acheiving a 
reasonable efficiency of about 10% will require that the electrode voltage 
be about 1.2 volts or higher, as shown in Figure 2. 

Alternatives are to increase the thickness of the electrodes (already 
undesirable because of nuclear criticality considerations), shorten the 
active length (also undesirable for the same reason), increase the number 
of TFEs or to use improved technology to develop higher output voltage 
capability. The last alternative provides the technical challenge to 
thermionic community. 

An obvious method to improve the output voltage of the thermionic 
converter is to seek higher temperatures, which will raise the effective 
surface work function of the emitter, while providing adequate electron 
emission potential. 

The state of the art thermionic emitter uses chemical-vapor-deposited 
(CVD) tungsten. The life limiting feature of the emitter is creep strength. 
This can be augmented by utilizing tungsten alloys which exhibit superior 
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strength characteristics. Of particular interest are tungsten alloys such as 
W-HfC, W-Re-HfC and perhaps W-Th02 which can be used to fabricate a 

reinforcement matrix prior to depositing CVD material. The presence of 
small amounts of alloying agents is believed to be sufficient to prevent 
slipping along grain boundaries of tungsten, which is presumed to be the 
main mechanism of creep deformation of emitters. Such alloys justify 
optimism for long lifetime even at temperatures of 2000 K or even higher. 

The high temperature emitter can be coupled advantageously with 
oxygenated electrode surfaces to produce reasonable current output at 
hUgh output voltage. An oxygenated tungsten surface can be expected to 
achieve an effective bare work function of about 5.2 eV, corresponding to a 
cesiated work function of about 3.1 eV. It is believed that the oxygen will 
be the controlling factor in determining the work function; the unexpected 
presence of hafnium or carbon at the surface can probably be tolerated to 
an extent. The use of oxygenated electrode surfaces requires that a means 
be found to regulate the activity of oxygen in the electrode space. Initially, 
it was thought that reduction of the cesiated collector work function might 
also be desirable as a means of boosting the output voltage. However, 
electron back-emission from the collector is described by the 
Richardson-Dushman equation as 

where q> is the work function, k is the -Boltzmann constant = 8.617 x 10- 5 

e V {K. For q> = 1.5 e V and T = 880 K, the J" back = .238 A/cm2. For cp = 1.3 

eV, J\ack = 3.3 A/cm2 , which is higher than the forward emission. Thus 

there is not much point in seeking lower collector work functions unless 
the total current density is much higher (which, as pointed out earlier, is 
not practical in a single-cell TFE), or if the collector temperature is lower 
than 800 K (resulting in a heavy radiator). 

Another benefit of oxygenation is that it permits a low cesium density 
in the interelectrode space and hence permits a wider electrode spacing. 
This is important because there is some chance that the emitter may bow 
slightly in response to thermal stress (of course, this should not happen 
with a perfect design, but not everyone is as good as the Soviets), 

Oxygen regulation is best accomplished with an electrochemical 
approach in which the cell voltage controls the activity of oxygen. 
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Figure 3 represents the J". V characteristics with varying emitter work 
function and cesium pressure. Under the conditions described, it is 
predicted that the electrode output voltage will be about 1.2-1.3 volts 
before electrode/lead losses. Thermionic efficiency is projected to be about 
10-12%. 

Because of the 50-100 °c temperature variation expected along the 
length of the TFE due to the difference between coolant inlet and outlet 
temperatures, it is likely that present converter physics models will need 
to be extended to two or even three dimensions. Therefore, a 
semi-three-dimensional code is presently being developed for use to 
describe single-cell long diodes. 

Additional manufacturing considerations must be taken into account 
for the long diode. For example, the multicell emitter is allowed to expand 
lengthwise, the emitter being fixed only at one end. Another means must 
be used to allow the single cell emitter to expand. Either some space must 
be left in the middle of the element, or some compliance must be designed 
into the lead area. 

The use of advanced insulator materials is desirable to enhance 
thermal conduction from the collector to the coolant, radiation stability, 
temperature stability and physical robustness. Diamond films are an 
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excellent candidate technology, assuming that they can be shown to retain 
their excellent electrical reSIStIVIty characteristics under conditions of 
reactor operation. Diamond films would also be much thinner (about 10-50 
microns versus the present 500 microns for alumina), partially 
compensating for the increased thickness of the thermionic electrodes 
required for single cell operation. In addition, the ability of diamond to act 
as a hydrogen barrier could be extremely important in avoiding corrosion 
problems in the interelectrode space, particularly since the presence of 
oxygen is already planned (note that the single cell design allows the entire 
TFE to be protected by a solid sheath, which is not generally the case for 
the multi cell design). Applying a uniform diamond coating to a large area 

surface (-100 cm2) represents a technical challenge and most diamond film 
efforts to date hav copncentrated on producing high quality films over only 
a few square centimeters at most. Accomodating the thermal expansion 
coefficient mismatch between the metallic collector and the diamond, 
which has a very low thermal expansion coefficient, represents another 
technical concern. Thinness of the diamond is one factor in its favor. 

From a system standpoint, it is desirable to operate with as high a 
heat rejection temperature as practically achievable, in order to minimize 
radiator mass and area. Currrently, the reactor temperature is thought to 
be limited by two factors: the use of stainless steel liquid metal 
containment, and the containment of hydrogen. Liquid metal fast breeder 
reactor technology provides an excellent data base on stainless steel 
operating at 920 K peak temperature and below. Thus a thermionic reactor 
with a reactor outlet of 920 K and a reactor inlet of some 820 to 870 K 
represents an upper bound on achievable temperatures. Similarly, the 
migration of hydrogen requires that a suitable coating be used to prevent 
leakage. Current state of the art technology based on the SNAP program is 
sufficient for peak temperatures of about 850 K and no higher. 
Extrapolation to 920 K based on improved containment technology is 
probably achievable in the near term. It is also possible that diamond 
films may be of value in increasing the temperature capability of the 
containment, but there are currently no ongoing programs to investigate 
this promising concept. Ultimately, the heat rejection temperature may be 
extended to 1100 K through the use of superalloy or even refractory metal 
concepts. However, the extreme difficulty and prohibitive cost associated 
with operating a high vacuum reactor test facility for refractory metal 
systems will preclude their use for many years. 

The desire for reliability and redundancy leads to an increased 
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emphasis on modular concepts. This is probably the only way to ensure 
against threats such as debris collisons, for example, which can vaporize 
entire sections of spacecraft radiators. Thus it is desirable for heat removal 
to be accomplished with a modular system such as heat pipes or capillary 
pumped loops. These techniques offer the additional advantage of reduced 
temperature drop along the length of the TFE. Programs to adapt and 
develop modular cooling techniques specifically for zirconium hydride 
thermionc reactor cores are currently in an exploratory stage only. Thus, 
initial tests may be accomplished using a single liquid metal forced 
convection loop, although in the far term modular heat removal may be 
mandatory. 

SUMMARY 

Technical advances are required to extend the single cell TFE to the 
few tens of kilowatts regime. Of prime importance is realizing a high cell 
output voltage, which has resulted in the need for higher emitter 
temperatures, oxygenated electrode surfaces and material improvements 
such as the use of advanced insulator materials. These projected advances 
appear attainable, and research is underway to prove it. 
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I. Introduction 

The design of any space reactor system encompasses the integration of a 

number of distinct, yet dependant subsystems. The major systems considered in 

a space nuclear power system (SNPS) include the reactor, or core, which 

produces heat, a nuclear shield, which protects any payload from the harmful 

nuclear radiations generated by the reactor/core, a power conversion system, 

which converts the thermal energy from the core into electricity, a heat 

removal system which transports the fission energy out of the core, and a heat 

rejection system which delivers the excess, or waste, heat to the ultimate 

heat sink--the deep recesses of space. This paper discusses some of the 

primary design variables and design constraints associated with the above 

subsystems, and also discusses the results of calculations concerning the 

nuclear design and safety evaluation of three reactor core systems. 

The overall objectives in the design of a SNPS will vary depending upon 

the specific mission that the power system will be performing. For example, a 

SNPS powering a North Atlantic commercial radar system will place a high 

premium on long lifetime, reliability, and flexibility, while a SNPS for a 

Mars rover vehicle would require low mass, short lifetime and high 

reliability, or a system for an interplanetary probe may require highly 

reliable intermittent operation during a planetary fly-by. In general, 

however, the overall system design objectives can be placed into one of three 

categories: minimum mass, long lifetime, and high reliability. 

In a design optimized to obtain the minimum mass, it is often not 

sufficient to Simply minimize the mass of each system sUb-component without 

regard to the mass of the entire system. Since all of the systems are inter

related, it is important to consider the effects of design changes in any of 
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the sub-systems on the overall mass of the system. Changes in one system may 

have large consequences in others. For example, reducing the outlet 

temperature of the coolant coming from the reactor will reduce the 

requirements on the materials in the reactor, but may also end up reducing the 

effective heat rejection temperature in the radiators and result in an 

increase in the required radiator area and the radiator mass. Also related to 

the overall system mass are the constraints posed by the launch vehicle. All 

launch vehicles have restrictions on the amount of payload mass and volume 

which can be raised into earth orbit. 

Long lifetime of a SNPS is dependent upon two basic variables. The 

first is the provision of sufficient nuclear fuel to ensure that the specific 

mission can be completed, and the second is the ability of the system designer 

to protect the SNPS from the harsh environment of space. Providing enough 

fuel is a relatively simple task as nuclear analysis computer codes have 

reached a mature state of development and can be counted on to determine the 

amount of fissile material required. Protecting the SNPS from the elements of 

space requires detailed knowledge of the various threats to the system. Some 

of these are the naturally occurring micrometeoroids and an assortment of 

space debris ranging in mass from micrograms to many kilograms, cosmic 

radiation, atomic oxygen in low earth orbit, and control of the thermal 

environment of the SNPS. 

A SNPS is required to be highly reliable as it is designed to provide 

power for the successful completion of the designated mission. Such a 

requirement becomes dependent upon the inherent safety, redundancy, and 

diversity placed in the design. This may also require simple control systems, 

artificial intelligence, and other features to ensure that the SNPS is able to 
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provide the necessary amounts of power for the intended lifetime of the 

system. The SNPS may also be designed to be repaired, or be able to recover 

from a mishap and continue to provide power. Such a scenario is difficult to 

envision for an unmanned earth orbiting satellite; however, on advanced 

missions to the lunar or martian surfaces it is entirely believable to 

consider the repair and recover of the operation of an SNPS. 

II. Design Variables and Constraints 

Within each of the above systems there exist a vast number of variables 

which can be adjusted and on which the SNPS can be optimized. Similarly there 

are many more constraints which effectively limit the range over which these 

variables can be used. Many of these variables can also be found to be 

dependent upon additional parameters; thus a great deal of juggling is often 

necessary before a final design is achieved. 

In the design of the reactor core many choices are possible on all 

levels of the design. Table 1 lists some of the available parameters which 

affect the design. The primary choices, fuel type, enrichment, cladding type, 

and coolant type, set the major characteristics of the reactor and determine 

many of the other system choices. Once chosen, the available parameter space 

over which changes can be made can become rather limited. For instance, once 

a decision has been made to utilize a thermal reactor, cladding and coolant 

choices become restricted to those with small thermal neutron cross sections, 

and arrangements must be made to ensure the availability and the retention of 

sufficient hydrogen for moderation. 

In the case of the core design, some of the significant design 

constraints can be seen in Table 2. Safety in the design of any nuclear 

system is of paramount importance during launch and operation. 
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Table 1. Reactor Core Design Variables 

FAST OR THERMAL 

ENRICHMENT 

FUEL TYPE 

CLADDING TYPE 

COOLANT TYPE 

CONTROL TECHNOLOGY 

PIN I CELL ARRANGEMENT 

PIN DIAMETER 

PITCH 

PELLET DIMENSIONS 

CLADDING THICKNESS 

FLAT PLATE ARRANGEMENT 

PLATE DIMENSIONS 

PLATE CLADDING 

SOLID CORE ARRANGEMENT 

FISSION PRODUCT RETENTION 

POWER LEVEL 

POWER DENSITY 

POWER SHAPING AND DISTRIBUTION 

FUEL TEMPERATURES 

COOLANT TEMPERATURES - INLET AND OUTLET 

COOLANT FLOW RATES 

HEAT TRANSFER AND HEAT FLUXES 

FUEL BURNUP 
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Table 2. Reactor Core Design Constraints 

Thermionic Energy Conversion 

SAFETY (LAUNCH AND OPERATIONAL) 

CRITICAL HEAT FLUXES 

FUEL TEMPERATURE LIMITS 

FUEL CLADDING LIMITS 

CRITICALITY 

LIFETIME 

POWER DISTRIBUTION DURING BURNUP 

STRUCTURAL INTEGRITY 

MATERIALS COMPATIBILITY 
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Temperature limits on the materials used (fuel, cladding, and coolant--in the 

form of critical heat flux) also provide the primary constraints, and all are 

related to the probability that the reactor will be able to reach its design 

performance level. 

The shield is required to attenuate the reactor radiation to meet any 

payload radiation exposure requirements. Available design variables include 

the choice of neutron and gamma shielding materials and their arrangement. 

Since neutrons are emitted with high energy from the core, it is necessary to 

choose shielding materials which will first thermalize, or reduce the neutron 

energy, and then absorb the neutrons. In the choice and arrangement of the 

gamma shielding materials it is "important to consider both the primary (those 

emitted directly from the core) and the secondary (those caused by neutron 

absorptions in the shield) gammas. Computer calculations must be made to 

determine the appropriate thicknesses and arrangements to optimize the shield 

design. In many cases, the minimization of the shield mass is the primary 

design driver. The design must also meet the constraints posed by the need to 

remove any heat generated in the shield to avoid any materials temperature 

1 imits withi n the bounds of the compat i b"i 1 i ty of the sh i e 1 d materi a 1 s. 

The heat removal system is mainly responsible for insuring the integrity 

of the SNPS during power operation and during any operational transients. 

Since a reactor generates a considerable amount of heat once it is placed in 

operation, particular attention must be placed on the design of this system. 

