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Preface

Generating electricity from a heat source using no
moving mechanical parts is the ultimate goal of the
Defense Threat Reduction Agency’s thermionics pro-
gram. However, developing thermionic energy conver-
sion devices has proven difficult, although much
progress has been made. In spite of initial success dur-
ing the late 1960s and intermittent funding since that
time, for a variety of reasons no thermionic system has
yet been developed in the United States that can be
used today on Earth or in space. The ability of human-
kind to reach farther and farther into the solar system
and beyond is determined, in part, by our ability to gen-
erate power in space for spacecraft use.

Thermionic energy conversion has been pursued
since the advent of the space age by virtue of its intrin-
sic attributes as a compact, high performance space
power system candidate. While the revolutionary mis-
sions that spawned interest in thermionics 40 years ago
have yielded to an evolutionary approach to space uti-
lization and exploration, potential future revolutionary
missions prompt interest in maintaining and support-
ing development and examination of this potential tech-
nology option today.

Progress in the technology was substantial during
the 1960s but waned in the early 1970s due to a shift in
space technology funding priorities. The advent of the
Strategic Defense Initiative (SDI) and space explora-
tion initiatives in the late 1970s rekindled interest and
investment in thermionics. However, that investment
diminished again in the mid 1990s, not as a result of
lack of progress, but because of changes in national
technology investment priorities. Today, the thermi-
onic technology base and infrastructure stand close to
extinction. Only a modest $1.5 million to $3 million
per year is directed toward sustaining the technology.

Vii

Two complete 5 kilowatt-electric nuclear reactor
thermionic systems have been developed and flown in
space by the former Soviet Union for experimental
purposes, but no follow-up Russian or U.S. develop-
ment on a high power thermionic system has taken
place for a variety of reasons. Among them, the politi-
cal nature of funding priorities involves decisions based
on technology considerations, specifically concerning
competing technologies that might accomplish the
same system-level mission goals as thermionic sys-
tems.

The Committee on Thermionic Research and Tech-
nology started by asking a difficult question: In light of
past efforts and the lack of apparent success in devel-
oping a fully functioning system and uncertain require-
ments, why do thermionics at all? This report is written
to answer that question in view of potential future needs
and applications while recognizing the existing tech-
nological risks as well as the currently available alter-
native power conversion technologies, in the context
of the present, congressionally mandated, DTRA ther-
mionics technology program (see Appendix A for the
statement of task).

This study was sponsored by DTRA and was con-
ducted by the Committee on Thermionic Research and
Technology appointed by the National Research Coun-
cil (see Appendix B).

This report has been reviewed by individuals chosen
for their diverse perspectives and technical expertise,
in accordance with procedures approved by the Na-
tional Research Council’s Report Review Committee.
The purpose of this independent review is to provide
candid and critical comments that will assist the au-
thors and the National Research Council in making the
published report as sound as possible and to ensure that

Copyright © National Academy of Sciences. All rights reserved.
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the report meets institutional standards for objectivity,
evidence, and responsiveness to the study charge. The
review comments and draft manuscript remain confi-
dential to protect the integrity of the deliberative pro-
cess. The committee wishes to thank the following in-
dividuals for their participation in the review of this
report:

Henry W. Brandhorst, Jr., Space Power Institute,
Auburn University,

Lee S. Mason, NASA Glenn Research Center,

Gerald D. Mahan, NAS, Applied Physical Sciences,
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Institute for Space and and Nuclear Power Studies.

Although the reviewers listed above have provided
many constructive comments and suggestions, they
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mendations, nor did they see the final draft of the report
before its release.

The review of this report was overseen by Simon
Ostrach, Case Western Reserve University. Appointed
by the National Research Council, he was responsible
for making certain that an independent examination of
this report was carried out in accordance with institu-
tional procedures and that all review comments were
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Executive Summary

In 1995, the Defense Nuclear Agency, now a part of
the Defense Threat Reduction Agency (DTRA), was
assigned management responsibility for the remnants
of the thermionics research and development programs
of the Ballistic Missile Defense Organization (BMDO)
and the U.S. Air Force (USAF). The main thrust of the
combined program was a cooperative U.S.-Russian
project called the TOPAZ International Program,
which was based on the Russian TOPAZ nuclear ther-
mionic power system. (TOPAZ is a Russian acronym
meaning thermionic power from the active zone.) The
TOPAZ International Program was terminated in 1996
in response to (1) findings made by the General Ac-
counting Office and a study by the National Research
Council (NRC 1996) questioning the relevance of the
unfueled TOPAZ system testing, (2) the absence of a
Department of Defense (DoD) and NASA requirement
for near-term space nuclear power systems, and (3) a
pressing need to prioritize resources. Most of the re-
maining thermionic technology projects being con-
ducted by BMDO and the Air Force Research Labora-
tory (AFRL) were terminated or phased out shortly
thereafter.

Congress subsequently directed DTRA to establish
a modest, technology-focused thermionics program.
The DTRA program incorporated a variety of projects
performed by industry, universities, two Russian insti-
tutes, and a Department of Energy (DOE) laboratory.
In 1999, after 3 full years, DTRA sought an indepen-
dent assessment of its stewardship of the advanced ther-
mionics research and development program and of the
technical progress of the program. The NRC accepted
the charge of performing this assessment.

The statement of task for this study required the
NRC to perform the following tasks:

 Evaluate DTRA’s prior and present sponsored ef-
forts.

» Assess the present state of the art in thermionic
energy conversion systems.

» Assess the technical challenges to the develop-
ment of viable thermionic energy conversion systems
for both space and terrestrial applications.

» Recommend a prioritized set of objectives for a
future research and development program for advanced
thermionic systems for space and terrestrial applica-
tions.

An additional task was to conduct a workshop for the
interim discussion of technical challenges and a strat-
egy for meeting those challenges. The results of the
workshop are incorporated into this report.

PROGRESS IN THERMIONIC RESEARCH

Despite being limited by modest funding, DTRA has
made good progress since its redirection to a technol-
ogy program in 1996. Given the funding limitations
and uncertainties, the industry and university partici-
pants generally have performed admirably. The com-
mittee was especially impressed by the technical ac-
complishments in the cooperative work conducted by
U.S. and Russian researchers on single-crystal refrac-
tory metal alloys research under the auspices of the
DTRA program.

Nevertheless the committee believes that, despite
these accomplishments, the overall goals of the present

Copyright © National Academy of Sciences. All rights reserved.



program are too broad and diverse to be accomplished
given the projected budget constraints. The committee
also notes that the thermionic technology program is
not encompassed by the primary mission statement of
the DTRA organization. This being so, the committee
believes that the program could be more effectively
planned, managed, coordinated, and conducted by the
AFRL.

OVERVIEW AND ASSESSMENT OF THE DTRA
THERMIONICS PROGRAM

The present DTRA thermionics program consists of
three major elements, namely the nuclear power in-core
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thermionic technology element, performed primarily
by General Atomics and several subcontractors; the mi-
crominiature thermionic converter element performed
by DOE’s Sandia National Laboratories; and the theory
and theory model validation element, performed by the
DTRA staff and consultants. Table ES-1 summarizes
the tasks conducted under the DTRA thermionics pro-
gram.

From fiscal year 1996 to 1999, DTRA also spon-
sored a portion of the thermionic generator testing con-
ducted under the USAF’s Solar Orbital Transfer Ve-
hicle program. The DTRA thermionics program
includes both basic and applied research as well as en-
gineering development and demonstration efforts.

TABLE ES.1 Major Elements of the DTRA Thermionics Program

Major Thermionic

Program Element Subelement

Subtask

Responsible Research Group

Nuclear power in-core Conductively coupled/multi-cell

thermionic fuel element (TFE)

Oxygenated thermionic
converters

High-creep strength fuel clad
development

Advanced thermionic converter:
close-spaced converter

Advanced thermionic converter:
low emissivity converter
development

Microminiature thermionic
converter (MTC)

Proof of performance and theory
validation

Thermionic theory and model
validation

Thermionic space reactor system
mass model

Thermionic theory and theory
validation

Trilayer insulation design,
development, and device testing

Oxygenated electrode testing

Oxygen mass transport

Single-crystal alloy domestic
fabrication and creep testing;
closed chemical vapor
deposition process

Device development and testing

Design and proof of concept

Low work function coating
development device testing

RSMASS-T system model
upgrade

Vacuum converter theory
development and surface effects
modeling

General Atomics in
collaboration with Russian
research facilities

General Atomics in
collaboration with Russian
research facilities

Russian research facilities
Auburn University in

collaboration with Russian
research facilities

Russian research facilities

Russian research facilities

Sandia National Laboratories
with New Mexico Engineering
Research Institute test support

DTRA staff

DTRA staff and consultants

Copyright © National Academy of Sciences. All rights reserved.



EXECUTIVE SUMMARY

Of the three major elements that make up the DTRA
thermionics program, the committee recommends that
the microminiature thermionic converter (MTC) effort
and the theory and validation efforts be discontinued.
While the MTC effort can be appreciated for its inno-
vation and its attempts to eventually provide some po-
tential technology spin-off to other fields in the future,
the committee does not believe that the promise of the
MTC concept can ever be realized without unreason-
able amounts of funding.