Table 3 lists some of the important design variables and constraints for the 

heat removal system. Care must be taken in the design to provide sufficient 

redundancy and diversity in the heat removal system if possible to ensure that 

the SNPS can achieve its design goals. Design choices include the use of 
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Table 3. Heat Removal Design Variables and Constraints 

VARIABLES 

REDUNDANCY AND DIVERSITY 

SINGLE PHASE VS. TWO PHASE 

PUMPED LOOP VS. HEAT PIPE OR COMBINATION 

INTEGRATION WITH REACTOR AND HEAT REJECTION SYSTEMS 

WORKING FLUID TEMPERATURES 

MATERIALS PROPERTIES 

CONSTRAINTS 

DENSITIES 

STRENGTH 

DUCTILITY 

PUMPING CAPACITY 

MATERIAL COMPATIBILITY 

COMPATIBILITY WITH HEAT REJECTION SYSTEM 

PROTECTION FROM ELEMENTS 

MICROMETEOROIDS AND DEBRIS 

COSMIC RADIATION 

ATOMIC OXYGEN 

THERMAL CONTROL 

ENTRAINED GAS REMOVAL 
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single- or two-phase flow, working fluid core inlet and outlet temperatures 

all limited by the constraints of materials compatibility, environmental 

protection, and available pumping capacity. 

Similar choices are necessary in the heat rejection system. Any design 

configuration must remain compatible (temperatures and materials) with all 

other parts of the system. The choices of materials which can be protected 

from the space environment, provide sufficient surface emissivity to enhance 

the rejection of heat to space, and are compatible with the working fluid are 

critical. Since higher radiator temperatures mean smaller required surface 

areas, it may be important to use as high temperature materials as possible to 

reduce radiator mass. Also, since the radiator provides the largest surface 

area component in the SNPS, multiple heat rejection circuits are needed to 

reduce the possibility of system failure due to punctures from micrometeoroids 

and other space debris. 

Lastly, the choices involved in the design of the power conversion 

system require attention. In general, the primary choices and variables 

include the choice of the power conversion technology, its overall efficiency, 

its location, and the working fluid temperatures needed to make it possible. 

In specific, the use of thermionic energy conversion allows the choice of 

location either in the core or out of the core. Other authors at this 

conference will discuss and fully describe many of the thermionic energy 

conversion design variables and constraints. Some of these include emitter, 

collector, and cesium reservoir temperatures, gap spacings, and output power 

densities. The reader is referred to the numerous other papers for further 

deta il s. 
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III. In-core Thermionic Reactor Core Design Study 

Nuclear feasibility and criticality safety assessments of a number of 

reactor concepts were determined based upon Monte Carlo three-dimensional 

calculations of the effective multiplication factor, keff' using the MCNP 

neutron transport code, version 3A (1). All calculations were performed on 

the OSU Nuclear Engineering Department's Apollo Domain Series DN3000 

engineering work station. First order criticality results were obtained for 

the proposed reactor concepts utilizing homogeneous, three-dimensional models 

of each reactor. Greater detail for this preliminary design study was not 

warranted as it would have greatly increased the required computational time. 

The cross-section set utilized was the ENDF/B-IV data set supplied by the 

Radiation Shielding Information Center, Oak Ridge National Laboratory, Oak 

Ridge, Tennessee with the MCNP code (2). 

The cases considered each represent a specific scenario. These include 

startup and operational life capability, launch pad and ascent shutdown 

capability, water immersion criticality and safety, both for normal launch 

configuration with all shutdown subsystems in place and a post-impact launch 

abort configuration with all exterior control and shutdown systems removed, 

and a sand burial scenario for the postulated post-impact launch abort 

configuration. Further details of the configurations are contained in 

reference 3. 

III.A. Maximum Reactivity 

In this configuration, the maximum operating reactivity was determined 

in order to evaluate the initial criticality of each reactor concept. All 

control rods were fully withdrawn and all reflectors were positioned in such a 

way as to provide the maximum amount of neutron reflection. Any fixed poisons 
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were assumed to remain in the core and the objective was to estimate the 

maximum amount of excess reactivity available for normal startup. 

The target values of keff for these cases was required to fall between 

1.05 and 1.09. These limits were chosen to allow for statistical variances in 

the calculational techniques, cross section inaccuracies and temperature 

effects on startup, and to ensure sufficient reactivity margins to provide for 

reactor operation for a seven year period due to burnup. In all cases 

examined, the statistical variance of the results was found to be less than 2% 

which was accomplished using a combination of variance reduction techniques 

and running sufficient histories. 

III.B. Launch Configuration 

In the launch configuration, all movable poisons were placed in such a 

manner that a subcritical assembly was maintained prior to and during launch. 

Control rods were fully inserted into the core and any movable reflectors used 

for control were removed and stored in their launch positions. These cases 

were designed to test the amount of shutdown margin available to the reactor 

during the fabrication of the concept and the safety of the concept after it 

is loaded into the launch vehicle. They also give some measure of the 

capability to shutdown the reactor system after initial criticality in space 

should a problem develop. Ideally, the values for keff for these cases should 

be as low as possible; however, a value of less than 0.9 was more than 

acceptable from an initial feasibility standpoint. 
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III.C. Water Immersion 

For water immersion cases, an accident was simulated in which the 

reactor system was dropped into water. Such an accident could occur during a 

launch which failed to place the reactor into orbit or during transportation 

of a completed reactor system to the launch site. In these cases it was 

assumed that the launch configuration described above was maintained, no water 

was allowed to enter the reactor system, and the entire reactor system was 

placed at the center of a 5 meter radius sphere of water where the water acted 

as an additional reflector and external neutron moderator. No neutron 

moderation, other than from designed core materials, was included within the 

reactor system. Also, it was assumed that no physical damage to the reactor 

core occurred and that there was no redistribution of core or reflector 

materials (i.e., no compaction). For water immersion accident scenarios, an 

acceptable upper limit for keff was chosen to be 0.95. 

III.D. Water Flooding 

The water flooding cases modelled the water immersion accident with no 

allowance made for active shutdown systems external to the core. All movable 

components exterior to the core were assumed to have been removed on impact, 

including movable reflectors. It was further assumed that the core itself and 

fixed reflector sections would remain intact on impact. Water was allowed to 

fill any and all of the voids within the reactor system, including coolant 

flow channels inside the core, and the void spaces in the thermionics and heat 

pipes. It was assumed that all coolant volume fractions in concepts which 

utilize liquid coolant were replaced with water and that any core heat pipes 

were filled with water. The resulting configuration was then submerged at the 

center of a 5 meter radius sphere of water as in the water immersion cases. 
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No allowances for the compaction of the reactor core and reflectors were made 

in this scenario. Acceptable levels of subcriticality could be assumed for 

such cases if keff was found to be less than 0.95. Again, this included a 

margin to allow for statistical and data accuracy, but did not leave very much 

margin in the cases where compaction of the core was possible. 

III.E. Sand Burial 

Sand burial cases simulated the flooded reactor buried in water

saturated sand. All movable components exterior to the core were again 

assumed to be removed by impact, and water filled all voids, coolant channels, 

etc. No sand was assumed to seep into the reactor and no compaction was 

assumed to occur. The porosity of the sand was assumed to be 50% -- i.e., 50% 

by volume sand, and 50% by volume water. Additionally, in an attempt to more 

fully approach actual conditions, two types of sands were modeled: 100% 

silicon dioxide and 100% calcium carbonate, as some Florida beaches are made 

up almost exclusively of crushed coral. Acceptable levels of subcriticality 

could again be assumed if keff was found to be less than 0.95. 

IV. In-core Thermionic Reactor Systems Analysis 

Three small, low-power in-core thermionic reactor designs are discussed 

here. The following assumptions were made: 
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a) 

b) 

c) 

d) 

All reactor configurations were without any reactivity control, 

approximating a cold clean startup for the determination of the 

maximum amount of positive reactivity. 

The overall core height/diameter ratio was assumed to be main

tai ned at 1. 

Cylindrical geometry. 

7 cm reflector thickness on top, bottom and sides. 
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e) Each reactor region was treated as a homogeneous mixture of the 

appropriate materials. 

f) 95% enriched uranium was used in the fuel. 

g) Reactivity control was accomplished by louvered radial reflectors. 

To model the shutdown scenarios, it was assumed that the radial 

reflector density was 10% of the value used in the maximum reac

tivity cases. 

IV.A. Solid Core Reactor Configuration 

This design used a solid core and heat removal was solely through 

conduction. The nominal power for this reactor system was 1-10 kWe. The fuel 

region was uranium dioxide (60 volume percent) in a tungsten matrix (40 volume 

percent), with a uranium enrichment of 95 percent. The core was surrounded by 

a 7 cm thick reflector of BeC. The thermionics were assumed to be 40 volume 

percent tungsten, 40 volume percent niobium and 20 volume percent void. Waste 

heat removal was accomplished by heat pipes using potassium as the working 

fluid. They were modeled as 20 volume percent potassium, 20 volume percent 

tungsten and 60 volume percent void. An additional 23 cm of BeC was placed on 

top of the reactor as a shield. Reactivity control was accomplished by a 

louvered radial reflector. Positive shutdown in the launch configuration was 

by use of a boron carbide control rod (with fuel follower) through the center 

of the core. Figure 1 schematically shows the core material arrangement for 

the solid core reactor configuration. 

The initial feasibility results for the solid core reactor were quite 

encouraging as seen in Table 4. A minimum critical radius of 13.9 cm was 

achieved and the analysis of the additional configurations yield reasonable 
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Figure 1. Solid Core (U02) with External Reflector. 
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Table 4. Results: Solid Core (U02) with External Reflector 

MAXIMUM REACTIVITY 

1.06 R = 13.9 CM 

1.03 R = 13.4 CM 

LAUNCH CONFIGURATION 

0.842 1.5 CM RADIUS SHUTDOWN ROD + THIN REFLECTOR 

WATER IMMERSION 

0.905 1.5 eM RADIUS SHUTDOWN ROD + THIN REFLECTOR 

WATER FLOODING 

0.926 1.5 CM RADIUS SHUTDOWN ROD, NO REFLECTOR 

SAND BURIAL 

0.935 1.5 CM RADIUS SHUTDOWN ROD, NO REFLECTOR, Si02 
0.932 1.5 CM RADIUS SHUTDOWN ROD, NO REFLECTOR, CaC03 
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results. However, such a reactor configuration is probably unreasonable since 

uranium oxide has very low thermally conductivity and thus will reach very 

high temperatures without actively cooling the core interior. 

IV.B. Uranium Nitride Core (SP-IOO) 

In general, the geometry of this case was identical to that of case A 

above. The difference was in the composition of the fuel region: the core 

consisted of uranium nitride fuel pins (with a rhenium liner and niobium-l 

percent zirconium clad) in a hexagonal array. These fuel pins were identical 

to those planned for the SP-IOO GES program, however, due to the 

unavailability of rhenium cross sections, tungsten was substituted for this 

analysis. The pitch-to-diameter ratio was 1.1 and the interstitial areas were 

filled with static liquid lithium. The lithium was used to conduct the heat 

generated in the fuel rods to the outside of the reactor vessel where it was 

converted to electricity. Heat pipes were again used to reject the waste heat 

to space. The fuel was 95% enriched and the nominal power for this reactor 

was 10-30 kWe. The dimensions of the fuel pins used were: 

fuel pellet diameter 1. 021 cm 

liner thickness 0.013 cm 

gap 0.006 cm 

clad thickness 0.038 cm 

overa 11 fuel pi n diameter 1.135 cm 

The results for the uranium nitride core are shown in Table 5. The 

system easily meets the first three objectives (maximum reactivity, launch 

configuration, water immersion); however, it had trouble meeting the water 

flooding criteria. This was a consequence of replacing the static lithium 

bath with water. Also the concept has significant excess reactivity in the 
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Table 5. Uranium Nitride Core (SP-IOO) with External Reflector 

MAXIMUM REACTIVITY 

0.975 R = 9.35 CM 

1.050 R = 10.35 CM 

LAUNCH CONFIGURATION 

0.809 1 PIN/QUARTER SHUTDOWN ROD + THIN REFLECTOR 

WATER IMMERSION 

0.878 1 PIN/QUARTER SHUTDOWN ROD + THIN REFLECTOR 

WATER FLOODING 

0.994 1 PIN/QUARTER SHUTDOWN ROD, NO REFLECTOR 

SAND BURIAL 

1.027 1 PIN/QUARTER SHUTDOWN ROD, NO REFLECTOR, Si02 
1.007 1 PIN/QUARTER SHUTDOWN ROD, NO REFLECTOR, CaC03 
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sand burial cases, even exceeding the water flooding cases. This problem was 

due to the tungsten in the core which has the effect of shifting the neutron 

spectrum and increasing the positive reactivity. 

IV.C. Uranium Nitride Core (SP-IOO) with large Pin 

This case is identical to case B except that the fuel pellet diameter 

was increased by 20% to 1.2252 em, giving an overall fuel pin diameter of 

1.3392 cm. Nominal power was 10-40 kWe. 

Table 6 contains the criticality results for the large pin SP-I00 

system. As with the smaller fuel pins, the large fuel pin system easily 

satisfied the maximum reactivity, launch configuration and water immersion 

objectives. It exceeded the desired water flooding reactivity, however, again 

as a result of water replacing lithium in the fuel region. Also, it is seen 

that the sand burial cases appear to be less of a problem for the larger fuel 

pin design than for the nominal SP-I00 design. 
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Table 6. Results: Uranium Nitride Core (SP-100, with large pin) with 
External Reflector 

MAXIMUM REACTIVITY 

1.050 R = 10.4 CM 

LAUNCH CONFIGURATION 

0.835 1 PIN/QUARTER SHUTDOWN ROO + THIN REFLECTOR 

WATER IMMERSION 

0.887 1 PIN/QUARTER SHUTDOWN ROD + THIN REFLECTOR 

WATER FLOODING 

1.000 1 PIN/QUARTER SHUTDOWN ROO, NO REFLECTOR 

SAND BURIAL 

1.027 1 PIN/QUARTER SHUTDOWN ROO, NO REFLECTOR, Si02 
1.012 1 PIN/QUARTER SHUTDOWN ROD, NO REFLECTOR, CaC03 
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STATUS REPORT ON THERMIONIC ENERGY 
CONVERSION RESEARCH IN JAPAN 
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ABSTRACT 

and 

Electrotechnical Laboratory (ETL) 
has conducted a research on a lanthanum 
hexa-boride (LaB6) thermionic converter. 
The converter is a plane-parallel type, 
both emitter and collector electrodes are 
made of polycrystalline LaB6 disks, ac
tive surface area is 0.64cm2 , inter
electrode spacing is I.Imm. LaBs collec
tor workfunction ~ c in cesium (Cs) vapor 
was measured from the reverse saturation 
current Jrev in un-ignited mode V-I 
curves. Al though tfJ c depends on the 
emitter and/or collector temperature, the 
minimum ¢ c is I.35V when Tc=720K, 
Tc/TR=1.53, here Tc and Tn are collector 
and Cs reservoir temperature. Because the 
value of tfJ c minimum =1.35V is far less 
than the value of refractory metal col
lectors, the LaBs thermionic converter 
has possibility to greately improve 
power generation efficiency. 