Likewise, in the committee’s opinion, the theory and
validation task has a relatively low probability of addi-
tional success, and the potential end results do not war-
rant further expenditures at this time in light of limited
available funding.

By contrast, many of the tasks under the nuclear in-
core portion of DTRA’s thermionic technology pro-
gram do show promise, and the committee believes that
many of those elements in the program should be con-
tinued. However, the activities associated with the oxy-
genated thermionic converter subtask should not be
continued. Although they are categorized under the
nuclear in-core portion of DTRA’s thermionic technol-
ogy program, the remaining tasks in the thermionics
program can be broken down into two broad applica-
tion areas:

 Space applications
—Solar power
—Nuclear power

 Terrestrial applications.

The committee found no firm requirements or need
for thermionic systems within DoD or NASA, and ther-
mionic system-level technology is not developed to the
point that it is available for mission commitment at this
time. However, potential applications may be defined
beyond the next decade. The committee believes that
the system performance advantages offered by thermi-
onic energy conversion are attractive for future high
power space missions employing solar concentrating
heat sources or, in the longer term, nuclear reactor heat
sources. Because of the unique nature of thermionic
systems, the committee believes that a thermionic pro-
gram should continue to be supported.

Key Finding: Thermionic systems are unique for
three reasons: (1) the inherently high power density
of the conversion mechanism itself, (2) the systems’
high heat rejection temperature, typically 1000 K,
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which allows thermionic systems to use compact
radiators with relatively low masses, and (3) the sys-
tems’ potential to operate in a higher power ‘“surge
mode” for sustained periods over a small fraction of
their programmed life. The combination of these
three advantages could allow for potentially signifi-
cant advances in system power level density (kilo-
watts per kilogram).

SOLAR THERMIONIC SYSTEMS

Although solar thermionic development was ex-
plored briefly by NASA in the 1960s, research was
curtailed in the early 1970s in favor of solar photovol-
taic battery systems. However, standard power require-
ments for satellites have since increased from several
kilowatts to tens of kilowatts. In this range, a solar ther-
mionic system appears to offer advantages in terms of
stowed payload volume and mass. Space-based solar
thermionic systems, such as the high-power, advanced,
low-mass (HPALM) solar thermionic converter pro-
posed by General Atomics, potentially offer competi-
tive specific power.! It should be noted that no such
system exists at present.

The HPALM concept is an energy conversion sys-
tem for use with spacecraft operating where solar en-
ergy is available. The concept involves the use of an
inflatable solar concentrator to focus solar energy onto
a thermionic converter to supply power to a spacecraft.

The feasibility of solar thermionic systems is based
in part on the demonstrated NASA planar converter
and generator technology of the 1960s, namely the so-
lar electric converter used under the Solar Energy Tech-
nology (SET) program. Under that program, convert-
ers operating at 25 watts per square centimeter and 0.7
volts demonstrated 15,000 hours of life through sev-
eral hundred thermal eclipse cycles. The individual
generators developed under the SET program provided
150 watts of electrical power.

Since then, substantial progress on large, oriented
space structures, particularly inflatable structures not
related to thermionics research and development, has
raised the possibility of using large solar concentrators
in space. The committee recommends that the sponsor-
ing agency? direct the near-term thermionics research

ISpecific power is defined as the power per unit mass, or kilo-
watts per kilogram.

2The term “sponsoring agency” is used to reflect the recommen-
dation that the program be transferred from the DTRA to the AFRL.

Copyright © National Academy of Sciences. All rights reserved.



and development toward a solar thermionic application
that could provide mid to high tens of kilowatts
(roughly 30 to 70 kilowatts) of electrical power to a
client spacecraft. In particular, the program should be
aligned with the HPALM concept.

The committee conducted a detailed review of the
relatively unsuccessful New Mexico Engineering Re-
search Institute (NMERI) string thermionic assembly
research testbed (START) efforts. The tests consisted
of connecting strings of electrically connected thermi-
onic converters, forming thermionic generators, to vali-
date a system-level power conversion concept for the
AFRL Solar Orbital Transfer Vehicle (SOTV) pro-
gram.

The committee decided that the tests should be re-
viewed because of the conclusions apparently drawn
from the inconclusive tests. The testing team concluded
that the poor test results indicated problems with the
converter technology. Based on available documenta-
tion, however, the committee believes that serious test
procedural problems may have been to blame and that
no conclusions should be made about thermionic con-
verter performance based on those tests.

NUCLEAR POWER THERMIONIC SYSTEMS

A 1998 report of the National Research Council’s
Committee on Advanced Space Technology (NRC
1998) stated as follows:

Advanced space nuclear power systems will probably be required to
support deep space missions, lunar and planetary bases, extended
human exploration missions, and high-thrust, high-efficiency pro-
pulsion systems. A major investment will eventually be needed to
develop advanced space nuclear power sources. . . . Unless NASA
supports R&T in areas such as innovative conversion methodolo-
gies or innovative packaging and integration, future space nuclear
power systems will probably be more expensive and less efficient.

For some missions that will require high power and
long life, or where nuclear power is a critical require-
ment, the potential performance advantages of nuclear
thermionic space power are compelling for electric pro-
pulsion missions. In terms of lifetime and device-level
power output, coupled with their low mass, compact-
ness, and surge mode capability, thermionic systems
are attractive, and the nearly unique features of this
technology could satisfy future space power require-
ments for 20 kilowatts up to megawatts of electric
power.

In some cases, fully developed thermionic technol-
ogy may be mission enabling. However, the committee
also acknowledges that the technical risks in develop-
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ing a functional thermionic system are high. The tech-
nical uncertainty surrounding an operational system
that could achieve the desired performance is especially
high for power systems that use thermionic converters
powered by in-core nuclear reactors.

The most challenging and expensive feasibility is-
sues for nuclear thermionic systems are clearly those
related to the integration of the converter into the
nuclear reactor core. These issues include nuclear fuel
swelling, which causes structural deformation and elec-
trical short circuits in the thermionic converter, and ra-
diation damage to converter insulator materials. At
present, any thermionic fuel element using nuclear fuel
would be life limited due to nuclear fuel swelling. This
limitation currently makes nuclear thermionic systems
impractical for missions with a requirement for long
operational life. The original Russian TOPAZ reactor
program demonstrated a 1 year life operational capa-
bility in space. The U.S. thermionic fuel element veri-
fication program projected system life to be greater
than 3 years; however, no such system has been built.
There is no capability in the United States to test
nuclear thermionic fuel materials for fuel swelling is-
sues because those fast-spectrum test facilities were
deactivated. A possible alternative to reestablishing test
facilities in this country is to coordinate with Russia in
future thermionic materials testing.

Given the very high cost of developing and deploy-
ing space nuclear reactors, the committee does not rec-
ommend pursuing thermionic technology solely for use
with nuclear power sources in the near term. Instead,
the thermionics research and technology program
should have the development of a thermionic space
nuclear capability as a long-term goal. A challenge to
balancing near- and long-term plans is to identify tech-
nologies that can be adapted to both solar and nuclear
thermionic applications.

TERRESTRIAL THERMIONIC SYSTEMS

Terrestrial thermionic applications are specifically
mentioned in the statement of task for this study, even
though such applications have received little attention
from any research organization in the past two decades.
The committee found no significant interest in terres-
trial military or commercial fossil-fuel-based thermi-
onic systems. Past interest had been motivated by a
desire to increase energy conversion efficiency and re-
duce pollution. The committee believes that this lack
of interest is a result of the high cost of thermionic
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systems and the fact that neither long-term reliability
nor the systems themselves have been proven. There is
currently no incentive in the marketplace to develop
terrestrial thermionic systems in spite of rising fuel
costs, significant power shortages, and environmental
pollution.

SUMMARY AND CONCLUSIONS

Although thermionic systems have the potential to
satisfy many future power system needs, other power
conversion technologies are also being developed. In
relation to these other potential technologies, the com-
mittee believes that thermionic technology may offer
equal or superior merit for specific missions. The fu-
ture sponsor should continue to evaluate and develop
the possibilities of thermionic systems despite the chal-
lenge of preserving, continuing, and advancing this
technology in the near term.

The following recommendations are presented in
order of priority. The first recommendation, to move
the thermionics program from the DTRA to the Air
Force Research Laboratory (AFRL), is listed as the pri-
mary recommendation strictly from a programmatic
point of view. The committee urges those working
within and managing the thermionics program on a
daily basis to concentrate on recommendations two
through seven, which are offered by the committee in
order to strengthen the program on a technology level.

Recommendation 1. The United States Congress and
the Administration should transfer responsibility for the
technical management of the Defense Threat Reduc-
tion Agency’s thermionics program to the Air Force
Research Laboratory. Doing so would enhance the
technical continuity for the technology and place the
program in an agency responsible for developing power
systems and conversion technologies. As the focal
point for thermionic research, the Air Force Research
Laboratory should attempt to establish cooperative ac-
tivities with other government agencies, such as the
Department of Energy, the Naval Research Laboratory,
NASA, and the Air Force Office of Scientific Research.

Recommendation 2. The sponsoring agency should
generate a long-term plan to focus activities related to
both solar and nuclear applications for thermionic tech-
nology.
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Recommendation 3. The sponsoring agency should
concentrate its near-term thermionic development work
on a space-based solar thermionic power system, such
as the high-power, advanced, low-mass (HPALM)
concept.

Recommendation 4. The sponsoring agency should
concentrate longer-term thermionic development work
on those areas of nuclear thermionic power systems
related to materials development, converter develop-
ment, and radiation effects on materials in order to
achieve high power and long life for such systems.

Recommendation 5. The sponsoring agency should
reestablish an adjunct basic research program on elec-
trode surface physics, plasma, and materials processes
relevant to thermionic energy conversion. This pro-
gram should be funded separately from the thermion-
ics research program.

Recommendation 6. The sponsoring agency should
discontinue the microminiature thermionic converter
(MTC) program, the close-spaced vacuum converter
tasks, the oxygenation effects research, and all current
theory and theory validation work.

Recommendation 7. When working on a system-level
solar thermionic design, the sponsoring agency should
reexamine the string thermionic assembly research
testbed (START) tests in order to record lessons
learned. The reexamination should begin with a retest
of the original, individual converters to differentiate
between problems due to the converter design and gen-
erator configuration and those due to the test setup. The
sponsoring agency should gather an independent group
of experts to devise testing methodologies so as not to
repeat past mistakes.
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Introduction

BACKGROUND

In 1995, the Defense Nuclear Agency, now a part of
the Defense Threat Reduction Agency (DTRA), was
assigned management responsibility for the remnants
of the thermionics research and development programs
of the Ballistic Missile Defense Organization (BMDO)
and the U.S. Air Force The major thrust of the new
combined program was a cooperative U.S.-Russian
project called the TOPAZ International Program (TO-
PAZ is a Russian acronym meaning thermionic power
from the active zone). The TOPAZ program was termi-
nated in 1996 in response to (1) findings by the Gen-
eral Accounting Office and a study by the National Re-
search Council (NRC 1996) questioning the relevance
of the unfueled TOPAZ system testing, (2) the absence
of a Department of Defense (DoD) and National Aero-
nautics and Space Administration (NASA) need for
near-term space nuclear reactor power systems, and (3)
pressure to prioritize resources. Most of the remaining
thermionic technology projects being conducted by
BMDO and the Air Force Research Laboratory were
terminated or phased out shortly thereafter.

Congress subsequently directed DTRA to establish
amodest, technology-focused thermionic program. The
DTRA program incorporated a variety of projects be-
ing performed by industry, universities, several Rus-
sian institutes, and a Department of Energy (DOE)
laboratory. In 1999, after 3 full years of planning and
management, DTRA sought an independent assess-
ment of its stewardship of the advanced thermionics
research and development program and the technical
progress of the program. The NRC accepted the charge
of performing this assessment.

The statement of task for this study, which appears
in Appendix A, required the NRC to perform the fol-
lowing tasks:

» Evaluate DTRA’s prior and present sponsored ef-
forts.

» Assess the present state of the art in thermionic
energy conversion systems.

» Assess the technical challenges to the develop-
ment of viable thermionic energy conversion systems
for both space and terrestrial applications.

* Recommend a prioritized set of objectives for a
future research and development program for advanced
thermionic systems for space and terrestrial applica-
tions.

An additional task was to conduct a workshop for the
interim discussion of technical challenges and a strat-
egy for meeting those challenges. The meetings and
workshop included participants from nongovernmental
organizations, industry, and academia. The results of
the workshop are incorporated into this report.

To accomplish these tasks, the NRC’s Aeronautics
and Space Engineering Board established the Commit-
tee on Thermionic Research and Technology, consist-
ing of 11 members. Brief biographies of the committee
members are presented in Appendix B.

APPROACH

The committee first met with DTRA representatives
in May 2000 to clarify the objectives and purposes of
the study. DTRA representatives attended and partici-
pated in all subsequent open meeting activities. The
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study was conducted independently, in keeping with
NRC procedures and government contracting regula-
tions.

At the second meeting in June 2000, the committee
met with all of the government thermionic research and
development organizations and potential technology
user organizations, including NASA, DOE, and DoD.
The committee was also briefed on current and poten-
tial NASA and DoD mission and system applications
for thermionic technology, including envisioned power
requirements. Earth-based (terrestrial) applications and
commercial power technology development activities
were assessed based on discussions with commercial
power industry representatives and a recent NRC study
on the DOE’s renewable energy program (NRC 2000).

During the information gathering phase of the study,
the committee received technical briefings from all of
the researchers in the United States currently sponsored
by the DTRA program. The committee also sponsored
a 2-day thermionic technology workshop in La Jolla,
California, in August 2000. At that workshop, the com-
mittee presented an overview of the major tasks to rep-
resentatives of the thermionics community. In turn, the
committee received additional technical briefings and
suggestions for recommendations from the thermion-
ics community, some of which the committee ulti-
mately adopted.

All written materials presented to the committee dur-
ing the course of this study, including materials pre-
sented at the workshop, are maintained on file as a
matter of public record at the NRC.

The information gathering phase of this study also
included a complete review of three earlier NRC stud-
ies related specifically to thermionics, Advanced
Nuclear Power Sources for Portable Power in Space
(NRC 1983), Advanced Power Sources for Space Mis-
sions (NRC, 1989), and Assessment of the TOPAZ In-
ternational Program (NRC 1996).

A related report, Renewable Power Pathways: A Re-
view of the United States Department of Energy’s Re-
newable Energy Programs (NRC 2000), and discus-
sions with commercial power industry representatives,
aided the committee in evaluating terrestrial applica-
tions and national commercial power technology de-
velopment activities.

ORGANIZATION OF THIS REPORT

The seven recommendations in this report are pri-
oritized as presented in the executive summary. How-
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ever, in the main body of the report, they are placed
with the relevant subject matter topics and discussion,
rather than in prioritized order.

The committee found that many of the technology
program elements that the DTRA is currently funding
should be discontinued. For the purpose of this study,
the remaining program elements fall into three broad
categories discussed in Chapters 4, 5, and 6, respec-
tively:

1. Space solar power applications,
2. Space nuclear power applications, and
3. Terrestrial applications.

Chapter 2 of this report presents the conclusions of
the study. Thermionic systems offer the potential to
satisfy many future power system needs. However,
thermionics is but one candidate in a field of many,
several of which are also in as austere funding situation
as thermionics. The committee believes that in relation
to these other technologies, thermionic technology has
worth and should continue to be developed. However,
the committee acknowledges that preserving, continu-
ing, and advancing this technology in the near term
will be extremely challenging.

The committee praises the technical quality and ac-
complishments of the cooperation between U.S. and
Russian researchers under the auspices of the DTRA
program. At the same time, the committee is concerned
that there is a possibility of undesired transfer of tech-
nology from the United States to China through the
Russian researchers. It has been reported that China is
engaging in thermionic research and development.

The committee believes that a firm understanding of
the technical and programmatic history of past thermi-
onic activities, of the technology’s successes and fail-
ures, and of programmatic and national policy issues is
essential for planning the future direction of the pro-
gram. Accordingly, Chapter 3 briefly reviews thermi-
onic energy conversion principles and history and dis-
cusses thermionic system attributes as they relate to
potential applications in future missions. Although it
found no firm requirements for thermionics for any
DoD- or NASA-approved missions, the committee be-
lieves that the system performance advantages offered
by thermionic energy conversion could be utilized in
future high power space missions employing a solar-
concentrator or nuclear reactor heat source. In some
cases, fully developed thermionic technology may be
mission enabling. The committee also acknowledges
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that the technical risks in developing a functional ther-
mionic system are high. The technical risk and uncer-
tainty are especially high for power systems that use
thermionic converters powered by nuclear reactors.
Given the tremendous cost of developing and deploy-
ing space nuclear reactors, the committee does not rec-
ommend pursuing either short-term thermionic tech-
nology solely for use with nuclear power sources or
system development activities until a mission is identi-
fied that will require such a power source.

Should a high power mission, one requiring a
nuclear reactor in space, be identified, the demonstrated
capabilities of thermionic systems, coupled with their
intrinsic low mass and compactness, could satisfy fu-
ture space power requirements in the low to mid tens of
kilowatts to megawatts.

Chapter 3 also summarizes the demonstrated state
of the art of thermionics technology as related to space
and terrestrial applications. Much of the existing tech-
nology base supporting the feasibility of system appli-
cation has already been demonstrated, particularly for
solar applications as demonstrated by NASA’s Jet Pro-
pulsion Laboratory (JPL) Solar Energy Technology
(SET) program. The remaining development issues
within the arena of solar thermionics are significant,
but those problems have been clearly defined as a re-
sult of past efforts.

The most challenging and expensive technology fea-
sibility issues are those that are related to integration of
the converter into the nuclear reactor core and that are
mostly dependent on structural deformation induced by
nuclear fuel swelling. The structural deformation (or
creep) results in electrical shorting in the converter and
radiation damage to converter insulator materials. Both
problems raise questions about the suitability of a ther-
mionic system for an extended space mission life of 10
years or more.