Mitsui Engineering & Shipbuilding 
Co., LTD (MESCO) has been conducting a 
combustion heated thermionic converter R 
& D. A tori-spherical CVD converter has 
been developed and power generation 
tested. The converter is made of a hot 
shell-emitter structure which consists of 
silicon carbide-graphite-tungsten three 
layer structure. The diameter of the hot 
shell is 60 mm, the length 90 mm. The 
collector is made of nickle and air 
cooled. The active surface area of the 
converter is 20 cm2 • The converter is in
stalled in a kerosene-fired furnace and 
heated up to 1600'C for power generation 
test. The maximum performance of the con
verter at emitter temperature 1474'C was; 
output power 82.5W, output voltage 0.38V, 
output current 2I7A. The converter suc
cessfuly demonstrated to be able to en
dllre t.emperatures liP to 1600'C in combus
tion gas atmospheres. 

Research Institute for Scientific 
Measurements, Tohoku University (RISM) 
has been studying thermionic emission 
materials of more than 30 kinds, such as 
metals, carbides, oxides, and borides. 
Hafnium carbide (workfunction=3.31V), 
zirconium carbide (workfunction=3.56V) 
are considered to be promising emitter 
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electrode materials from the point of 
view of materials evaporation loss. 

1. Research on LaB6 thermionic 
converter( 1), (2) 

LaBs has a workfunction value of 2.7-
2.8V without cesium (Cs) adsorption which 
is suited for an emitter electrode of a 
thermionic converter.Therefore, Cs pres
sure could be determined mainly to mini
mize collector workfunction (¢ c) and 
also to reduce interelectrode plasma 
loss. It would be possible that a LaBs 
thermionic converter could establish 
higher efficiency than refractory metal 
electrodes converters. This paper reports 
on the experimental results of output 
current characteristics of a LaB6 ther
mionic converter developed in ETL, and 
the LaB6 emitter workfunction 1_ E) and 
collector workfunction (_ c) measllrements 
in lin-ignited mode volt-ampere curves (V
I curves). 

1.1 Method of workfunction measurement(3) 

Thermionic electron emission satura
tion current density Jft from a uni form 
surface of an electrode is given by 
Richardson equation, (eq.l): 

Here JI!: electron saturation current 
density(A/cm 2 ), A:Richardson constant 
120(A/(cm2 'Kz ), T:electrode temperature 
(K), e:electrical charge of electron 
1.6021917*10-19(coulomb).k:boltzman const 
1.380622*10- 23 (joule/K), ¢ :workfunction 
of an electrode (VI. 

The ion saturation current density Is 
is given by the relation; 

Is=ePg'10- 4 / 
_ ) /kT)} 

(2z Mg·k-Tg)I/Z·(1+2exp(Vi-
-------------------- (2) 

Here Is: ion saturation current densi ty 
from an electrode (A/cm2 ), Pg:Cs pressure 
(N/m2) , Mg:Cs mass 2.206935*lO-25(Kg), 
Tg: Cs gas temperature(K), Tg=TE, 
TE :emitter temperature, Vi: Cs ionization 
vo ltage 3. 89V. 

The ion-richness ratio P is defined 
by the relation; 
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~ =ni/ne=(mi/me)1/2·Js/JR=492.2·Js/JR 
---------------- (3) 

Here ni:density of ions (particles/m3 

ne:density of electrons (particles/m3 ) 

mi:the mass of Cs ion. mi=mg 
The workfunction _ is expressed 

f r'om eq. ( 1 ) ; 

'" =(kT/elln(AT2/Ja) --------------(4) 

Because Cs gas of the pressure 
1.33*10°- 1.33*10 3 Pa is filled in a 
thermionic converter, we must pay close 
attention to some points when '" is 
measured by eq.(4). 

(1) effect of sheath 
The workfunction '" should be 

measured on condition of n ~ 1, otherwise 
electron sheath is formed near the sur
face of the electrode and the measured 
apparent workfunction might take higher 
value of the order of electron sheath 
voltage. 

(2) effect of electron scattering 
In order to avoid the decrease of 

electron current flowing from an emitter 
to a collector by scattering collision 
between electrons and neutral Cs 
atoms,the condition of eq.(5) must be 
satisfied; 

,t e-a> d -----------------(5) 

Here A e-a:mean free path of electron
neutral Cs atom elastic collision. 

The mean free path A e-a is 
described by eq.(6), using the cross
section for electron-neutral Cs atom 
elastic collision ~ e-a. 

A e-a=l/(n'A e-a) -----------------(6) 

Here A e-a:mean free path for electron-Cs 
atom elastic collision (em), n: Cs gas 
density of the thermionic converter 
(particles/cm l ), ~ e-a:scattering cross 
section for electron-neutral Cs atom 

elastic collision (cm2 ). 
~ e-a values are given(4); 

cr e-a=300*10- 16 (cm2 ) in case of Te=1000-
2000K 
~ e-a=400*10- 16 (cm2 ) in case of Te=2000-
4000K ------------------(7) 

here Te : electron temperature. 
The Cs gas density n is given by 

eq.(8) from ideal gas equation of state; 

n=Pg/(RT) (m01/m3 ) 

=Pg'NA'10- 6 /(RT) (particles/cm3 ) 
7.243*1016 . PgIT (particles/em3 ) (8) 

Here R:gas constant for ideal gas equa-
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tion of state R=8.31434(joule/(mol·K» 
T:Cs gas temperature T=TR, TR:CS reser
voir temperature, NA :Avogadro's number 
NA=6.02252*1023 (particles/mol) 

Taking ~ e-a=400*10- 16 (cm 2 ) from 
eq.(7) and substituting a p-a and eq.(8) 
to eq. (6), the mean free path .t f'-8 is 
given by eq.(9)j 

A e-a=3.451*10- 4 'T/Pg (cml ---------(9) 

The experimental conditions should be 
chosen so that the value of A e-a glven 
by eq.(9) satisfies the condition of 
eq. (5). 

The method of determining workfunc
tion from the output current characterls
tics is as follows. 
As shown in Fig.l, output current charac
terlstics in un-ignited mode opf'ration 
are divided into thr'ee r('gions, forward 
saturation current Jfor, reVf'rse satura
tion current Jrev, and the Boltzmann line 
region inbetween Jfor and Jrev. 

Fig. 1 Schematic of output current 
characteristics of a thermionic 
converter 

In Fig.i, the positive direction of 
abscissa means that the collector 
electric potential is negative with 
respect to the emitter, i.e. ,retarding 
potential against electrons flowing from 
the emitter to the collector. If the con
ditions of n ~ I and ,t e-a> dare 
satisfied and the emitter ion saturation 
current density IES is negligibly smaller 
than the collector electron saturation 
current density Jcs, 

Jfor- JE S =JR (JES :emitter electron 
saturation current density) --------(10) 

Jrev=IEs+Jcs- Jcs (Jcs:collector electron 
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saturation current density) --------(11) 

Emitter and Collector workfunctions 
can be obtained by sUbstituting JES and 
Jcs respectively to eq.(4}. 

1.2 Experimental converter and method of 
experiment 

The experimental converter is shown 
in Fig. 2. 

CQ01:1.:ng f't.n (C u) 
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hea.t choke 
(T ... ) 

f':Ll..arn.ent 

co.11ector 

sua.rdri ...... 

< N b) 

co.1..l.ecto r 

(La.Se) 

ahie1.d (M <> ) 

('W ) 

Fig.2 (a) Schematic diagram of LaBs 
thermionic converter 

Fig.2 (b) Photo of LaB6 converter 

The converter is plane parallel 
type, the emitter is a poly-crystalline 
LaBs disk 14.8mm diameter, 2mm thick
ness.The LaBs disk was brazed to the tan
talum emitter base,the brazing material: 
Ti 95w% ,Ni 5w% fine powder. brazing 
temperature: 1650·C ,brazing time: 30min. 
under a certain pressure. 

The collector is also made of a 
poly-crystalline LaBs disk 9mm diameter. 
7mm thickness.The collector guardring is 
made of a niobium (Nb) cylinder. The in
terelectrode spacing d is 1.lmm at room 
temperature. The converter is evacuated by 
8 lit./sec ion pump and titanium sublima
tion pump. The converter is mounted in
side a stainless-steel bell jar of which 
outer diameter is 250mm. 

The output current characteristics 

Thermionic Energy Conversion 

were measured by applying 50Hz AC small 
voltage to the converter, and sampling 
output voltage and current signals for a 
period of one cycle (20msec) and record
ing them by digital memory. The emitter 
was heated by electron bombardment up to 
ISOOK. 

1.3 Emitter workfunction 

In Fig.3, an example of the output 
current characteristics in un-ignited 
mode operation of the LaB6 thermionic 
converte r is shown. J for and Jrev are 
distinctly shown in Fig.3. 

EMITTER: LaBS 

0·04 COLLECTOR: LaB6 

" d: 1. IDlm 

< ()'03 5: O.636cm· 

v CD TE: 1420K 
@ Te: 850K 

+l @ 

C 
II 
II 
k , -1 
0 

vo1t ...... e (V) 

Fig.3 Output current characteristics 
in un-ignioted mode of LaB6 converter 

Emitter workfunction ~ E was calcu
lated by eq.(4), supposing that forwflrd 
saturation current Jfor in un-ignited 
mode output current characteristics 
equals to emitter electron saturation 
current density JR=JES. In calculation, 
the data which satisfy conditions of P ~ 
I and d/~ e-a< 1 were chosen and plotted. 
Truly, because of the lack of data which 
strictly satisfy these two conditions, 
the conditions were relaxed to P > 0.2 
and d/~ e-a< lO,and data were plotted. 

First before Cs is distilled into the 
converter, electrodes were sputter
cleaned by argon ions to remove surface 
contamination.The sputtering conditions 
were argon pressure 1.33*10 3 Pa, applied 
AC voltage 175V, sputtering current 
IImA,and sputtering time 2.5hours. After 
the sputtering, ~ E in vaccum was 3.4V. 
Although this value was still higher than 
~ I of 2.7- 2.8V of atomically clean sur
face of LaBs ,es was distilled at this 
time. The results of the measurement of 
emi tter workfunct ion 1> E in Cs vapor is 
shown in Fig.4. 

1> E shows a tendency 0 f slow and 
linear change with respect to TE/TH and 
corresponds well to presumption by Rasor 
& Warner theory on workfunction of Cs ad
sorbed metal surfaces(5). 
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Fig.4 Workfunction of LaB6 emitter 
in Cs vapor 

1.4 Collector workfunction 

The workfunction of the LaB6 collec
tor was derived from the measurement of 
the reverse saturation current density 
Jrev in un-ignited mode output current 
characteristics, assuming that Jrev 
equals electron saturation current den
sity from the collector Jcs. In calcula
tion, it was confirmed that the emitter 
ion saturation current density IES was 
negligibly smaller than Jcs.The results 
were shown in Fig.5. 

In Fig.5 in the case of TE> 1400K, 
~ c shows a tendency of linear and upward 
change as to Tc/TR. On the other hand, in 
the case of TE < 1352K, ~ c takes a mini
mum value of 1.35V at Tc/TR=1.53, and the 
~ c curve shifts downward about O.24V 
from the curve of TE> 1400K. 

So, the results of the experiment 
showed that the collector workfunction 
~ c differs depending on collector tem
perature. In the experiments, Tc=850K in 
the case of TE=1400- 1420K, and Tc=720K 
in the case of TE=1337- 1352K. The mini
mum value of ~ c in the experiment was 
1.35V. The reason why ~ c depends on Tc 
is not clear. 

1.5 Output current characteristics in 
ignited mode 

The output current characteristics 
in ignited mode operation are shown in 
Fig.6. In Fig.6, the maximum power was 
obtained at output voltage O.5V, output 
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Fig.6 Cs family of LaB6 thermionic 
converter in ignited mode 

current density O.79A/cm2 , output power 
density O.39W/cm2 , TE=1746K, Tc=10l8K, 
TR=454K, d=l.lmm nominal.The barrier in
dex Vo was Vo=2.5V, and was not better 
than refractory metal converters. 
The reasons are (1) collector temperature 
was too high to use lower ~ c because of 
insufficient size of collector cooling 
fin, (2) interelectrode spacing was not 
optimized. 

It is the subject for a future study 
to demonstrate low workfunction of LaB6 
collector in ignited mode operation. The 
LaB6 emitter allows its operation with 
more than an order of magnitude lower Cs 
pressure than refractory metals 
electrodes. So, the LaBs converter with 
auxiliary emitter, so called plasmatron 
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type triode, filled with both Cs and in
ert gas, is expected to improve ef
ficiency.In the plasmatron, the Cs pres
sure is mainly controlled to minimize 
collector workfunction, and positive ions 
are generated by electron impact to inert 
gas in an ignited auxiliary discharge be
tween LaBs emitter and auxiliary 
electrode. The direct ionization process 
is considerd to be highly efficient to 
produce ions for neutralization of nega
tive space charge in the converter than 
spontaneous ion generation process in the 
elementary ignited diode, because of no 
appreciable increase of average electron 
temperature. 

2. Combustion heated thermionic converter 
development 

Mitsui Engineering & Shipbuilding 
Co. ,Ltd (MESCO) is conducting research 
and development on thermionic energy con
version to utilize unused high tempera
ture heat energy such as a boiler, a gas
turbine, an industry furnace etc. Test 
fabrication of combustion heated ther
mionic converters and their power gener
ation test results are reported in this 
paper. 

2.1 Thermionic converter 
A photograph of a thermionic con

verter used in the power generation test 
is shown in Fig.7 and the specification 
is shown in Table 1. 

Phtograph of a combustion 
thermionic converter 

Table 1. Specification 
hot shell torispherical, Dia.::60mm, 

Length=90mm, outer surface 
is SiC coated as high tem
perature oxidation protection 
layer 

collector high purity Ni 
spacing O.9mm at room temperature 

0.3- 0;4mm at operation 

The hot shell has a composite struc
ture, Le., silicon carbide (SiC) is 
coated on the outer surface of the 
graphite as a barrier to combustion gas 

Thermionic Energy Conversion 

atmosphere, and tungsten (Wj is coated on 
the inner surface as an emitter 
electrode. A collector is made of nickel 
(Ni), ceramic seal made of high purity 
alumina. 

2.2 Power generation test 

A phtograph of a furnace for power 
generation tests is shown in Fig.S, and 
the formation of the furnace is shown in 
Fig.9. 

Fig.S Photo of a power generation 
test furnace 

The converter is mounted on the fur
nace with a coupling structure and heated 
by kerosine combustion gas. The collector 
electrode and the coupling structure are 
cooled by dry and clean air. The surface 
temperature of the converter is measured 
by optical pyrometer through an observa
tion window on the opposite side of the 
furnace wall. The collector temperature 
Tc and the Cs reservoir temperature Ta 
are measured by chromel-alumel ther 
mocouples. The power generation charac
teristics (the volt -ampere curves) of 
the converter are measured by AC voltage 
sweeping method which simulates an exter
nal electrical load change. 

2.3 Result of power generation test 

Power generation characteristics of 
the thermionic converter depends largely 
on emitter temperature TE, collector tem
perature Tc, Cs reservoir temperature Ta, 
and interelectrode spacing d. In the 
tests, powr generation characteristics 
were measured under the various combina
tion of TE (truly, surface temperature Ts 
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Fig.9 Formation of test furnace 

of the converter), Tc, and TR. The cond
tions are as follows; 
Ts=1300- 1480~ (supposing emissivity=l), 
Tc=400- 650·C , TR =240- 290·C . 

The output current characteristics 
and output electrical power are shown in 
Fig.l0 and Fig.ll when Tc and TR are 
held constant and Ts is changed. 

-« -
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1434 
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Fig.10 Variable emitter temperature 
TE (surface temperature Ts) family 
of the converter 

Similarly, the V-I curves when Ts, 
TR are held constant and Tc is changed is 
shown in Fig.12. And the V-I curves when 
Ts,Tc are held constant and TR is changed 
is shown in Fig.13. 
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Fig.II Output power dependence on 
surface temperature 

These test results have demonstrated 
that the test converters have enough en
durance to high temperature ,oxidation 
atmosphere of around 1600~ combustion 
gas. The output power of the converter 
increases as Ts,Tc increase, and there 
exists optimum Cs reservoir temperature 
TR for each electrode temperature. In the 
tests, the maximum output power at lhe 
terminal of the converter is 82. 5W, oul
put vollage O.38V, output current 217A, 
output power density about 4W, at TE=1474"C 
, optimum TR of about 270·C (Pcs=ltorr). 
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Fig.13 Variable cesium family of 
the converter 

3. Emissiom materials research 

Research Institute for Scientific 
Measurements, Tohoku University (RISM) 
has been studying thermionic emission 
materials of more than 30 kinds, such as 
metals, carbides, oxides, and borides. 
Hafnium carbide (~ =3.3IV),zirconium car
bide (~ =3.56v) are considered to be 
promising emitter electrode materials 
from the point of view of materials 
evaporation loss. Besides, carbides and 
borides of rare earth atoms are expected 
to have work function values of about 3.0V 
at low evaporation loss in vacuum, and 
systymatic researches on these materials 
w ill be needed. 

Thermionic Energy Conversion 

CONCLUSIONS 

Today in Japan, three organizations 
are conducting thermionics reseaches. 

Electrotechnical laboratory (ETL); 
-- LaB6 thermionic converter develop

ment 
Reseach Institute for~Scientific Measure
ments , Tohoku Univer ity (RISM): 

-- Electrode mat rials (Carbide, 
Boride, Nitride etc) 
Mitsui Engineering & Shipbuilding Co., 
LTD. ; 

-- Combustion heated thermionic con
verter development 

The thermionic converter technologies 
are cotinueing progress as described in 
this paper, although there is no large 
scale national project either terrestrial 
use or space application carried on. 
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RADIATIVEL Y HEATED THERMIONIC CONVERTERS 
FOR NUCLEAR SPACE POWER SYSTEMS 

P. Jalichandra, R. W .. Hamerdinger and E. A. Anderson 
Loral Electro-Optical Systems (LEOS) 

Pasadena, California 

ABSTRACT 

This paper presents results of a two-year effort of a five-year program to develop a radiatively heated thennionic 
converter capable of being coupled to a Romashka type nuclear reactor. Converter design parameters as 
influenced by the nuclear reactor system consideration will be delineated. Program successes and problems 
encountered will be described. 

INTRODucnON 

This development program was initiated in response 
to the need for spacebome power systems in the 5 
to 40 kW range. Numerous studies indicate that 
the reactor thermionic power system is a system of 
choice when compactness. lightweight, reliability. 
and survivability are of the primary consideration. 

One of the promising system concepts is based on 
a Romashka type reactor coupled to a thennionic 
power conversion system. For this concept 
(depicted in figure 1) the nuclear heat is conducted 
from the uranium dicarbide core to . the graphite 
trays which are radiatively coupled to a large 
number of thermionic converters (via the emitter 
shoe structure). cOnnected in series and parallel 
combination, providing redundancy and acceptable 
dc voltage for efficient and further power 
conditioning. Within the thermionic converter, heat 
is converted into electricity. and the waste heat is 
removed from the collector backside by a high 
temperature heat pipe to a radiator. 

High Carnot and system efficiencies are obtained 
because the thermionic emitter typically operates 
between 18000K to 2000~ while the 

collector/radiator operates between 9000 K to 
1000~. The high temperature radiator, when 
compared to other heat-engine or photovoltaic 
systems. offers a lightweight and compact system. 
The Significantly low observable cross section and 
high degree of maneuverability are important factors 
in survivability against the anti-satellite attack or 
other forms of threats. 

In terms of the reactor thermionic systems, the 
Romashka concept offers one important advantage: 
the elimination of the liquid metal coolant loop 
which is replete with problems associated with the 
electromagnetic pump, material compatibility, 
corrosion, and the extraneous power consumption. 
Another important advantage is the avoidance of the 
converter interelectrode distortion caused by the 
nuclear fuel swelling, which nonnally occurs in the 
thermionic In-plle concept. 

Other advantageous factors include: 

• Ready adaptability of planar thermionic 
diode whose technology is more mature 
than the other type. 

• Less stringent requirement on thermal 
insulator than the in-pile design. 

Work sponsored by Aero Propulsion Laboratory, Air Force Wright Aeronautical LaboratOries, Aeronautical 
System Division, United States Air Force, Wright-Patterson, Ohio 45433-6563. 
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(a) Photograph of Romashka Reactor Core 
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Figure 1. Thermionic Romashka Nuclear Power System 
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o Out-of-c:ore testing ease with electrical 
heat source that closely simulates the 
real reactor conditions of radiative 
couplings, save the nuclear 
environments. 

This paper presents results of a two-year effort of 
conceptual design. tradeoff studies. device design, 
and fabrication and testing of the Preliminary 
Converters which have a goal of achieving a device 
efficiency of at least 10%. The remaining tasks are 
concerned firstly with the improvement of converter 
performance with the advanced converter materials 
being investigated by Loral and other laboratories 
and secondly with the integration and operational 
aspect of a number of converters (a minimum of 
four) connected in series. 

SYSTEM TRADEOFF 

In 1967, Rasor et al(1) proposed a Thermionic 
Romashka concept, having as a baseline system 
capable of 5 kW electrical power output. Twenty 
years later G A Technologies (2) propOsed a similar 
concept (STAR-C) with a 6 kW(e) baseline. For 
this study LEOS considers a system of 9.6 kW(e) 
size. Results of our tradeoff study are summarized 
in table 1, in comparison with the previous studies. 
which include the pertinent system parameters such 
as the dimensions and temperatures of the reactor 
core, along with the converter temperatures. Table 
2 summarizes the reactor thermal parameters used 
in the studies. 

The GA and LEOS studies Indicate the trend toward 
operating the emitter at a moderate temperature 
(between 16000 and 1900"1<) while extracting greater 
power density from the reactor to generate more 
electrical power. The rationale. for the moderate 
emitter temperature is that the reactor core radiating 
area dictates the size of the emitter shoe and 
hence a large active emitter area. 

Thermionic Energy Conversion 

TABLE 1 
CONCEptUAL ROMASHKA THERMIONIC POWER SYSTEM 

(UC,4RAPHITE REACTOR) 

Reactor Power (kwt) 
EIecIricaI output (kW) 
System Efticlency (%) 
Core CII. Temperature ("K) 

Rasor's STAR-C LEOS 
..ill!rl J.l!!!El (1988) 

35 44.4 69.2 
5 6 9.6 

14.2 13.5 13.9 
2173 2290 2270 

Core Sutface Temperature ("K) 2240( 1) 2011(1) 1900(1) 
EmiIIer T emperalure("K) 1973 1863 1850 
Collector Temperature ("1<) 1000 1016 990 
camot Eftlciency (%) 49.3 45.5 46.5 
Core Dimensions 

o Diameter (an) Zl.9 25 25.5 
o Length (an) 40.6 32 50 

NOTES: 
(1) Assume net emissivity exchange 01 0.8 (£, = ~ = 0.9) 

TABLE 2 
REACTOR THERMAL PARAMETERS 

Core Dlemeter (an) 
Core Length (an) 
Thermal Power (kW) 
Power Density (kWI1Itre) 
Radiant Aux (WIcm') 

Rasor's STAR-C LEOS 
(1oon ll!!Zl (1988) 

27.9 
40.6 

35 
1.4 
9.8 

25 
32 

44.4 
2.8 

17.3 

25.5 
50 

69.2 
2.7 

17.3 

By keeping the overall system temperature 
moderate. problems of material evaporation, 
structural integrity, and performance degradation of 
the reactor and power conversion system will be 
alleviated. At temperature between 21000K to 
23000K the evaporation of UC2 and graphite (in 
comparison with tungsten) will be as indicated in 
table 3. 

TABLE 3 
EVAPORATION OF REACTOR MATERIALS 

(mml10 ,ears) 

UCf 

Graphite 
Tungsten 

2.5 
0.44 
0.0001 

12 
2.8 
0.0007 

35 
16 
0.0045 
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Clearly the UC2 fuel disc and the graphite fuel tray 
should be encased. in a low vapor pressure coating. 
During the study phase LEOS investigated several 
refractory carbides for desirable properties such as 
low vapor pressure, low fast neutron cross section 
and high emissivity. \3) At the operating temperature 
between 20000K and 2300oK, niobium and hafnium 
carbides have comparable vapor pressure 
(Figure 2). Their fast neutron cross sections are 
also comparable. Hafnium carbide however has a 
much higher emissivity. being in the range of O.S to 
0.9 as opposed to 0.45 of niobium carbide 
(figure 3). LEOS has performed emittance 
measurement of plasma-sprayed HfC on tantalum 
substrates. Our preliminary results indicate the 
emittance to be 0.9 to 0.95 in the 9000K to 12000K 
temperature. Measurements of this material with 
different substrates and at higher temperatures are 
planned. 

We have not performed an extensive configuration 
study to evaluate the optimal configuration in terms 
of the series-parallel option and the associated 
problem of mechanical integration. However. some 
realism must be factored-in in the converter design. 
Since the emitter shoe planform area is 4 x 4 cm 
and the core (radiating) length is 50 cm, it is 
convenient to consider the surrounding thermionic 
cells (circumferentially) as consisting of four sectors. 
Each sector will then consist of 60 cells in series 
and parallel connection as shown in figure 4. Each 
sector will produce 2.4 kW at 300A and SV output 
feeding into a dcldc converter. Although the dc/de 
converter output was shown to be 120V. the output 
voltage can be any value depending on the user's 
need and on the spacecraft integration scheme. 

THERMIONIC CONVERTER DESIGN 

For this work the thermionic converter will be a 
planar type simil~r to the SET (Solar Energy 
Thermionic) converter developed by LEOS for Jet 
Propulsion Laboratory in the 1960's. 

The goals which the thermionic converter designer 
is striving for are (1) high power density, (2) high 
conversion efficiency, and (3) high output voltage. 
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j 
III 

TOTAL ELECTRICAL OUTPUT 
TOTAL THERMIONIC CELLS 
FOUR (4) SECTORS, EACH CONSISTING OF 
SECTOR VOLTAGE (12S X 5P) 
SECTOR CURRENT 

9.6Kw 
240 
60 CELLS 
BV 
300A 

SCHEMATIC OF EACH SECTOR (4) 

Figure 4. 

Often high output voltages are specified at the 
sacrifice of power density to alleviate the power 
conditioning requirements. There are four converter 
parameters which strongly influence the above
mentioned objectives, namely: 

• The emitter material and operating temperature 
• The collector material and operating temperature 
• The cesium vapor pressure (hence, the cesium 

reservoir temperature) 
• The interelectrode spacing. 

A typical range of operating temperatures is 1800 
to 20000K for the emitter and 9000K to 10000K for 
the collector. In the order of increasing temperature, 
the converters are 10 to 18 percent efficient, with 
the power density varying from 10 to 15 watts/cmt, 
and output voltages from 0.5 to 0.8 volt. With 
future improvements, thermionic converters 
operating in the 1800 to 20000K range may be 
conservatively estimated as 15-25 percent efficient, 
with the power density of 20-40 watts/~ and 
output voltage approaching 1.0 volt. 

Essentially, the improvement will be realized by 
lowering the collector work function through new 
material or a specially prepared collector surface or 
by inclUSion of additive to the cesium vapor. Low 
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collector work function contribute directly to an 
increase In the output voltage and power density. 
Past experience has indicated that a reduction in 
collector work function from 1.6 volts 10 1.4 volts 
leads directly to a 0.2 volt increase In the output 
voltage at a constant current. 

The effects of addilJves on the converter 
performance are not well understood and must 
await until more reproducible experimental data are 
obtained. In order to provide rational for device 
optimization, various converter parameters and 
effects will be discussed. 

Pressure-Spacing Effect. A thermionic converter 
operating in the arc mode is essentially a gas 
discharge device. That is to say, there will be 
variations of power output with spacing. The power 
output density has been found to be maximum 
when the product of cesium vapor pressure and 
electrode spacing is approximately 17 mil-torr. 
Figure 5 shows the interelectrode spacing effect on 
the converter performance. Table 4 substantiates 
the optimum pressure-distance to be about 17 mil
torr for a rhenium converter (4). 
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The optimum "pd" relationship was also found to 
hold across the realm of electrode material 
combinations, such as rhenium-rhenium, rhenium
molybdenum, tungsten-molybdenum and tungsten 
single crystal materials. The only major effect of 
changing electrode materials appear to revolve 
around the capacity of the emitter to absorb cesium 
and give an adequate emission density at 
reasonable pressure and reasonable spacings. For 
example, in order to achieve 15 to 20 wattslcm2 at 
0.70 volt from a Ta-Mo system, an jnterelectrode 
spacing of approximately one mil must be resorted 
to, with a cesium vapor pressure of approximately 
20 torrs, whereas in the Re-Mo or Re-Re system, 
the same power density can be achieved at a 
spacing of 3 to 5 mils and a cesium pressure of 
approximately 5 torrs. These latter spacings, of 
course, are much more suitable for obtaining 
reproducible and reliable thermionic diodes. 