Chapter 4 reviews the potential use of thermionics
in conjunction with power systems that use concen-
trated solar energy. First considered in the 1960s, de-
velopment of solar thermionics was curtailed in the
early 1970s owing to the competitive advantages of
solar photovoltaic battery systems and their ability to
satisfy the prevalent need at that time for hundreds of
watts up to a few kilowatts of electrical power. As po-
tential power requirements grow into the 30-plus kilo-
watt range, solar thermionic systems appear to offer
stowed payload volume advantages, competitive spe-
cific power capabilities, and the ability to operate in
higher natural radiation orbital environments than most
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other energy conversion systems.! The feasibility of
such solar thermionic system concepts is based in part
on the demonstrated JPL planar converter and thermi-
onic generator technology of the 1960s, especially
those technologies generated under the JPL SET pro-
gram. Under that program, converters operated at 25
watts per square centimeter and 0.7 volts with a dem-
onstrated life of 15,000 hours. Progress in large, ori-
ented space structures, particularly inflatable struc-
tures, has also contributed greatly to solar thermionic
feasibility.

Chapter 5 presents a review of thermionic technol-
ogy as it relates to space nuclear reactor power sys-
tems. The demonstrated performance of the short-life
Russian TOPAZ thermionic space reactor system is
discussed, as are the accomplishments of the Thermi-
onic Fuel Element Verification program sponsored by
the Strategic Defense Initiative during the mid 1990s.
The key remaining technology issues are described, as
are arguments for nuclear in-core thermionics versus
nuclear out-of-core conversion systems.

Chapter 6 covers terrestrial applications of thermi-
onics. Even though these applications have received
little attention in the past two decades, the committee
was specifically tasked with identifying them. In re-
sponse, the committee has included a brief summary of
past terrestrial efforts; however, the committee found
no current interest for terrestrial military thermionic
systems or commercial fossil-fueled thermionic sys-
tems. The desire to increase power conversion effi-
ciency and decrease pollution motivated past system
concepts, but there is currently no market incentive to
develop terrestrial thermionic systems in spite of rising
fuel costs, significant power shortages, and environ-
mental pollution. The committee believes that this lack
of interest is a result of the high cost of thermionic
systems and the fact that neither long-term reliability
nor the systems themselves have been proven. By con-
trast, combined cycle gas turbine systems that have a
proven long life, high efficiency, and reliability are
being used.

In Chapter 7, the committee assesses progress made
under the current DTRA program in certain key areas.
The committee believes that the DTRA program has
made good progress, especially in light of the limited
funding since the program’s redirection toward tech-
nology development from the previous TOPAZ Inter-

ISpecific power is defined as the power per unit mass, or kilo-
watts per kilogram.
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national Program system-level approach. In general,
industry and university participants in the present pro-
gram have performed admirably given the uncertain-
ties surrounding funding.

Appendix A contains the DTRA statement of task,
and brief committee member biographies are presented
in Appendix B. Appendixes C and D contain support-
ing material on electric propulsion and list the acro-
nyms used in the report, respectively.
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Conclusions Regarding the Current DTRA Program

THE MISSION OF THE DEFENSE THREAT
REDUCTION AGENCY

Thermionics, as a technical entity, is in danger of
disappearing. The infrastructure and technology base
will disappear unless continued support is provided.
Both applied research and basic research are required
to maintain the technical infrastructure and attract com-
petent researchers.

The biggest challenge to maintaining a strong ther-
mionics technology program is finding an interested
user. The only potential users for thermionics-based
technology that the committee has identified are de-
scribed in Chapter 3. In addition, there seems to be
little interest in or enthusiasm for thermionics within
the Defense Threat Reduction Agency (DTRA) itself.
This is understandable, because the goals of a thermi-
onics research and development program do not coin-
cide with the stated mission of the DTRA.

The Defense Threat Reduction Agency safeguards the United States
and its friends from weapons of mass destruction (chemical, bio-
logical, radiological, nuclear and high explosives) by reducing the
present threat and preparing for the future threat. DTRA’s work cov-
ers a broad spectrum of activities—shaping the international envi-
ronment to prevent the spread of weapons of mass destruction
[WMD], responding to requirements to deter the use and reduce the
impact of such weapons, and preparing for the future as WMD
threats emerge and evolve.!

Thermionics technology and devices have tradition-
ally been closely tied to nuclear power applications. As
a result, early on there was an indirect link between
thermionics and the DTRA mission statement in that
research in thermionics was able to employ Russian

IThe DTRA mission statement is available online at <http://
www.dtra.mil>.
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nuclear specialists. However, in recent years, thermi-
onics technology has been increasingly applied to
other, non-nuclear applications. As a result, the goals
of the thermionics research and technology effort are
no longer compatible with the DTRA mission state-
ment.

Finding: The thermionics research and development
effort does not fit within DTRA’s current mission.

In discussions with the committee, representatives
from the Air Force Research Laboratory (AFRL) indi-
cated an interest in expanding their role in thermionic
research and development. In fact, they are currently
working in thermionics with the solar orbital transfer
vehicle (SOTV) and the high-power, advanced, low-
mass (HPALM) concepts as discussed in Chapter 4.
This interest in thermionics is logical since the AFRL
has the mandate to develop future power supplies for
the Air Force, and thermionics could potentially play a
role.

The committee believes that it is prudent for the
AFRL to assume all responsibilities for thermionic re-
search and development on behalf of the federal gov-
ernment for the following reasons:

» The AFRL has the mandate to work with power
conversion technologies, one of which is thermionics.

 The responsible parties at AFRL have expressed
an interest in developing thermionic technology.

» The AFRL is already supporting thermionic ef-
forts at a low level.

Recommendation 1. The United States Congress
and the Administration should transfer responsibil-
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ity for the technical management of the Defense
Threat Reduction Agency’s thermionics program to
the Air Force Research Laboratory. Doing so would
enhance the technical continuity for the technology
and place the program in an agency responsible for
developing power systems and conversion technolo-
gies. As the focal point for thermionic research, the
Air Force Research Laboratory should attempt to
establish cooperative activities with other govern-
ment agencies, such as the Department of Energy,
the Naval Research Laboratory, NASA, and the Air
Force Office of Scientific Research.

By transferring thermionics research and develop-
ment to the AFRL, the federal government would es-
tablish one thermionics focal point, for the AFRL could
then become the thermionics community coordinator
and employ the existing Space Technology Alliance
(STA) and the Interagency Advanced Power Group
(IAPG) to coordinate efforts and disseminate informa-
tion. The STA is a U.S. government forum for increas-
ing collaboration across government, industry, and
academia. The alliance comprises eight government or-
ganizations: the departments of the Air Force, Army,
and Navy; the Ballistic Missile Defense Organization;
the Defense Advanced Research Projects Agency; the
Department of Energy (DOE); the National Aeronau-
tics and Space Administration (NASA); and the Na-
tional Reconnaissance Office. IAPG is a U.S. govern-
ment forum whose goal is to increase collaboration in
power technology research and development activities
across the government. The IAPG operates the Power
Information Center, which distributes summaries of
current and past projects in power technology to mem-
ber organizations.

To achieve this aim, the AFRL, or other sponsoring
agency, could establish interagency collaborations on
thermionics with NASA, the DOE, the Naval Research
Laboratory, and the Air Force Office of Scientific Re-
search.?

WORK CONDUCTED UNDER THE DTRA
PROGRAM

In general, the committee found that most of the re-
search and development sponsored by the DTRA has
been good. The benefits in the materials regime are

2The term “sponsoring agency” is used to reflect the recommen-
dation that the program be transferred from the DTRA to the AFRL.
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especially apparent as discussed in Chapter 7. The
DTRA has accomplished what appears to be solid
results in the single-crystal research area, largely by
sponsoring research conducted by Russian research in-
stitutes.

Finding: DTRA-sponsored efforts in thermionics have
yielded respectable technical results at a relatively
modest funding level.

However, in general the DTRA thermionics research
and development program is attempting to accomplish
too many things given the modest levels of funding
that are available. The committee appreciates the ef-
forts of the DTRA management team to date and un-
derstands that DTRA is attempting to create a technol-
ogy base of useful elements that other programs or
initiatives might use in the future (see Table 2.1). The
committee believes, however, that other system pro-
grams or mission initiatives will not consider using
thermionic power system technology since the tech-
nology is largely undemonstrated at the level of a com-
plete power system. Also, future needs for any power
conversion technology will be driven by the potential
requirements of future mission systems. Since the far-
term continuation of a thermionics program is con-
tingent upon the technology actually being used, the
committee strongly believes that future thermionics re-
search and development should be localized around a
potential sponsor effort. The committee has kept this
philosophy in mind when constructing the recommen-
dations in this report.

Finding: The present DTRA program is spread among
too many different areas to allow a large impact in any
one area.

The DTRA thermionics technology program has
been affected by the method of funding and by the
manner in which the program has been administered.
Since the program has been funded by so-called con-
gressional plus-up funds, there is no long-range fund-
ing plan. As aresult, no long-range plan for technology
has been put in place and pursued that would result in
the technology being available on a system level in the
foreseeable future. The committee found that there is a
general lack of continuity and coordination of funding
for the current thermionics research program.

The current program tends to focus on component
technology and performance enhancement as the easi-
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TABLE 2.1 Major Elements of the DTRA Thermionics Program

THERMIONICS QUO VADIS?