TABLE 4 

SUMMARY OF PRESSURE 
DISTANCE DATA TAKEN FROM INTERELECTRODE SPACING VS 

VOLTAGE OUTPUT CURVES OF RHENIUM-RHENIUII TEST VEtaCLE 

TE .. TTER TCSRES p- d,,,,) pd, .. ...., 
(OK) (OC) 

1600 289 1.22 12.5 16.7 
1700 291 1.43 11.0 15.7 
1700 303 1.96 8.0 15.6 
1800 310 2.35 7.1 16.8 
1800 320 3.01 5.3 15.9 
1800 331 4.02 3.9 15.7 
1900 331 4.02 3.9 15.7 
1900 331 4.02 3.9 15.7 
2008 344 5.30 3.0 15.9 
2008 350 6.06 2.7 16.3 

Emitter Materials. There are two important aspects 
concerning the selection of emitter materials. First, 
it is desirable to have materials with the highest 
bare work function, since for a given emiSSion 
density, a low cesium pressure will be required, with 
a resultant wider spacing allowable. Secondly, it is 
desirable to operate the converter at a highest 
temperature allowable, that is without an excessive 
evaporation of emitter materials which will plate out 
at the collector. Contamination of ~the collector 
surface results in an increase in cOllector work 
function and subsequent converter performance 
degradation. 
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Effects of Cesium Pressure on Emitter and 
Collector. The presence of cesium on the emitter or 
collector surface is to cause the effective work 
function to be lower than the work function of the 
bare surface with the resultant increase in emission 
denSity. The emission characteristic as a function 
of the electrode and cesium reservoir temperatures 
can be summarized by the Taylor-Langmuir S 
curves. Figure 6 shows the saturated emission 
from a polycrystalline rhenium surface. For the 
emitter operating a 20000K and cesium pressure of 
4 torr, the saturated current density is approximately 
40 amp/cm2

• The corresponding emitter work 
function is 2.72 volts. The collector work function 
appears to be converging at 1.45 volts for collector 
temperatures from 900 to 1100oK. 

.. -e 
i 
l 
! 1 

Figure 6 

Low Work Function Collectors. The Taylor-Langmuir 
data similar to figure 6 for other collector materials 
were obtained and their minimum cesiated work 
functions are empirically correlated with their 
corresponding bare work functions. Results shown 
in figure 7 clearly indicate that low work function 
collectors are obtained by starting with the highest 
bare work function materials. 
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Summary. Data presented in figures 5 to 7 
inclusive point to the fact that at the current state of 
affairs, chemical vapor deposit rhenium is the best 
material for both emitter and collector. Its low 
collector work function will provide: 

• High output voltage and power density (also 
efficiency) 

• Less probability of collector contamination (Re
Re system) 

• Relatively large spacing (3-5 mil) at 1800 to 
20000 K 

The CVO-Re system will be used as the baseline 
design for the "Preliminary Converter". 
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Selected Design Point 

A variable parameter test vehicle of the rhenium
rhenium converter was fabricated and extensively 
characterized under the JPL-sponsored contract (4). 
The converter performance data pertinent to the 
present work are summarized In table 6. 

TABLE 6 
EXPERIMENTAL DATA OF LEOS CONVERTER 

Op.Pt. Op.Pt. Op.Pt. 

~ No. 2 NO. 3 

Emitter 
Temperalure('K) 1800 1900 2008 

CoBector 
Temperature iK) 983 990 993 

Cesium 
Reservolr('K) 583 604 604 

Output Voltage (V) 0.5 0.65 0.79 
Spacing Range 
(mils) 6-8 3-5 2-4 

Current (A) 38 38 38 
Power (W) 19 24.7 30.4 
Power Densky 9.5 12.4 15.2 
(Wiant) 

As it was indicated in System Tradeoff, the reactor 
size consideration favors a large area emitter 
operating at a moderate temperature between 1800 
and 19000K and still meeting the program objective. 
The emitter temperature of 18500 K is therefor 
chosen as a baseline. Table 7 summarizes the 
converter other deSign parameters. 

TABLE 7 
CONVERTER DESIGN PARAMETERS 

Emitter Temperature 
CoDector Temperature 
C, Reservoir Temperalure 
Spacing 
C, PresslXe 
Output Voltage 

@ Max. Power Density pi 10.5 w/an2 
@ Power Densky 01 8.9 W/cm2 (Des.Pt.) 

Emitter Area 
Converter Output Per Ceil 
Emitter Shoe Planform Area 

1850'K 
99O'K 
600'K 
4 mils 
4 torr 

0.57 V 
0.67 V 

4.67 an2 
40 w (70 w max.) 

4 x 4 an2 
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Figure 8 illustrates the thermionic converter 
assembly. The salient features of this converter 
under development are: 

• Emitter shoe made of w-5% Re selected on the 
basis of high creep strength. 

• CVD rhenium for both the emitter and collector 
• Niobium-sodium heat pipe for waste heat 

removal from the collector to the Nb-radiator 
• High emissive coating of hafnium carbide 

(e - 0.9) will be applied to the emitter shoe and 
the radiator. 

EMITIER TERM~Al 

INSULATOR 
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RAOIATOR 
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Figure 8 

PROGRESS 

The program milestones at the end of two years of 
design studies and development efforts are: 

• Development of CVD rhenium collector integral 
to the niobium-sodium heat pipe which is brazed 
to the hafnium carbide coated radiator. 

• Development of the CVD rhenium emitter which 
is integral to the emitter shoe made from 
tungsten-rhenium alloy. The shoe heat 
receiving surface is coated with hafnium carbide. 

• Integration of the emitter and collector heat pipe 
into a complete converter. 
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• Development of a simulated heat source 
capable of radiatively transferring up to 400 W 
at 24000K to the emitter shoe surface. 

The overall summary of the progress is that the 
Integral assembly of collector heat pipe/radiator has 
been successfully tested and it is ready to be 
integrated into a complete converter. For the 
emitter assembly, we have a schedule setback due 
to the problem of the CVD process which is being 
corrected. The simulated heat source has been 
successfully be tested with a mOCk-Up emitter shoe. 
The heat source is capable of receiving 470 W 
electrical input and heating the emitter shoe up to 
2000oK. The complete converter should be ready 
for test, in a radiatively heated mode, in the near 
future. Details of program achievements and some 
of the problems encountered will now be described. 

Collector Heat Pipe/Radiator Assembly. The sodium 
heat pipe is made with niobium. For maximum 
reliability, the grooved capillary design is chosen 
over the wick screen mesh approach. 

The cylindrical container section was made by the 
CVD process. Figure 9 shows the molybdenum 
mandrel which will be used to make the CVD 
niobium structure. 

Figure 9 
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Figure 10 shows the CVD niobium structure in the 
as-received and after machining conditions. The 
evaporator end cap which serves also as the 
collector was made from molybdenum. (Originally 
it was to be made from niobium, however it was 
discovered that the CVD rhenium could not be 
reliably deposited on the niobium substrate.) 

Figure 10 

Figure 11 shows the assembly of the collector heat 
pipe complete with the finned radiator which has 
been coated with the high emissive coating of 
hafnium carbide. 

Figure 11 

Thermionic Energy Conversion 

The collector heat pipe/radiator assembly was tested 
in a horizontal position to mitigate the gravity effect. 
The cylindrical section (except the emitter lead 
terminal) was heat shielded with six layers of 
molybdenum foils and alumina fiber sheets. The 
CVD rhenium collector face was heated by an EB 
gun. Figure 12 shows the temperature profile of 
the heat transport section which is relatively flat 
indicating the proper functioning of the heat pipe. 
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Figure 13 shows the temperature profile of the 
radiator which indicates that the radiator design 
needs to be improved. One solution is to replace 
the fins with two small sodium heat pipes which are 
brazed to the condenser of the primary heat pipe 
and to the radiator plate. The two small heat pipes 
might be loaded with non-condensable inert gas. 
When properly designed such a radiator (and hence 
the collector) can have a fixed temperature (say 
1 000 ±500K) but a two-to-one heat rejection 
capability. Such a flexibility is important for two 
reasons. First, at this stage of development the 
device conversion efficiency is not precisely known 
but the collector temperature should be held to 
within 500K of the design point. Second, the 
radiator heat rejection capacity should accommodate 
the variability of the load demand, including an 
occasional overload condition 
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Emitter Assembly The 4.7-cm2 circular emitter 
proper is an integral part of the square emitter shoe 
but to be coated with CVD rhenium. The substrate 
material is W-3.S%Re. An earlier fabrication 
experiment was done to establish the CVD 
processing procedure, using a small circular 
substrate. Bonding of the CVD rhenium layer 
(25 mils) was tenacious. However when it came to 
coating the real part, bonding was fou nd 
unsatisfactory. It appears that the fixture used was 
unsuitable for the geometry of the part. The CVD 
vendor Is in the process of correcting the deficiency. 

Simulated Heat Source. It is a requirement of this 
program that the converter be heated radiatively; 
i.e., not by an EB gun. The reason for this is 
because both the surfaces of the heat source and 
the emitter shoe are coated with high emissivity 
coating of hafnium carbide and they must be tested 
for durability at high operating temperatures. (From 
the reactor side, graphite itself has high emissivity 
but hafnium carbide is needed to suppress the high 
evaporation rate.) 

Figure 14 shows the simulated heat source which 
is made from tungsten wire and coated with 
hafnium carbide. It is designed to operate at 
24000K with 400W from a 60-Hz source. The 
shape of the heater is designed to cover the 
4 cm x 4 cm planform area of the emitter shoe. 
The heater element is mounted in the insulated 
cavity made from molybdenum foils and alumina 
fiber sheets. 
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Figure 14 

Preliminary tests . with a mockup emitter shoe 
indicate that the emitter shoe reached the 
temperature 20000K with the input of 470 W. 
Efforts are continuing in minimizing the heat loss 
with additional heat shields. 

Artist's Model Figure 15 illustrates five full-scale 
converter models on the circumference of a 26-cm 
diameter circle. In the real reactor system the 
space between the heat pipes will be filled with 
beryllium to satisfy the neutronic requirement. The 
converter design is modular such that they can be 
integrated and tailored to meet the power system 
need from 5 to 40 kW. 

Thermionic Energy Conversion 

Figure 15 
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INTRODUCTION 

THERMIONIC FUEL ELEMENT VERIFICATION 

W. A. Ranken 

Los Alamos National Laboratory 
P. O. Box 1663 

Los Alamos, NM 87545 

For the past thirty years it has been generally recognized that the 
static nature and high heat rejection temperature of the thermionic 
conversion process were highly advantageous characteristics with regard to 
the use of this process in nuclear reactor space power supplies. There are 
two general ways of using thermionic conversion in a space reactor. One of 
these, termed the out-of~core method, involves transferring heat from a hot 
nuclear fuel mass to an array of thermionic converters either by radiation 
(Becker 1968) or by the use of high temperature heat pipes (Koenig 1979). 
The requirement for either very high fuel temperatures (for radiative heat 
transfer) or electrolytically stable electrical insulation and chemically 
stable heat pipe operation at very high temperatures (for heat pipe systems) 
has presented a major roadblock to the development of out-of-core systems. 
The other general method of building a thermionic reactor, the in-core 
method, is to incorporate nuclear fuel into the emitters of cylindrical 
thermionic converters and actually form a critical reactor mass from an 
arrangement of such converters (Grover 1958, Ranken 1960). This approach 
has received the most attention over the past three decades, resulting in the 
recent demonstration by the USSR of a 10 kWe moderated thermionic reactor 
operating in orbit for almost one year (Ponomarev-Stepnoi 1989). In the US 
degradation-free performance has been obtained on thermionic fuel elements 
(TFEs) for similar periods of time (Gulf General Atomic Co. 1973). These 
units were designed as core elements of an unmoderated (fast neutron 
spectrum) reactor, but were tested in a thermal test reactor. 

The above test results are very impressive, particularly the USSR test, 
which demonstrated orbital operation of a space reactor for a much longer 
period of time than had previously been achieved. However, the lifetime 
goals for space power supplies are generally in the range of 7 to 10 years. 
Furthermore, at high power levels (above 100-200 kWe) it is highly 
advantageous to use a fast neutron spectrum design for a thermionic reactor. 
This results in a particularly harsh environment for the TFE in terms of a 
combination of high fast neutron flux, high temperature, and high electrical 
fields. Demonstrated lifetimes under conditions equivalent to a high power 
fast reactor environment have been on the order of 5% of the goal lifetime. 
It was to improve on this situation that the Thermionic Fuel Element 
Verification Program was initiated in the US. 
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The Thermionic Fuel Element Verification Program is a development 
and demonstration effort begun in 1986 to show that TFEs could be built that 
would have lifetimes exceeding 7 years in a fast neutron spectrum in-core 
thermionic reactor with a power output capability of 2 MWe. It was 
established as a TFE development program rather than a reactor program 
because achieving a long life TFE was considered to be the main technology 
challenge for this type of power system. Because the reactor coolant 
temperature is in the range of experience of terrestrial liquid metal cooled 
reactors, much of the technology already demonstrated for the terrestrial 
reactors can be applied to the thermionic reactor design provided a 
successful TFE design is demonstrated. A further justification of the TFE 
approach is that many design studies have been done for thermionic reactors 
in the past so that the needed parameters for TFE design are well known in 
the power range from 5 kWe to 5 MWe. It is also well known that a single 
TFE design can cover this entire power range with little modification of the 
basic construction. 

Accepting that verification of seven year lifetime for a TFE is the 
essential element of establishing seven year lifetime capability for an in
core thermionic reactor still leaves the problem of how to demonstrate 
seven year TFE lifetime. Ideally, a development/demonstration program for 
a TFE suitable for high power thermionic reactors would involve a great 
amount of irradiation testing in fast neutron spectrum testing reactors such 
as the FTR or EBR-II. However, the long duration testing of TFEs in either of 
these two reactors is not practical unless the reactors can be operated 
continuously at about 10% of design power. This would mean that the test 
reactor would have to be dedicated to the thermionic program, a costly 
proposition. In addition, the length of a program to show 7 year lifetime 
would be very long. 