Major Thermionic

Program Element Subelement

Subtask

Responsible Research Group

Nuclear power in-core Conductively coupled/multi-cell

thermionic fuel element (TFE)

Oxygenated thermionic
converters

High-creep strength fuel clad
development

Advanced thermionic converter:
close-spaced converter

Advanced thermionic converter:
low emissivity converter
development

Microminiature thermionic
converter (MTC)

Proof of performance and theory
validation

Thermionic theory and model
validation

Thermionic space reactor system
mass model

Thermionic theory and theory
validation

Trilayer insulation design,
development, and device testing

Oxygenated electrode testing

Oxygen mass transport
Single-crystal alloy domestic
fabrication and creep testing;
closed chemical vapor

deposition process

Device development and testing

Design and proof of concept

General Atomics in
collaboration with Russian
research facilities

General Atomics in
collaboration with Russian
research facilities

Russian research facilities
Auburn University in

collaboration with Russian
research facilities

Russian research facilities

Russian research facilities

Sandia National Laboratories
with New Mexico Engineering
Research Institute test support

Low work function coating
development device testing

RSMASS-T system model DTRA staff

upgrade

Vacuum converter theory DTRA staff and consultants
development and surface effects

modeling

est way to structure a program with limited resources
and little assurance of continued funding. However, a
system oriented approach would be useful in identify-
ing the major technology needs and tradeoffs early on.
For example, the operating temperature regime of solar
thermionic converters may be determined by factors
such as the characteristics of the solar concentrator
rather than by the limitations of the converter per se.
Similarly, additional lifetime issues may be determined
by factors such as thermal stresses caused by sunlight
or eclipse transitions in orbit. The system oriented ap-
proach is particularly important for the case of ad-
vanced solar concentrator thermionic systems, which

may present challenges that are significantly different
from those presented by their nuclear counterparts.

Combining this system oriented approach with im-
proved record retention and knowledge capture, which
are discussed below, will mean that other nonthermi-
onics related work could take advantage of the ad-
vances made to date even if program funding were
eliminated in the future.

Recommendation 2. The sponsoring agency should
generate a long-term plan to focus activities related
to both solar and nuclear applications for thermi-
onic technology.
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KNOWLEDGE CAPTURE

The committee found that the DTRA thermionics
program has no formal mechanisms to ensure that the
results of current work will be available to future re-
searchers, including non thermionics researchers who
may have interest in specific aspects of the DTRA re-
search program. From experience, the committee
knows that even with fairly large program efforts, re-
search results can be lost due to inadequate record
keeping and high personnel turnover. The amount of
knowledge capture, or the lack thereof, appears to be
independent of how complete any one research and
development project may be but depends, rather, on
the amount of knowledge captured during the process.
One way to avoid the loss of hard-earned research re-
sults is through publication in peer reviewed journals.

The thermionics program can benefit greatly from
peer reviewed publications. To establish a true sense of
a thermionics community, the sponsoring agency
should encourage researchers and commercial devel-
opers in thermionics to broaden their sphere of interac-
tion. Technology programs in general are strengthened
by peer interaction and especially constructive peer
criticism.

To date, the researchers working under the DTRA
thermionics program have not, with few exceptions,
actively engaged in peer review. For example, the com-
mittee found it difficult to gather data on the string ther-
mionic assembly research testbed (START) tests, and
much of the data was not recorded, only alluded to.

Finding: By having papers published under the ther-
mionics research and development program peer re-
viewed, and by establishing a formal documentation
and hardware storage protocol, the future sponsor will
help prevent loss of hard-earned research and develop-
ment knowledge.

FUTURE THERMIONIC WORK WITH RUSSIA

Collaboration between the U. S. and the former So-
viet Union has significantly enhanced the U.S. tech-
nology base in the area of high temperature materials
and thermionic conversion. Much of this collaboration
involves Auburn University and General Atomics in
the area of materials research.

In addition to materials and thermionic conversion,
dialogue in the area of nuclear safety has also devel-
oped. This dialogue, though not necessarily pertinent
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to the performance of thermionic converters, is cer-
tainly important and beneficial for the international
spacefaring community (Booz-Allen and Hamilton
1993). Similarly, Russian technologists have expressed
the desire to collaborate on ways that nuclear technol-
ogy, and in particular thermionic nuclear technology,
can enhance an international human mission to the
Moon or even Mars, should such a mission take place
(Ponomarev-Stepnoi et al. 1992). American specialists
visited nuclear test facilities in Russia and discussed
the possibility of collaboration. The conclusion of a
report generated from that trip was that there could be
beneficial collaborations with the Russians in certain
technology areas (DOE 1992).

The ability to perform high quality nuclear testing in
fast neutron flux is considered to be vital to the devel-
opment of nuclear thermionic systems or other types of
space nuclear power and propulsion systems. Russia
may still be able to provide such testing capability to-
day. However, expanded collaboration between the
United States and Russia has not occurred since the
Space Exploration Initiative was canceled in 1993, and
that effort was focused on the human exploration of the
Moon and Mars.

Despite the potential for positive results from con-
tinuing or expanded thermionic research and develop-
ment collaboration with Russia, the committee has
some concerns about the possibility of technology
transfer to China. In-core thermionic fuel element test-
ing was carried out by the Institute of Atomic Energy
in Beijing in the 1980s (Shengquan 1984). In 2000, a
TASS announcement from Moscow indicated that Rus-
sia and China had discussed collaborative efforts on
nuclear reactors for Chinese satellites (FBIS 2000).

Finding: Past involvement with the Russians in ther-
mionic research has been beneficial, particularly in the
area of materials research for thermionic electrodes and
insulators. Future work with Russia should include test-
ing the effects of radiation on material due to the lack
of nuclear radiation test capability in the United States.

Finding: The collaboration between General Atomics,
Auburn University, and research facilities in Russia has
been successful in advancing the U.S. thermionics re-
search program. The involvement of Russia may also
be beneficial in the future because of its capabilities for
testing thermionics device-related technology in its fast
neutron irradiation reactor test facilities.

Copyright © National Academy of Sciences. All rights reserved.
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DEVICE PHYSICS

Thermionic energy conversion is a process that con-
verts heat directly into electrical power. In its most el-
ementary form, a thermionic converter consists of two
metal electrodes separated by a narrow gap (see Fig-
ures 3.1 and 3.2). One of the electrodes, called the emit-
ter, is held at a high temperature, typically 1800 to 2000
K. The other electrode, called the collector, is held at a
lower temperature, typically 900 to 1000 K. The emit-
ter emits electrons into the gap and the lower tempera-
ture collector absorbs them. The binding energies of

Emitter @ ~1800 K

the emitter and collector surfaces that act on electrons
are known as the work functions of the electrode sur-
faces. The electrons absorbed by the collector produce
a usable electrical current as they return to the emitter
through an external circuit. Electrical power is pro-
duced by virtue of the potential difference between the
emitter and collector.

A thermionic converter is a static device that has no
moving mechanical parts. The device operates at high
temperatures, generates high power, and occupies only
a small volume. For these reasons, thermionic convert-
ers have been considered potentially useful as power

Collector @ ~1000 K

Plasma “Cloud”
—_— ;(\-\/-\ _—
N\ —
Heat In N | Heat Out
—_—_—

External Load

FIGURE 3.1 Basic thermionic converter schematic.

SOURCE: L. Begg, General Atomics, presentation to the Committee on Thermionic Research and Technology, August 2000.
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Emitter

Fuel Pellet

Emitter/collector gap

FIGURE 3.2 A cross sectional view of a thermionic fuel element (TFE). The nuclear fuel is located in the middle of the TFE

and radiates heat outward.

SOURCE: Oregon State University, Nuclear Engineering and Radiation Health Physics, Department of Nuclear Engineering.

sources for use in space as well as for high temperature
terrestrial power systems that generate large amounts
of excess heat, such as coal or natural gas fired power
plants. The United States, France, Germany, Sweden,
Holland, and Russia have pursued thermionic research
and development since the early 1960s. More recently
China has begun investigating thermionic conversion
technologies. Research is still ongoing in Russia, Swe-
den, and China. The committee does not know the cur-
rent status of thermionics research in France, Germany,
or Holland.

Efficient operation of a thermionic converter re-
quires an emitter surface with a relatively low work
function of 3 electron volts or less and an even lower
collector work function of 1.5 electron volts or less.!
The converter must also have the right charge transport
conditions in the interelectrode gap, the area between
the emitter and collector surfaces, to allow electrons to
flow from the emitter to the collector.

Historically, emitters with low work functions were
made for vacuum tubes by coating a metallic surface
with compounds such as barium-calcium-strontium
oxide. Such a technique proved to be impractical for

IThe work function of a material is defined as the amount of
energy required for an electron with a certain energy to overcome
and escape the binding attractive charge, or surface potential, of a
material’s surface.

thermionic converters because these compounds evap-
orated, limiting converter life to a few hundred hours.

Another problem relating to the operation of a prac-
tical thermionic converter is that the emitted electrons
passing through the interelectrode gap create a nega-
tive voltage barrier in the gap. When electrons leave
the emitter surface, they sense the negative space
charge in the interelectrode gap and are forced to return
to the emitter surface. In this way, the flow of current is
obstructed. The negative space charge of the electron
gas in the interelectrode gap must be suppressed to al-
low sufficient current to flow.