An alternative, basically low budget, approach to TFE verification is to 
conduct a testing program that will demonstrate the capability of individual 
components of the TFE to withstand the temperature/irradiation 
environment and, where applicable, the electric field environment of a fast 
thermionic reactor for the required lifetimes. Because the lifetime goals 
are so long, it is necessary that accelerated tests be conducted in order to 
reduce the span of the development program. This is the approach being 
taken in the TFE Verification Program. The component testing includes 
irradiation testing of fueled emitters, sheath insulator assemblies, seal 
insulators, integral cesium reservoirs, intercell emitter alignment 
assemblies and intercell insulator coatings. These tests are supported and 
augmented by bench tests of electric field effects on insulator candidates 
and performance tests of individual thermionic converters. The test 
program results are fed into an analytical modeling effort with the goal of 
predicting component behavior as a function of total exposure as well as 
exposure rates (acceleration factors) so that the test results can be reliably 
extrapolated in time to the seven year requirement. Relatively long duration 
tests of partial length TFEs, conducted in a thermal spectrum reactor, serve 
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to integrate the component test program and specifically evaluate such 
factors as fission product vent performance and fission product and fuel 
migration effects on TFE electrical performance. The program is planned to 
culminate in a two month test of a six cell TFE in a fast spectrum test 
reactor. 

The two lifetime limiting phenomena of greatest concern in TFE design 
are emitter swelling caused by fission gas formation in the fuel and fast 
neutron damage to ceramic insulation materials. The nature of these 
problems can be seen by referring to Fig. 1, which is an illustration of part 
of a TFE. The figure shows that the emitter, a cylindrical tungsten cup 
containing U02 pellets, is separated from the collector by a narrow gap. 
Should its diameter increase by more than 3% to 4% it would touch the 
collector and electrically short the converter, thus causing loss of 
electrical output. Emitter swelling can be caused by fission gas formation 
in two ways. The fission gases that escape from the fuel can coliect in the 
emitter cavity and exert a pressure that causes the emitter wall to creep 
slowly outward until contact is made with the collector. This effect can be 
alleviated by venting the released fission gas (approximately 90% of the 
total generated) from the emitter cavity. Venting is essential for achieving 
lifetimes of more than a few thousand hours, but does not completely 
eliminate fuel swelling. The fission gas that remains in the fuel causes it 
to push outward on the emitter cup wall. Swelling of the emitter caused by 
this mechanism can be reduced by increasing the strength of the emitter 
wall relative to the fuel, either by thickening the emitter wall, or 
strengthening it, or by weakening the U02 fuel. 

The locations where ceramic is used in the TFE can also be seen in 
Fig. 1. The most critical use is the sheath insulator that isolates the 
collectors in the series string of converters from the outer metallic sheath. 
The latter is required to protect the ceramic sheath from the reactor 
coolant as well as to give structural integrity to the fuel element. Because 
the reject heat from the converter collector must flow radially outward to 
the reactor coolant, it is necessary, in order to minimize radial temperature 
drops, that the sheath insulation layer be thermally bonded to both the 
collectors and the outer metallic sheath. The insulation must also be thin 
for the same reason. However, it also must standoff at least half of the 
reactor output voltage and hence it can experience relatively high electrical 
fields which can cause electrolytic decomposition of some ceramic 
materials at the operating temperatures of the reactor coolant. 

Another important use of insulation in the TFE is the insulator that 
isolates the emitter from the col/ector of each converter. This insulator is 
required to be a hermetic seal for TFE designs where the fission gases are 
vented in special channels so that they do not come into contact with the 
electrode surfaces or the cesium vapor in the interelectrode space. For 
deSigns where venting occurs through the cesium vapor space hermeticity is 
not a requirement and the intercell insulation task is relatively easily 
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accomplished. Insulation is also required for the emitter alignment 
structure that serves to restrict emitter vibration during rocket launch into 
orbit as well as provide positive alignment at the free end of the emitter. 
Still another insulation use, which is not shown in the figure, are ceramic 
coatings required in the intercell region to facilitate TFE assembly. 

The problem of fast neutron damage to ceramic materials is primarily 
one of dimensional growth. If the ceramic swells and the metal to which it 
is bonded does not, then debonding will eventually occur. In the case of the 
sheath insulator this will cause large temperature drops leading to 
excessive collector temperature and consequent poor converter performance. 
For the seal insulators where hermeticity is a requirement, ceramic 
swelling can cause leakage. For the emitter alignment insulator and ceramic 
coatings, debonding caused by ceramic swelling can result in loss of 
function. 

TESTING PROGRAM -- OUT-OF-CORE 

While the main emphasis in the TFE Verification Program has been on 
irradiation testing to verify suitable emitter and ceramic component 
performance, a corollary program of laboratory testing of converters and 
components has also been established. Part of this support program is 
devoted to converter performance determination and improvement. Both 
planar and cylindrical geometry converters have been constructed and 
operated to study methods of achieving emitter oxygenation and to learn the 
effects of such oxygenation on converter performance. Long term effects of 
cesium graphite reservoirs on diode performance are also under study as are 
such practical concerns as the ability of converter performance codes to 
predict cylindrical diode performance from planar diode data and to predict 
the effect of nonuniform emitter swelling on converter performance. 

Among the results of the out-of-core converter testing are that 
cylindrical diode performance can be predicted very well using planar diode 
data as can the effect on performance of a nonuniform emitter-collector 
gap. Emitter oxygenation allows the emitter-collector gap to be increased 
to as much as one millimeter with little degradation of performance at 
emitter temperatures in the vicinity of 1800 K. 

Laboratory studies of seal insulators have been primarily concerned 
with fabrication methods and thermal cycling capability. Candidate 
specimens have been A1203, A1203-Nb cermet, V203, V203 -Nb cermet, yttria 
alumina garnet (VAG), and VAG-Nb cermet brazed to Nb end pieces of various 
geometries. One of the major successes of this part of the program has been 
the development of leak tight seals of VAG brazed to Nb with high 
temperature braze material. 
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Because of the great expense of testing sheath insulators with an 
impressed voltage in the fast neutron spectrum reactor, laboratory testing 
of these components is especially important. An extensive series of tests is 
underway to determine the effectiveness of various types of insulator as a 
function of time, temperature, and electric field strength. The candidate 
specimens are the same as those for the seal insulators. Significant results 
to date are that alumina specimens maintain their electrical integrity very 
well under equivalent TFE electrical and temperature conditions and that the 
loss of resistance of yttria specimens with time at temperature is largely 
attributable to a carbon impurity. It has also been learned that VAG sheath 
insulator specimens maintain good resistance when tested in a high vacuum 
environment despite radial cracks in the ceramic layer. The testing of 
cracked specimens re'flects the lack of success to date of fabricating crack 
free VAG sheath insulator specimens. 

TESTING PROGRAM n IN-CORE 

Program Scope 

The irradiation testing portion of the TFE Verification consists of an 
extensive series of tests in three separate test reactors. Some idea of the 
scope of this program can be gotten from Fig. 2 which shows the various 
irradiation tests and the schedule in terms of experiment design, experiment 
fabrication, capsule assembly, irradiation, and post irradiation examination 
(PIE) times. The identifying symbols for the tests appear in the column on 
the far right of the figure along with the acronyms identifying the test 
reactors. The latter include the Fast Test Reactor (FTR) at Richland, WA, the 
Experimental Breeder Reactor (EBR-II) at the Idaho National Engineering 
Laboratory in Idaho, and the TRIGA reactor at the General Atomics facility in 
San Diego, CA. The first two of these are fast neutron spectrum reactors 
while the last is a water moderated thermal spectrum test reactor. 

The TFE Verification testing schedule was initially laid out as a four 
year effort. The fact that it now spans more than six years is a reflection 
of changes in funding availability. The FTR was selected as the test facility 
for insulating components and cesium reservoirs because of existing test 
vehicles easily adapted to testing at regulated temperatures in the desired 
range. The components in question are being tested in four batches, the last 
of which is a test of sheath insulator specimens subjected to an electric 
field while at operating temperature in a fast neutron flux. This last test is 
very costly and has, as a result been subjected to more schedule slippage 
than the others. 

In the case of the UFAC series of fueled emitter irradiations the test 
reactor of choice was the EBR-II primarily because of shorter run times and 
testing flexibility which allow periodic neutron radiography and changing 
specimens in the irradiation test capsules when required. Two sizes of 
fueled emitters are being irradiated. One is prototypical for the 2 MWe fast 
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reactor design with real time thermal power density in the fuel, and the 
other is one half of prototypical diameter so that the power density can be 
increased by a factor of four without changing the inside to outside fuel 
temperature ratio relative to the real time testing case. 

The other group of tests shown in Fig. 2 are TFEs that are largely 
prototypical except for having less than the full complement of converters. 
Most of these tests will be conducted in the TRIGA reactor. The initial tests 
in this series are being done with TFEs that have just one converter. 
Subsequent tests will have three and eventually six converters. The purpose 
of these tests is to demonstrate successful TFE fabrication, assembly, and 
operation, to investigate the electrical performance stability with integral 
cesium reservoirs, to study the effect of fission gases and vapors mixing 
with the cesium atmosphere, and to ascertain the effectiveness of the 
'fission product trapping system in the emitter support stem and the 
operation of the fission gas venting channels. The culminating test in this 
series, and in the TFE Verification Program as a whole, will be the testing 
of a six cell TFE in a fast reactor test facility. 

Insulator Seals 

Candidate insulator seal materials are included in the UCA-1, 2, and 3 
FTR test vehicles. UCA 1 and UCA 2 have been completed except for some of 
the PIE investigations. The fast neutron fluences to which they were 
exposed were: 

UCA-1: 2.5 to 7.2 x 1022 n/cm2 

UCA-2: 2.5 to 6.7 x 1022 n/cm2 (En;:: 0.1 MeV) 

The reference design fluence goal is 2.7 x 1022 n/cm2 . 

Fig. 3 shows the seal geometries that were included in the irradiation 
tests. Some of the major findings of this testing are that the trilayer seal 
specimens that were made with yttria and aluminalNb cermet appeared to 
have withstood irradiation very well. This configuration has the advantage 
of the greatest potential strength of the ceramic to metal bond. Some 
helium leakage was observed for some of these specimens during PIE, but 
the rate was low enough to be acceptable for seven year reactor operation. 

Taper geometry seal insulator specimens also show considerable 
promise. The single VAG specimen that has been irradiated to date in the 
taper configuration had a visual appearance unchanged from the pre
irradiation condition except for blackening of the ceramic. However, it was 
not leak tight. The taper geometry seals that were made with sapphire 
showed no visual evidence of cracks extending through the ceramic body, but 
there were short axially directed cracks in the thinnest part of the taper in 
the niobium skirts and some peeling away of the niobium from the ceramic 
in this region. The assemblies were not leak tight. Further investigation is 
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required to determine the cause of the loss of hermeticity of both types of 
taper seal specimens. 

The butt seal specimens that were tested did not fare well in that 
they showed a propensity for cracking and for generally low post-test 
strength. This configuration has been dropped from the program. 

Sheath Insulators 

Several geometries of sheath insulator were tested. These are shown 
in Fig. 4. They differed primarily in the treatment of the ends where 
stresses caused by ceramic swelling reach peak values. Both the alumina 
and yttria specimens tended to bell out at the ends of the specimens and 
circumferential cracks were formed in the ceramic layer. If, as appears to 
be the case from visual observation and diameter measurements, the depth 
of these end cracks is on the order of a millimeter, then the sheath insulator 
would still be capable of performing its function of providing good 
electrical resistance while permitting radial heat flow with little 
temperature drop. In general, the amount of damage to alumina specimens 
was much less that anticipated based on earlier measurements at one fifth 
the present fluence levels. The end cracking appeared no more severe and 
the diameter increase was somewhat under 1 %, which was only about 50% 
more than the increase found at the lower fluence levels. 

An important finding of the sheath insulator irradiations was that 
tapering of the metal components at the ends of the specimens did not have 
the effect, predicted from finite element stress analysis, of relieving the 
end stresses and preventing the belling out type of distortion mentioned 
above. The wrap around geometry was tested only for the alumina/niobium 
cermet which is very resistant to the end distortion phenomenon in any case. 
No cracking was observed for this specimen. More surprising were the test 
results for the specimens with partial outer sheath cutaway and complete 
outer sheath cutaway (see Fig. 4). The former geometry appeared to reduce 
the amount of distortion observed for alumina and yttria specimens and the 
latter reduced it still further, in some cases completely eliminating it. 

Tentative conclusions from the partial PIE results obtained on the 
sheath insulator specimens are that yttria with cutaway stress relief is a 
leading candidate if the out-of-core test results show it to retain adequate 
electrical resistivity for seven year equivalent lifetime. The 
alumina/niobium cermet looks very promising from both a mechanical 
stability and electrical resistivity standpoint. 

Cesium Graphite Reservoirs 

The major concern with cesium/graphite reservoirs is that fast 
neutron damage would change the properties of the graphite lattice into 
which the cesium atoms are intercalated so that the cesium pressure for a 
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given reservoir temperature would change radically. To study this effect it 
was necessary to measure the cesium vapor pressure versus temperature 
relationship of cesiated graphite specimens both before and after 
irradiation. Initial attempts to do this were unsuccessful because 
specimens of highly oriented graphite apparently increased in volume so 
much from neutron damage (possibly several hundred per cent) that they 
burst the container they were in and removed any possibility of post test 
measurements. However, successful measurements have been made on one 
specimen of graphite with randomly oriented fine crystal structure. The 
results of these measurements are shown in Fig. 5 where cesium vapor 
pressure is plotted as a function of reciprocal temperature for the before 
and after irradiation cases. The results indicate that the irradiation to a 
fluence value of 4.2 x 1022 n/cm2 caused less than a factor of two increase 
in cesium vapor pressure. This change is small enough to be tolerable in 
reactor design and hence is a very encouraging result relative to the 
possibility of incorporating the cesium/graphite type of integral reservoir 
into the TFE. 

Fueled Emitters 

The irradiation data on fueled emitters includes testing of nine 
tungsten clad U02 specimens that was initiated during the competitive 
phase of the SP-100 space reactor development program and continued under 
the umbrella of the TFE Verification Program. The emitter specimens were 
sized for a fast spectrum 100 kWe thermionic reactor design and were 
somewhat more than twice the diameter of the present reference design 
emitters. They were contained in three capsules irradiated in TRIGA. The 
status of these tests is given in Table 1. 