One solution to the negative space charge problem
is to make the interelectrode gap small enough to be
less than the mean free path of the emitted electrons.
One type of thermionic device, the vacuum converter,
obtains practical output currents by reducing the
interelectrode spacing to a few micrometers (~5). The
gap is small enough so that the electrons do not have
the opportunity to collide with one another or to accu-
mulate in the gap where they can create a space charge.
The electrons are absorbed by the collector before this
can happen.

The principal technical challenge in making such de-
vices is maintaining the extremely close spacing re-
quired. A mechanically stable electrode support struc-
ture also conducts too much heat from the emitter.

Copyright © National Academy of Sciences. All rights reserved.
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Vacuum converters, while possible to construct, have
proven to be impractical as power producing devices.

Typical thermionic converters have a significantly
larger separation between the emitter and collector, but
use cesium in the gap to nullify the negative space
charge effect. Figure 3.3 illustrates the change in out-
put voltage as a function of the distance between the
emitter and collector in a cesium environment. The
graph presents data generated by the Jet Propulsion
Laboratory (JPL) Solar Energy Technology (SET) pro-
gram team in approximately 1967. The data are for an
ignited mode converter, and the peak performance is at
the optimum spacing of approximately 3.5 mils (88.9
micrometers). The voltage output is lower on the right
side of the graph as a result of an increasing negative
space charge. The smaller spacing between the emitter
and collector, as represented on the left side of the
graph, results in a lower voltage output. The linear out-
put at very low spacing, also at the left, is equivalent to
the performance of a close-spaced vacuum thermionic
converter.

The solution to the negative space charge problem
and device spacing problems is provided by the intro-
duction of cesium vapor into the interelectrode gap.
Cesium vapor accomplishes two things. First, a layer

1.00
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of adsorbed cesium is formed on both the emitter and
collector surfaces that reduces the surfaces” work func-
tions and improves converter efficiency. Second, the
cesium vapor is ionized and forms a plasma in the
interelectrode gap. The positive ions neutralize the
negative space charge of the electron gas.

There are several operational modes of the cesium
plasma, two of which are considered to be important.
In the unignited mode, also called the “Knudsen mode”
when operating at low pressures and the ‘“diffusion
mode” when operating at higher pressures, the plasma
is maintained by thermal ionization of cesium vapor
contacting the hot emitter surface. This method requires
no internal electrical power losses for plasma produc-
tion. The unignited mode requires a very high emitter
temperature, typically greater than 2200 K, as well as a
low cesium pressure, typically 0.1 torr. The system has
an interelectrode gap separation of approximately 0.2
millimeters.

The ignited mode, also called the arc mode, is a
mode in which the plasma is maintained by impact ion-
ization of interelectrode cesium vapor atoms by a
highly energetic and very hot electron gas. The elec-
tron gas is heated by ohmic electrical power dissipa-
tion in the plasma to a temperature of greater than 3200

0.90

0.80

Output Voltage (V)

0.70

Temitter =2000 K

Tcs =604 K (4.1 torr)
Teollector = 1000 K
I=38A

Area = 2.0 cm2

Interelectrode Spacing (mils)

FIGURE 3.3 Solar thermionic output voltage based on emitter-collector spacing.
SOURCE: Jet Propulsion Laboratory, Solar Energy Technology program unpublished data, circa 1967.
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K in this non-equilibrium process. This mode requires
an emitter temperature of between 1600 and 2000 K
and a relatively high cesium pressure of 1 torr. The
interelectrode gap for this mode also has a moderate
spacing, approximately 0.3 millimeters. The arc poten-
tial drop required to maintain the hot plasma is mini-
mized at approximately 0.5 volts. This is the drop in
voltage of the device resulting from maintaining the
high temperature of the plasma. To date, only the ig-
nited mode of operation has been used for practical
applications. Figure 3.4 illustrates the voltage and cur-
rent density characteristics for the various converter
configurations.

The high temperature of the emitter can be main-
tained by any high temperature heat source. For terres-
trial applications, thermionic converters may poten-
tially be used with coal or gas fired electrical plants, as
discussed in Chapter 6. For space missions, two heat
sources could power thermionic converters: solar and
nuclear.

A solar thermionic system, as described in Chapter
4, would consist of a solar concentrator that heats the
emitter using the Sun’s energy. A nuclear system can
use thermionic converters located either inside the
nuclear core, called “in-core systems,” or outside the
nuclear core, called “out-of-core systems.” Both

10
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nuclear in-core and out-of-core systems consist of a
reactor, which generates heat; a thermionic converter,
which uses the heat to produce electrical power; and a
radiator, which rejects waste heat. However, the out-
of-core system also requires a core-to-converter heat
transport mechanism, such as a heat pipe assembly or
pumped liquid metal recirculating system, to deliver
the thermal energy to the thermionic converter since
the converters are not in direct contact with the heat in
the reactor core.

In-core thermionic converters use thermionic fuel el-
ements that contain both the thermionic converter (or
converters) and the nuclear fuel. The most common
design consists of a fuel rod that is placed inside a hol-
low cylindrical thermionic fuel element. The heat is
transferred to the emitter on the inside of the hollow
cylinder, and the exterior of the cylinder is the collec-
tor.

POTENTIAL APPLICATIONS AND COMPETING
TECHNOLOGIES

Thermionics has been considered as a candidate for
space power systems in the regime between a few kilo-
watts and multi-megawatts. The unique nature of ther-
mionic systems could lead to a lighter, more compact

a4
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(Bulk lonization)
a

b
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Current Density (A/cm?2)

0T, =1500°C, T, = 584 °C
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0 T, =1700°C, T, = 685 °C
Tcs =327 °C
d=0.1016 mm

0.0

A
2 = Unignited Regime
U T
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1.5
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FIGURE 3.4 The current-voltage curve of a typical thermionic converter. T, emitter temperature; T, collector temperature;

T, cesium reservoir temperature; d, electrode spacing.
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power conversion system, as detailed in this section.
However, the success of such a system will depend
entirely on technologies that have not yet been devel-
oped. Chapter 4 details the advantages of a lightweight
solar thermionic system if lightweight power condition-
ing electronics, a lightweight concentrator, a high tem-
perature receiver, and a heat pipe radiator can be devel-
oped. Potential missions for thermionic power systems
are listed in Table 3.1.

A lightweight power system with minimum volume
is desirable for launch purposes. The approximate cost
to launch a spacecraft is $6,000 to $10,000 per kilo-
gram to reach low Earth orbit (LEO) and $20,000 to
$40,000 per kilogram to reach a geosynchronous Earth
orbit (GEO) depending on the launch vehicle type.
Making the power conversion system smaller increases
the volume and mass allocation available for mission
payload on the launch vehicle.

Many other energy conversion systems have been
explored to satisfy potential requirements for space-
based power systems. Currently, there is little consen-
sus within the power technology community on which
power conversion system would be best for missions
that travel beyond Mars or toward the Sun inside the
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orbit of Venus. There is very clear consensus that solar
arrays are the best power conversion technology to use
for spacecraft orbiting Earth or traveling to Mars and
Venus.

Thermionics has also been considered for Earth-
based, or terrestrial, power generation systems, but to a
much lesser extent. These systems would convert ther-
mal energy to electrical energy using a thermionic con-
version device. The ability of thermionic devices to op-
erate at higher temperatures than conventional turbine
engines might make thermionics attractive for niche
applications.

The following sections describe general applications
for thermionics and contrast thermionic power conver-
sion with competing technologies that achieve the same
goal.

Space Power Applications

Almost all space missions to date have required
some form of power onboard a spacecraft. The amount
of power needed by these missions in the past, present,
and future varies widely depending on the mission.
Spacecraft operate as close as low Earth orbit, only

TABLE 3.1 Potential Missions for Solar and Nuclear Thermionic Power Systems

Mission
Space Lunar, Space-Based
Near-Term, Far-term Transportation/ Manned Planetary Electric- Advanced
Space-Based Space-Based Electric Space Surface Advanced powered Deep Space
Radar Radar Propulsion Exploration =~ Power Communications Weapons Telescope
Power 3to 10s 100s 5 to 100s 100s to 100s to 10s to 100 1,000s 10s to 100
required 10 MW for 1,000s
kW) cargo support
missions
Location LEO High orbit Orbit transfer,  Mars to Lunar and LEO to GEO LEO to GEO LEO
deep space deep space planet
surface
Application \ \ v Orbit transfer Cargo and \ \ \
for solar and deep space  robotic
thermionics missions
Application \ \ Deep space \ Manned \ \
for nuclear missions
thermionics
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hundreds of miles above Earth’s surface, and as far
away as the outer planets and beyond. In the future,
space missions may include a lunar base and a human
mission to Mars.

The power required for spacecraft ranges from watts
to tens of kilowatts today and may require hundreds of
kilowatts, even megawatts, in the future. The length of
time that peak power is required also depends on the
mission type. Some missions may require a few sec-
onds burst of high power, while other missions may be
conducted for decades, requiring continuous power for
the entire mission life.