TABLE 1. Status of Fueled Emitters in TRIGA as of August, 1989 

Hours 
In-Reactor 

Fast Fluence 
1022 n/cm2 

Atom Percent 
Burnup 

--------------------------------
Capsule 1 19,425 0.2 0.5 
(Removed) 

Capsule 2 35,000 0.3 0.6 

Capsule 3 24,000 0.3 0.6 
(Removed) 

-----------------------------
Periodic neutron radiographs have been taken of the TRIGA test 

capsules to determine emitter distortion. From this it has been possible to 
study dimensional increase with time. The composite behavior of the 
emitters has been brought together into one representation shown in Fig. 6. 
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The curves indicate the closure of the emitter-collector gap with time and 
are based on experimental data to which approximate corrections for 
temperature variations and extrapolation to gap closure times have been 
made based on analytical models. It is apparent that gap closure time is 
very dependent on relative cladding thickness and also that seven year 
lifetime at an emitter temperature of 1800 K is achievable with emitters of 
this size. 

As shown in Fig. 2, real time and accelerated testing are underway in 
EBR-II in test vehicles UFAC-2 and UFAC-1, respectively. The emitters in 
these two units, referred to as Batch 1, were placed in the reactor in May, 
1987. Batch 2 will be put into the reactor in autumn of 1989 in test vehicle 
UFAC-3 and a reconstitution of UFAC-2. The status of these irradiations as 
of October, 1989 is shown in Table 2. 

TABLE 2: Status of Fueled Emitter Irradiations in EBR-II as of October 1989 

Batch 1 

Real time 

Accelerated 

Batch 2 

Real time 

Accelerated 

Number of 
Specimens 

3 

7 

5 

5 

Test 
Variables 

Emitter 
thickness, 
Fuel volume 

Emitter 
thickness and 
temperature, 
Fuel volume 

Fuel volume, 
Adv. emitter 
material, 
Adv. Fuel 

Adv. emitter 
material, 
Adv. fuel, 
Emitter temp. 

Fast Fluence Burnup 
1022 n/cm2 Atom % 

7 1.4 

7 4 

0 0 

0 0 

Status 

Irradiation 
continuing 

Beginning 
PIE 

Irradiation 
beginning 

Irradiation 
beginning 

Three of the accelerated emitters and one of the real time emitters of 
Batch 1 were removed early because neutron radiography showed that the 
emitter support had fractured at the tungsten-ta-tantalum bond, most likely 
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during transport for radiography, because of a combination of void formation 
at the bond and an inadequate diffusion bond. Both problems were addressed 
in the Batch-2 fabrication. Initial PIE results show generally very good 
appearance of the fuel and cladding except for the fracture location and 
some minor chemical interaction between the U02 fuel and the WAe fuel 
support plates at the ends of the emitter. A typical dimensional change 
measurement result for an accelerated emitter is shown in Fig. 7. 

TFE Prototypes 

Testing of TFE prototypes began in September, 1988 with the 
installation of the one-cell unit, 1 H1, into TAIGA. A schematic illustration 
of this unit is shown in Fig. 8. 1 H3, a one cell unit with fission gases vented 
through the interelectrode gap, was installed into TAIGA in August, 1989. 
Both units are operating without incident. The former has accumulated one 
year of test time without performance degradation. Its performance is very 
close to that predicted from archival planar converter data as well as planar 
and cylindrical converter data generated for 110 oriented tungsten emitters 
in this program. 

CQNCWSIOOS 

The TFE Verification Program is an experimental and analytical 
program to demonstrate the design, performance, and lifetime capability of 
thermionic fuel elements. The major emphasis in this program has been 
placed on the irradiation testing of components and prototypes under 
conditions as close as possible to the exacting conditions that TFEs will 
experience in a seven year lifetime 2 MWe power level in-core thermionic 
reactor. Test results to date have been very encouraging, particularly with 
regard to insulator options, fueled emitter behavior, and integral cesium 
reservoir stability. Some of these results are summarized in Table 3. It is 
expected that the verified design emerging from this program will be a basic 
building block for power systems with requirements from a few kilowatts 
to megawatts of electrical power. 
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TABLE 3: Summary of Particularly Significant Findings of the TFE 
Verification Program. 

ITEM 

TFE 

Insulator Seals 

Sheath 
Insulators 

Intercell 
Insulators 

Cesium 
Graphite 
Reservoir 

Fueled 
Emitters 

REFERENCES 

FINDINGS 

1 Hi operated for more than 1 yr at predicted 
performance level. TFE 1 H3 started operating in TRIGA 
in August 1989. 

Trilayer seal configurations with yttria and 
alumina/niobium cermet have withstood neutron fluences 
up to 7 x 1022 , almost three times the 7 yr fluence for 
the 2 MWe reference design reactor. Observed leakage 
rates are acceptable for 7 yr reactor operation. VAG 
taper seals also appear promising. 

High neutron fluence irradiation results show that 
yttria and alumina/niobium sheath insulator 
assemblies with cutaway end design will 
remain crack free and well bonded for 7 yr reactor 
lifetime. Graded alumina dimensional increase was much 
less than expected based on earlier lower fluence tests. 
Cutaway end design eliminates end distortion. 

Alumina, yttria, and VAG coatings and yttria emitter
alignment insulators show no visual damage after 
exposure to high neutron fluence. 

Cesiated POCO graphite irradiated to a fluence of 4 x 
1022 n/cm2 maintained the cesium vapor pressure within 
a factor of two over the temperature range of interest. 

A seven year lifetime at an emitter temperature 
approaching 1800 K is achievable. 
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May 1967. 
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INVESTIGATIONS OF EMISSIVE NON-UNIFORMITY OF A CYLINDRICAL THERMIONIC 
CONVERTER EMITTER 

Zarnadze A.G.,Menabde N.E.,Oganesov Z.A.,Timoshenko L.S.,Tsakadze L.M. 

I.N.Vekua Institute of Physics and Technology, Sukhumi, 
USSR 

The emitter surface of thermionic ener
gy converter (TiC), created by means of 
gas-phase tungsten deposition on a cylind
rical surface of single-crystal molibde
num with axis orientation [1111 is charac
terized by multifaced structure, repeat
ting with definite periodicity on azimu
thal angle. ,In this connection the nesse
sity appears to characterize TiC emitter 
not by averaged work function value, but 
by its distribution on surface. Such a 
surface characteristic may occur to be ef
fective for the control of emitter produc
tion techniques and also in the stability 
investigations of emissive properties of 
tungsten emitter surface to long-term tem
perature effect. 

In present papers we give the discrip
tions of the deVice and the method of dis
tribution registration of work function on 
cylindrical emitter surface and the results 
of the investigations of work functi?n dis
tribution on surface: 1) cylindrical sing
le-crystal molibdenum with axis orienta
tion ~II1 , 2) tungsten surface, deposit
ed by gas-phase method onto cylindrical 
surface of single-crystal molibdenum, and 
J) the same sample after long-term tempe
rat!:e effect. 

The diagram of the device for registra
tion of work function distribution on cy
lindrical emitter surface is shown in 

.1 • 

The deVice is a thermionic microscope, 
in which the role of cathode is played 
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by a cylindrical emitter. and an immersi
on objective is a transaxial electron-op
tical system. Focusing electrode 2 and 
electron accelerating anode 3 are cylind
rical electrodes, placed coaxially to 
emitter, having a slot on the circle.Such 
an electron-optical system combines the 
properties of a cylindrical projector 
with thus of a cylindrical lens. Cylindri· 
cal projector provides with the image en
largement on the circle with the factor 
of M z R /t, where R- is the circle ra
dius, where a luminescent screen 4 and 
Faraday cylinder 5 are situated, r - is 
the emitter radius. Cylindrical lens, 
looking as e circle slot, gives the en
largement along the forming surface with 
the factor Mo!. Slot dimensions, diameters 
of electrodes 2 and J and potentials on 
them are selected to provide with 
equation. 

The emitter is heated by thermal radia
tion and electron bombardment from heat
er 6. The emitter temperature is registra
ted by photoelectriC multipliers 7. The 
emitter is supplied with rotation and dis
placement mechanisms and position sensors. 
In front of Faraday cylinder diaphragm 8 
is placed, having the aperture of ~ 2mm, 
determinating the square of registered 
emitter surface ( when the image enlarge
ment factor is equal to 50, the linear di
mension of registered surface is equal to 
4,10-5M). To avoid the dynatron effect in 
Faraday cylinder we use grid 9 with trans
parency of 0,9. having negative potential 
as relate to the cylinder. 
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The device works by the following way. 
To the emitter we apply accelerating vol
tage -5 V, the anode is grounded,to the 
focusing electrode is applied regulated 
voltage, which is negative as relate to 
the emitter. To prevent the influence of 
the magnetic field current of the emitter 
heater on the emissive non-uniformity ima
ge, the latter is feeded by the rectified 
half-period current, with the frequency of 
50Hz; synchronously with flowing current, 
to the focusing electrode is applied nega
tive voltage, blocking an electron ray. 

The electron ray, formed in a such a 
way, gives an image on a luminescent screen 
and emissive current is registpred by Fa
raday cylinder from a given emitter range. 
Emission current, coming to Faraday cylin
der, through a current amplifier reaches 
the input llyn of two-coordinate plotter, 
and the Signal from the emitter position 
sensor reaches the input "X". During emit
ter rotation or displacement the emission 
current dependence upon the emitter posi
tion coordinate is written on the plotter. 
To judge the emissive emitter structure it 
is necessary to use a comparing analysiS 
of an investigated sample with the model 
of an ideal single-crystal cylinder with 
the analogous structure. 

In Fig.2 you may see the dependence plot 
of work function of a cylindrical ideal 
single-crystal with axial face orientation 
[1111 upon the azimuthal angle. On the plot 
the main crystalographic directions, re -
cieved from stereographic crystal projec
tion ~J , have been compared with corres-
ponding work function values [2] • The 
dots, corresponding to main face directions, 
are connected by conventional curves, be
cause work functions of intermediate fa-
ces are known. The work function values ha 
ve been taken according to the supposition, 
that recommended in [2J values are related 
to perfect faces, and possible measured 
values, which are less than given, will 
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correspond to structure deviation from the 
perfection. 

As in the formation of an epitaxial 
tungsten layer the sublayer structure plays 
the main part, that's why the emissive 
structure of single-crystal molibdenum 
with axial face orientation has been in
vestigated [111J • In Fig.3 the emission 

current and work function dependence of 

this single-crystal upon the azimuthal 
angle is shown. The sample temperature is 
T = 1730 K. From the comparison of the 
plots in Figures 2 and 3 it follows that 
for both the investigated sample and the 
ideal single-crystal we observe the pe
riodicity of emissive properties with the 
period of 60: As distinct from the ideal 
single-crystal we do not observe any 
structures seperately in the investigated 
single-crystal, corresponding to faces 
012) and(123). There is some divergence 
in absolute values of maximum and minimum 
work function. The emissive properties are 
quite uniform along the cylinder forming 
surface. In Fig.4 the emissive characte
ristics is shown via the azimuthal angle 
of epitaxial tungsten coating ( T=1990 K). 
As it is obvious from the plot there is 
no strong periodicity in the emissive 
structure. The maximum work function value 
is equal to f ~ 5eV, and the minimum one-

'f ... in ~ 4, 75":V. The surface with 4,75eV 
work function occupies a slight part of 
the circle. The main part of the surface 
corresponds to the work function not less 
than 4.geV. These work function values 
are close to ~ • corresponding to struc
ture (110), the divergence can be explain
ed by some face (110) disorientation. 
Work function distribution along the form
ing surface is non-uniform and has a chao
tic character, ( spread in work function 
is .6'f z. O,2eV). 

In Fig.5 you see emissive characteris
tics of epitaxial tungsten coating, sub
jected to long-term temperature effect, 
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on the azimuthal angle. In contrast to the 
describEd above sample the given sample re
veales quite exact periodical structure, 
which is characteristic of single-crystal 
sublayer. The maximum work function value 
is kept approximately in the range of 
4.geV. Such a stability of coating work 
function is connected with the sublayer 
structure stability. 

Work function distribution along the 
forming cylinder surface becomes evident. 
On the base of fulfilled investigations 
it is possible to corne to the following 
conclusions: 

1. The performed device and the worked 
out methodology provide with the possibi
lity to investigate work function distri
bution along the cylindrical emitter sur
face; 

2.Cylindrical single-crystals with 
axial face orientation f111~ are characte
rized by multifaced surface with periodi-

c 
cal structure (period 60 ); 

3. Epitaxial tungsten coatings take sub 
layer structure as a result of long-term 
temperature effect. 

REFERENCES: 
1.Mirkin L.I.X-ray diffraction analysis. 
M.,Nauka,1981,p.102. 
2.Fomenko V.S.Emissive properties of mate
rials.Reference book.-Kiev,Naukova dumka, 
1981,p.107. 
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with axial face orientation [111] upon the 

azimuthal angle. 

391 



1.1$ 

V6 

'-.61 

'" " ." 

'" 3' 
~~ 9."" ~ 

t\, 

V'l It,' 

(J JO 60 9i1 ItO lSi! WJ 210 It,q Z7rJ J(1(J JSf/ J1I) 

.t.,IUllie 

Fig. 3. The dependence of emission current 
and Work function of a single-crystal Mo 
with axial orientation f111J upon the 
azimuthal angle. 

II III 18 III 116 til (Iq III! fill If(} SIIJ J:fI~_ ..£.,... 

Fig. 4. The dependece of work function of 
epitaxial tungsten coating upon the azi
muthal angle ( initial sample ). 

392 

.{II! 

." 

~" 

+''' 
tl1 

> .. 
~t.;rr 

""" 
~17 

,6:1 

~II .JIJ 

Fig. 5. The dependece of work function of 
epitaxial tungsten coating upon the azimu
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CE'UUM - BARIUM SODRCES FOR THERMIONIC DEVICES. 

A. ~.Kalandarishvili. V.G.Kashiya, P.D.Chilingarishvili B.I.Ermilov, ~ 

I N V kua Institute of Physics and Technology, Sukhumi, • • e 
USSR 

1. Introouct1.on 
In recent time, the interest to cesium

barium thermionic devices appears in the 
connection with the working out of high 
temperature converting systems [1-2]. In 
the devices of this type at considerably 
low pressures (1-20Pa) barium vapours pro
vide optimum emitter work function, and 
cesium ions compensate negative spatial 
electron charge. Simulteneousl~ optimum 
collector operating temperature enhances 
on N 4000 K and the power output of the de
vice increases [2.3J . Cesium and barium 
vapour injection into the operating vo
lume of the thermionic device is carried 
out from the working media block (WMB). 
That's why the creation of compact WMB 
with stable cesium and barium vapour in-
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jection into the thermionic device for ex
tended periods of time is rather actual 
problem. 

2. Cesium-Barium WMB DeSign 
At the present some variants of cesium

barium working media blocks have been 
worked out, based on laminated system of 
cesiated graphite and two-component gas
controlled heat pipe (HP). 

One of the first variants of WMB [4] 
consisted of two reservoirs placed in dif
ferent "pOints" of operating volume of 
TiC with various temperature. To prevent 
barium condensation into cesium reservoir 
special throttling device has been used. 
It made TiC design more complex in the 
whole not excluding barium recondensation 
completly [6J . In the papers cesiated 
graphite CnCs ( n .10.24) has been 
used as a cesium vapour source with the 
optimum operating temperature close to 
the optimum operating temperature of ba
rium reservoir. 

Nevertheless, uncontrolled chanr,ing of 
partial cesium pressure took place as a 
result of barium atoms instillation into 
laminated structure of cesiated graphite 
[ 7 J. To avoid this phenomenon in Ref. 8 
integrated cesium and barium vapour sour
ce has been suggested, in which inter
action of barium atoms with cesiated gra
p~ite was practically excluded. 

Block-diagram of mentioned WMB is gi
ven in Fig.1a,WMB is a metallic reservoir, 
having two interconnected chambers. In 
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one chamber metallic barium is placed, in 
the other - cylindrical sample of cesiated 
pyrographite, symmetry axis of whioh coin
sides with the crystalline axis C direc
tion. Active element produces along C-axis 
external pressure, preventing barium atoms 
instillation into cesiated graphite. Trans 
fer Measure Device (TMD) allows us to oon
trol anisotropio changing of oesiated pyro
graphite geometric dimentions along C-axis 
and - acoording to the known dependence of 
oesiated pyrographite considerable expan
sion along C-axis upon cesium concentra
tion in it 2 - not only to define phase 
compound CnCs ' but to control it by means 
of saturation and desorption. 

In Fig.1b you may see WMB variant with 
preliminary barium distillation. Barium is 
in separate vertically-set reservoir, con
nected with lower WMB chamber. Barium dis
tillation is aohieved in argon atmosphere 
by the method of heat pipe (HP). Rectified 
barium is oondensed into lower WMB chamber, 
and heat pipe vapour channel is vaouum
-tightly out otf from WMB operating volu
me. The main shortcoming of oited above 
variants lies in the oontrol difficulty of 
cesiated pyrographite steohiometric com
pound. It complicates the optimization pro 
cess of output parameters of thermionic 
device on vapour partial pressure of ba
rium. This task can be solved with the 
help of i:"ltroduction into existing con
structive design an additional cesiated 
pyrographite block. Block-diagram of such 
a WMB variant is shown in Fig.1c. Cesiat
ed pyrographite blocks are washers, in

ner cavities of which are interconnected 
by means of a steampipe. Cesium vapour 
supply into operating volume of the ther
mionic device is achieved from outer sur
face of the main cesiated pyrographite 
block, serving as a core. Cesium addition 
al feeding of inner core surface is done 
in account of cesium atoms, getting it 
from an auxiliary cesiated pyrographite 
block. This allOWS us to vary partial ce-
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sium pressure in the operating volume of 
the thermionic device at constant partial 
barium vapour. 

In considered above cesium-barium WMB 
vapour pressure control of working media 
is achieved by a thermal way. Meanwhile, 
this method is not always acceptable for 
pressure control of two-component working 
media, because, at first, it demands heat 
WMB mode stabilization with a rather high 
accuracy. and at second, in some cases 
temperature WMB agreement with device 
units is complicated to some extend. These 
problems can be solved with the help of 
the electromagnetic method. According to 
the values 9 the use of ponderomotor 
effect in two-component filler TiC in 
some definite conditions may lead to the 
changing of mixture concentration along 
converter electrodes. It allows to control 
stechiometric WMB compound in interelect
rod spacing of the device. 

Principal circuit of cesium-barium WMB 
with electromagnetic WMB pressure control 
is shown in Fig.Id. It includes cesium
barium source [8J and electromagnetic 
plasma diode placed between cesium-barium 
source and thermionic converter. The main 

plasma diode units are made of heat-proof 

metals; emitter 10 and collector:9 of 

cylindrical form and also metallo-ceramic 

seals II. With the help of external 

power supply 12 on the account of cons
tant current flow in emitter the magnetic 
field B.,appears and power supply 13 in its 
turn ignites low-voltage flashing dis
charge which produces cesium-barium plas
ma. Under the influence of electromagne
tic forces along the plasma diode length 
WMB pressure gradient aP is produced 
depending on the current direction ~r • 
Pressure gradient may be directed either 
to the WMB reservoir side or to the ther
mionic device side. In the first case llP 
is conventionally considered to be nega-
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tive and in the second case - positive. 
Such WMB performance suggests cesium 

and barium vapour supply through inter
electrode spacing of a plasma diode and 
partial pressure control of WMB components 
with the help of values and direction, 
changings of electrical current ~r , 
flowing through the diode. 

One of the cesium-barium WMB variants 
is two-component cesium-barium heat pipe 

[10] • As a heat carrier in the heat pi
pe we use barium-high-temperature filler 
component and as a noncondensed gas we 
use saturated vapour of low-temperature 
component-cesium. The scheme of working 
medium of this type is shown in Fig.1d. 
Vapour tapping from given construction is 
created by means of vapour drawing off 
sleeve, placed in the region of "barium
vapour-cesium vapour" distribution and 
having the opportunity to transfer along 
axial TT axis. 

The control of partial pressure of 
low-temperature component and high-tempe
rature component vapours in a given const
ruction is carried out in the following 
way. As you know, spacial distribution of 
heat carrier vapour and buffer gas takes 
place in gas controlled heat pipe (GCHP) 
with the formation of "vapour-gas" divi
sion boundary. The length of division 
boundary usually is comparable with the 
heat pipe diameter. Typical distribution 
of partial vapour and gas pressures along 
HR is shown in Fig.1 • In a given figure 
it is evident, that partial pressure in 
the region of division boundary. is 
changing monotonously- vapour pressure 
in the direction of "cold" end pipe de
creases, and gas pressure increases. In 
the discribed source construction we use, 
as it was mentioned above, v~pour of low
temperature filler component. Moreover 
naturally, the temperature of "cold" end 
HP must be supported higher than the 
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condensation temperature of the low-tem
perature filler component. 

Therefore, implementation of 
steam bleeding from different"points" of 
HP it is possible to get vapour mixture 
of required stechiometry. Full pressure 
control may be carried out on account of 
vapour changing of low-temperature compo
nent. Control of partial pressure ratio 
is realized by two ways -by transmission 
of vapour drawing off device along HP,or 
by heat power control, supplying to the 
HP evaporator. 

Lower threshold of HP pressure, as you 
know, reaches the value of 60 Pa, whereas 
optimum pressure of cesium-barium mixture 
in thermionic invertors does not exceed 
10-20 Pa. That's why, you need to realize 
running supply scheme with vapour thrott
ling at the application of cesium-barium 
sources based on HP. 

3. Kinetic and some thermodynamic 
characteristics of cesium-barium 

WMBs 
The kinetics of reaching of pre-set 

working mode of thermionic device and the 
rate of switching to some other mode are 
determined by working medium pressure in 
the operating volume [2] • That's why 
partial pressure for cesium-barium WMB 
based on luminated graphite structures 
and metallic barium 8 at the given re
servoir temperature is defined by phase 
compound of cesiated graphite Cn Cs(n= 8, 
10,24,36) [2,11J ' and barium partial 
pressure will be equal to the value of the 
saturated vapour pressure of metallic ba
rium at the given temperature [12J • 

To substantiate the optimum working 
modes of cesium-barium WMB with electro
magnetic pressure control working medium 
the calculation theoretic evaluations of 
the process of concentration changing of 
cesium-barium mixture in thermionic deVice 
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have been carried out.It was supported, 
that working medium components have simi
lar temperatures and pressure drop of ba
rium atoms along plasma diode channel 1s 

absent ( tJ. PBa .. 0). The density magnitude 
of radial current along the diode has been 
defined from the expression [13] : 

6P-=. 6,4· 16~ J; t3 
where l\P - cesium pressure drop,Pa; 

':;r - radial current density, A.cm-2; 
L - plasma diode length. em. From (1) it 

follows. that at L =25 
~r::: 1. . .,Je:.p. (2) 

'2 
The value of AP has been estimated 

on the thermodynamic data of metallic ba
rium [12} and cesiated graphite [21 . 

The calculations on definition of the 
:!r and b.P parameters have been done 

for two devices. 
1. for thermionic energy converter at 

barium and cesium partial pressure values 
equal to Pi34." 1 3 Pa ( T&. =1018 K) and 

R. = 1 3 Pa [14 J ; 
2. for plasma inverter at Ps.:.,.=6.610- 2 

Pa ( T& = 785 I<. 1- and Pc" =1.3 Pa [151. 
The results obtained are shown in the 

table. where the phase compounds of ce
sium-graphite system C,Cs( rt =8,10,24. 
36). Values ~r and AP with the notation 
of the polarity mark are represented. 

c ,-. ! .Jy I A cm-~ ~p • Pa 
n1..5 ! , 

!invertor TEO !invertor TEO 

[:36('~ 1,3 0.6 +7 +1.3 

C'l~ Cs 1,8 0.5 -13 + 1.1 
/"" 1'. 
l1~ '. ~ 18,6 2.5 -1385 -26 
...... I'" 
'. e,'. s. 57,0 8,5 -13000 -287 

The analysis of these results shows 
that the most acceptable compounds or ce
sium-graphite system, used as a cesium 
source in the cesium-barium WMB for the 
invertor and TEO modes are the compounds 
of CZIf Cs and C~6 Cs 

Some experimental investigations have 
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been carried out with the use of single 
component cesium source to ground working 
modes of magnetic plasma diode as a regu
lating element. These investigations have 
shown the opportunity to control volt
-ampere characteristics at the constant 
WMB temperature. In Fig.2 you may see 
volt-ampere characteristics for various 
pressure gradients at l;~B= const in the 
wide range of llP, the values of which 
are in the range of 0- 3 hPa and are esti
mated according to the formula (2). It 
should be noted, that the process of cont
rol is realized practically inertialessly. 

4. Experimental investigations of 
cesium-barium WMB in the TEO 

structure 
Some above-cited cesium-barium ~~B have 

been tested in the structure of model 
lindrical TEO. Thermal treatment methods 
of TEO electrodes and vacuum system as a 
whole, as well as getting data of envelope 

J-V device were standard [2 J . On the 
base of envelope of J-V characteristics 
the dependence of the ratio of the output 
TEO power to the maximum output converter 
power (W / Wmax ) upon the temperature 
of various WMB (version 1a) which for 
IE = 2100 k and Tc = 1300 t:.. is shown 
in Fig.3. Curve 1 corresponds to cesium 
WMB, curve 2- cesium-barium WMB of 
C'ls .. B(i compound, curve 3- C'oCSt Rl and 
curve 4 - C2'{CS -\' 6 .. l. As you see, for 
CiiCS t SCt the optimum working reservoir 
temperature is 800 K, for CiO('S' b(i -950 K • 
for Cl~:":'~I1- 1150K , and W/Wmax consi
derably weakly depends upon the working 
WMB temperature. 

In Fig.4 you see the dependence of ra
tio of the maximum electrical output po
wer of the converter with cesium-barium 
filling (Wc.!~) to the maximum power of 
cesium TEO (~~smax) upon the collector 
temperature at IE = 2000 k for the WMB 
having an additional cesiated graphite 
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block (version 1 
to C'l. .. C:,,,, 6«.. 

). Curve 1 corresponds 
, when the additional 

block doesn't work; curve 2 -to CQ~Cs' &1 
wi th the additional block of C,C~ com
pound at the temperature of 800 I'. ; curve 
:3 - C2~C:,. Bo. with the additional block 
of CICI~ compound at the temperature of 
720 K.. • The character of the represented 
curves shows that the regulation of par
tial cesium pressure in the operating 
TEC volume at the constant barium vapour
pressure allows us to increase the output 
power of the device. Moreover. the higher 
working collector temperature is the more 
essential power growth is. 

5. Conclusions 
1. Cesium-barium WMB have been work

ed out based on the laminated structures 
of cesiated graphite and metallic ba
rium; having different ways of partial 
cesium and barium pressure control. 

2. The construction of cesium-barium 
m~B based on two-component heat pipe 
has been suggested where the working 
medium vapour mixture supply was carried 
out from the range of "vapour-cesium -
vapour barium" distribution. 

3. Some cesium-barium WMB variants 
with thermal and electromagnetic control 
of vapour mixture of the working medium 
have been tested as a part of experimen
tal thermionic devices. 
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FIGURE CAPTIONS 

Fig.l. Cesium-barium sources. 

Fig.2. 

Fig.3. 

Fig.4. 
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1- frame; 2-silphon; 3- cesiated 
pyrographite; 4- steamline; 
5- valve; 6- distillator; 7- cavi
ty; 8- thermionic energy converter; 
9,10- diode collector and emitter; 
11- insulator; 12,13- power supplies; 
14- wick. 
Volt-ampere characteristics of ce
sium TEe for various pressure gra
dients at Tw",,~=const ( 1E =17701\' 

I 

Tc = 870 K ). 
a ) Tw""s =5 1 0 I< • 
diode~( , A . 
3- 4,8; 

Current density via 
-2 em ; 1- 0; 2- 2,8; 

b) Twl'ls= 523 K 
11_ 0; 21 - 2.5; 

;-j -2 
-...If' • A· cm ; 

1 3 - 4,2. 

Dependenoes W/Wmax upon the tem
perature souroes at ire = 2100K 

and Tc .. 1.300 K: 1- Cs ; 2-C6C~ .. B.t) 
3-C/oC.st&,; 4- C:2~Cst B·:)'. 

Dependences ~~~ / ~~x 
the collector temperatures 
2000 K • 

upon 

at 1E = 

1 - C2,c.; +P'"L (without complemen
tory block); 2 - with complementory 
block of C%CS compound at T .. 
800 k. ; .3 - with complementory 
block (,iOC'S at T = 720 K • 

e) 

f i,~. 1.. 

" II'" (( V, v 

w;W_.t :t /\/\/\;\ 
GN ,)x, Mq ".lou ~~ 

F't.g,.' 3. 

W.!~/W,;:, 6 

($ i' 

<,~' 
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