A variety of power system technologies can be used
to satisfy this broad range of needs. Figure 3.5 depicts
the general applicability of a particular power system
to a given power level and mission duration regime.
The separate areas shown in the figure represent the
areas where different power conversion technologies
have the greatest benefit. For example, chemical sys-
tems, such as primary single use batteries, fuel cells,
and combustion turbo alternators, are useful for rela-
tively short lived missions. Solar photovoltaic systems
using rechargeable batteries are in wide use today.
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Solar-heated, dynamic conversion systems are rarely
used and are based on different thermodynamic cycles,
such as the Brayton, Rankine, and Stirling cycles, and
alkali metal thermal electric converters (AMTEC) and
thermionic converters. Finally, nuclear reactor- and
radioisotope-heated dynamic and direct converters are
listed. Thermoelectric and thermionic systems fall in
this final category.

The shape of the boundaries between areas varies
depending on the importance of power system mass,
volume, cost, reliability, and system integration issues.
Safety issues and other power system selection criteria
can also affect the boundaries of the areas in Figure
3.5.

Figure 3.6 groups similar candidate power systems
together in relation to their applicable regimes, show-
ing selection criteria for one type of power system.
Power system specific mass, defined as total mass di-
vided by total power produced, is plotted versus power
output for mission durations in the 5 to 10 year range.
These optimum specific mass regimes were determined
by plotting the results of the many space power system
design studies conducted between 1960 and the 1990s.
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FIGURE 3.5 Power system options for specific mission durations.
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FIGURE 3.6 Inverse specific mass versus electrical power output.

Figure 3.6 demonstrates the wide potential applica-
bility of both nuclear-heated thermionic systems and,
to a lesser extent, solar-heated thermionic systems. The
ability to scale these technologies to larger power sys-
tems is also important.

Over the past four decades, several design studies
considered thermionics as the power source. Generally,
the main advantage of both nuclear and thermionic
systems is their potential for high specific power, par-
ticularly at high power output levels. By contrast, ra-
dioisotope thermoelectric generators are not generally
scalable above 1 kilowatt due primarily to high fuel
costs and limited supply of isotopes. Some have sug-
gested that by using more efficient dynamic converters
coupled to radioisotope heat sources, those heat sources
could be expanded to supply 1 to 2 kilowatts of power.
However, these changes would introduce life and reli-
ability issues that would require more investigation.

The highly modular nature of thermionic converters
represents a potentially significant, yet subtle, cost ben-
efit when establishing a reliability database as com-
pared to dynamic conversion devices. This situation is
also true for the equally modular photovoltaic cells.
However, there is a cost penalty on the front end to

develop thermionic systems for in-core thermionic fuel
elements. The cost of testing in-core for issues such as
fuel swelling and radiation effects on materials can be
significant.

Solar dynamic power systems were included in the
early International Space Station (ISS) design. These
power systems were ultimately not pursued, in part
because the dynamic converters themselves were not
fully developed and lacked a significant life test data-
base. The ISS development team selected photovoltaic
battery systems, accepting, when they did so, the
tradeoff between the perceived lower technical risk as-
sociated with a proven technology despite the potential
limitation, at that time, of not being able to scale photo-
voltaics up to the 75 kilowatts power requirement.
Also, maintenance issues on dynamic systems were a
concern. However, the team was limited in its choice
since there were no other flight-demonstrated power
conversion technologies available that had the promise
to achieve such power levels.

The data shown in Figure 3.6 exclude any out-of-
core nuclear thermionic concepts, whose application
overlaps the application of in-core thermionic systems.
Also, the ability of some categories of nuclear out-of-
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core systems to scale to high power levels is limited
compared to that of nuclear in-core systems.

Most of the specific power advantages of nuclear
thermionics are a result of the converter’s potential
ability to operate within a nuclear core. When manu-
factured as part of a nuclear fuel rod, the thermionic
converter can eliminate both heat transport tempera-
ture drops and the need for additional heat transport
hardware to convey the heat from the core to the con-
verter. A thermionic energy converter is the only con-
verter, static or dynamic, that has been designed to op-
erate inside a nuclear core. This benefit allows the
overall power generation system to be more compact
and potentially less complex.

However, there are also issues with materials and
fuel swelling. The high temperature, electric field, and
radiation environment inside the nuclear core can se-
verely affect the lifetime of materials. Also, as fission
gas products build up inside the reactor, the nuclear
fuel swells and mechanically stresses the containment
walls. If the nuclear fuel is part of a thermionic fuel
element (TFE), the resulting mechanical deformation
can cause an electrical short in the TFE.

All power system cooling in space is usually accom-
plished by radiative cooling. Therefore, the high heat
rejection temperature associated with thermionics gives
the system another benefit. The high heat rejection tem-
perature allows for a compact, lightweight radiator. As
system power levels increase, the mass of the thermal
radiator scales linearly with power, and as the recipro-
cal of the absolute temperature raised to the fourth
power.? As a result, as the power level increases on a
traditional space-based nuclear reactor, the radiator
becomes a significant contributor to the total system
mass.

With a thermionic nuclear reactor system, however,
the high heat rejection temperature allows for a smaller
heat rejection radiator to be used. Even when compared
to most other nuclear power conversion candidate tech-
nologies that operate outside the nuclear core yet have
higher efficiencies, a nuclear in-core thermionic sys-
tem is still often more desirable in terms of specific
mass. For example, a thermionic system operating at
10 percent efficiency must reject 125 percent more heat
than a 20 percent efficient dynamic nuclear power sys-
tem, such as a Brayton, Rankine, or Stirling dynamic

2Put another way, mass is proportional to the radiator area. Also,
the heat transfer rate is proportional to the area of the radiator mul-
tiplied by the temperature of the radiator raised to the fourth power.
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converter. However, the dynamic converter rejection
heat radiator must be nearly an order of magnitude
larger owing to the inverse fourth power scaling of ra-
diator area as a function of temperature. As a result,
dynamic nuclear power system radiators are not readily
scalable to very high power levels. At megawatt power
levels, the mass of the heat radiator would most likely
dominate system mass. Another way to view this situ-
ation is that the thermionic system takes advantage of
the temperature to the fourth power rule by using a
higher heat rejection temperature and a smaller radia-
tor.

When scaling a nuclear reactor core to provide more
heat, a fairly small increase in the overall size of the
core will yield significant results since the mass of a
cylindrical core simply scales in proportion to the ra-
dius squared. An increase in core size therefore yields
more heat energy to drive a thermal conversion system.
All reactor systems, when looking simply at the nuclear
core, scale easily to supply larger amounts of heat en-
ergy, which in turn can provide more thermal power.

However, the peripheral hardware of the converter
systems receiving the thermal output from the nuclear
reactor scale more linearly with the increase in overall
heat energy, so that scaling to higher energy power sys-
tems results in an unfavorable increase in overall sys-
tem mass.

This high temperature heat rejection characteristic
allows thermionic system radiators to be intrinsically
compact. A future thermionic system could have mass
and payload integration advantages over most power
conversion candidates. The notable exception is the lig-
uid metal Rankine cycle, which also rejects heat at a
high temperature. Development of liquid metal Rank-
ine cycles ceased in the 1970s, at a low level of devel-
opment, with the demise of the U.S. space nuclear
power program.

Another intrinsic advantage of thermionic system ra-
diators used in space, relative to low temperature sys-
tems, is the potential ability of the thermionic radiator
to survive a small meteoroid impact as well as attack
by space-based weapons that use high speed orbiting
pellets, laser systems, or other potential threats. The
radiator system has higher survivability because it can
be more easily armored and constructed to be highly
redundant through the use of heat pipes in case parts of
the radiator system are disabled. The armoring can be
added to the high temperature system with a much
smaller mass penalty than a low temperature system
would incur. To armor a larger radiator system that is
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used on low temperature systems is much less feasible
because of the additional mass that armoring would add
to the overall system. Also, the smaller size of a high
temperature thermionic radiator decreases the probabil-
ity of the system being hit. These potential survivabil-
ity advantages apply only to other comparable high
temperature systems. A complete discussion of surviv-
ability is beyond the scope of this report.

A less obvious thermionic radiator advantage not
shared by its lower temperature competitors is the abil-
ity of a thermionic system to use sodium heat pipes for
radiator heat transport. In addition, the temperature
range of a thermionic system is nearly optimal for so-
dium heat pipe operation. Selection of an adequate ra-
diator heat pipe fluid for 500 to 600 K radiators is dif-
ficult, but is often ignored when considering low
temperature systems. A sodium heat pipe has a very
high transport capacity, which allows for a lighter
weight and less complex radiator assembly.

Finally, the power density that can be attained by a
thermionic converter system as the temperature of the
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system increases is very impressive. The device output
increases exponentially with only moderate increases
in temperature on the order of a few hundred degrees
and with minimal technical risk. This increase in de-
vice power density as a function of temperature is
shown in Figure 3.7.

The very high temperature thermionic regime shown
in Figure 3.7 reflects U.S. and Russian experimental
data. The data demonstrate that thermionics potentially
offers a tenfold gain in power density compared to cur-
rent technology if higher temperature fuels, more creep
resistant electrode materials, and fuel cladding materi-
als can be developed. The advantage of higher system
power density is that, again, an overall lighter system
is possible than with current systems. However, Figure
3.7 does not take into account lifetime issues that need
to be resolved to make thermionics a viable system-
level technology.

There is a potential limit on the ability of solar pho-
tovoltaic and other solar concentration approaches to
scale to very high power scenarios. The area of solar
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65 Re/Poly Nb diode, 10-mil gap, operated 2990 K point
by Pigford and Thinger, U.S.A., 1969. not plotted
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FIGURE 3.7 Increase in power density of a nuclear thermionic system as a function of temperature.
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array and concentrator systems scales roughly linearly
with power; however, the structural mass to support
the array or concentrator does not. The increase in the
mass required to support such a structure for very high
power levels might not be practical for launch unless
there are unforeseen advances in lightweight structural
materials.

Most experts in the power system community ac-
knowledge that there is a maximum limit for solar
power systems; however, that exact practical limit is
not known. Nuclear thermionic systems offer reduced
mass, volume, and surface area, which may become
increasingly important when space power needs ap-
proach and exceed 100 kilowatts. Nuclear thermionics
has the potential to scale to these higher powers, where,
as discussed in the next section, they could be very
useful for specific space missions.

A unique benefit for electric propulsion systems is
that nuclear powered and some solar powered thermi-
onic systems, designed to operate over normal capacity
at the beginning of the system’s operational life, can
operate in a surge power mode (also referred to as peak
power mode). For example, in the regime shown in Fig-
ure 3.7, the emitter temperature can be increased from
1800 K to 2100 K to double the power for a relatively
short time of 30 to 90 days. To configure a system to
operate in a surge mode requires that all components
be designed to achieve equilibrium at a higher tem-
perature. This type of operation also requires space-
craft designers to accept a somewhat shorter vehicle
operating lifetime. Such surge mode operation can be
used to decrease the time required for orbit positioning
or transfer. In this dual mode operation, electric pro-
pulsion can be combined with other mission require-
ments resulting in a synergistic benefit. This opera-
tional scenario is described in more detail in Chapter 4.

Key Finding: Thermionic systems are unique for
three reasons: (1) the inherently high power density
of the conversion mechanism itself, (2) the systems’
high heat rejection temperature, typically 1000 K,
which allows thermionic systems to use compact
radiators with relatively low masses, and (3) the sys-
tems’ potential to operate in a higher power “surge
mode” for sustained periods over a small fraction of
their programmed life. The combination of these
three advantages could allow for potentially signifi-
cant advances in system power level density (kilo-
watts per kilogram).
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Comparison of Thermionics with Other Power
Conversion Technologies

The location of thermionic technology within the
spectrum of space energy conversion systems can be
determined only by comparing and contrasting it with
the other available and emerging technologies. Eight
commonly discussed technologies have supplied space-
craft with power or offer the potential to do so in the
future. Of the eight, only five have actually been flown
in space. These flight demonstrated power conversion
technologies are compared in Table 3.2.

The power conversion systems that have flown on
spacecraft are listed below:

 Photovoltaic—Systems are still in widespread use;

» Radioisotope thermoelectric generator (RTG)—
Used infrequently;

¢ Fuel cells—Still in use for specialized, short dura-
tion missions such as the space shuttle;

» Thermoelectric nuclear reactor—Used in up to 30
Russian spacecraft and 1 experimental U.S. spacecraft,
but no longer in use; and

» Thermionic nuclear reactor—Used in two Russian
missions in the late 1980s, but no longer in use.

The systems that are in development but have not
flown in space are as follows:

e Dynamic (solar or nuclear), including Rankine,
Brayton, and Stirling cycle converters;

e Alkali metal thermal to electric converters
(AMTEC,; see Box 3.1);

» Magnetohydrodynamic (MHD) converters.

Photovoltaic systems with battery storage are the
most commonly flown space power systems. They have
been in use since the late 1950s and have flown on
more than a thousand missions. Systems have been
designed to supply up to 75 kilowatts of electricity and
for up to 15 years of life.

A second power conversion technology to be placed
in space is the radioisotope thermoelectric generator.
RTGs are small devices designed to supply less than 1
kilowatt for greater than 10 years. These devices have
been used on deep space probes, as well as on several
long-life instruments left on the Moon during the
Apollo program. RTGs have also been used extensively
in the Russian space program.
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TABLE 3.2 Comparison of Flight Demonstrated Power Conversion Technologies
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Beginning of Life

Power Recurring

Level Cost Life
Technology W/kg kg/kW (kW) ($/Watt)  Year (yr) Comments
Photovoltaic (PV)4? 1485 67.36 10 1,130
Solar array® 50.00  20.00 700 2000 15  Must have sunlight
Battery (kWh/kg) 1950 51.28 180 1999 15  Must have electric energy storage
PV conditioning 481.06 2.08 250 2000 15  Good between Mars and Venus
electronics Degrades 1-2%/yr, sensitive to radiation
Deep Space 1, Hughes 702
Battery is 30% DoD 60 kWh/kg NiH, SPV
Thermoelectric?-¢ 530 188.68 0.3 133,000 1997 30  Highly survivable against natural radiation and space-
Radioisotope plus Pu238 based weapon attacks
thermoelectric Heat source degrades 0.8%/yr from Pu?38 half-life
generator (RTG) Converter degrades 0.8%/yr
Cassini
Fuel cells (alkaline)’ 51.00 19.61 7 825 1981 0.3  Requires fuel resupply
Fuel (Wh/kg) 1550.00 0.65 plus fuel Requires fuel storage, tank weight included
Does not need sunlight
Orbiter
Requires maintenance between flights
Nuclear thermionicé 417 23981 5 5000 1987 1.0 Highly survivable
plus fuel Cosmos 1818 and 1867, Topaz I

40.56 watt-hours of energy storage required for every watt of load power needed in a low Earth orbit (LEO).

b1.75 watts of solar array power required for every watt of load power needed in a LEO.

¢Allen, Douglas M., and D.M. Murphy. 1998. “An Update on the Deep Space 1 Power System: SCARLET Integration and Test
Results,” Proceedings of the 33rd Intersociety Engineering Conference on Energy Conversion, American Nuclear Society, Albuquerque,

N. Mex., August 2-6, 1998.

dMehner, Arthur, U.S. Department of Energy, e-mail communication, July 28, 2000.

¢Bennett, Gary, e-mail communication, July 15, 2000.

fLoyselle, Patricia, Thomas Maloney, and Henry Cathey, Jr. 1999. “Design, Fabrication, and Testing of a 10 kW-hr H2-O2 PEM Fuel Cell
Power System for High Attitude Balloon Applications,” 34th Intersociety Energy Conversion Engineering Conference Proceedings, Society

of Automotive Engineers, Inc., August 1999.

$National Research Council. 1996. Assessment of TOPAZ International Program. Committee on the TOPAZ International Program. National

Academy Press, Washington, D.C.

The third power conversion system to have been
used in space is the fuel cell. Fuel cells are typically
used for short duration missions. They are compact
systems with no deployed devices such as photovoltaic
arrays although small waste heat radiators are some-
times used. Fuel cells combine aqueous hydrogen and
oxygen to yield water as a waste product. These sys-
tems have been used on manned space flight programs
since the early days of those missions and are still in
use today on the space shuttle.

Nuclear thermionic generators are the only other
power conversion devices to have been flown on op-

erational spacecraft. Two Russian experimental satel-
lites, Cosmos 1818 and Cosmos 1867, used thermionic
conversion systems to supply their power. Cosmos
1818 and 1867 operated in space for approximately 142
days and 342 days, respectively (Ponomarev-Stepnoi
et al. 2000).

Ground demonstration is one technology develop-
ment step below flight testing. This development level
is for technologies that are not mature enough for space
flight, but it is intended to demonstrate the promise of a
new technology in a flight-like configuration and envi-
ronment. Other heat engine systems in addition to static
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BOX 3.1
Alkali Metal Thermal to Electric Converter

Alkali metal thermal to electric converters (AMTECs) are thermally
powered electrochemical concentration cells that convert heat energy
directly to DC power from any fuel source capable of generating 970
to 1170 K. The converter has no moving parts and efficiencies ranging
from 15 to 25 percent depending on operating temperature and spe-
cific design features.

In operation, an alkali metal such as sodium or potassium ionizes and
is driven through an ion-permeable beta-alumina solid electrolyte
membrane by a temperature-induced pressure differential. On the cath-
ode at the low pressure side, the alkali metal evaporates, travels as a
vapor to a heat sink where it condenses, and then is returned to the
high pressure zone by a fine capillary artery or an electromagnetic
pump. The charge separation produces electrical power at the anode
and cathode surfaces of the ceramic membrane. With its moderate
upper operating temperatures and heat sink temperatures from 373 to
623 K, AMTEC is suitable for cogeneration or topping cycle applica-
tions.

Thermodynamically, AMTEC operates as a heat engine. However, in
contrast to Stirling, Brayton, and Rankine dynamic cycles, AMTEC
systems have no moving parts and are temperature sensitive but rela-
tively insensitive to the choice of heat source.

AMTEC:s that have been ground demonstrated include
the dynamic Brayton cycle, the Rankine cycle with an
organic working fluid, and the Stirling cycle. However,
these systems have not flown or been demonstrated in
a flight configuration or adequately life tested. Table
3.3 compares some of the ground demonstrated power
conversion technologies.

The least mature level of development is projected
performance based on theoretical or partially demon-
strated performance. Closed cycle MHD falls into this
category. There have been several planned MHD
ground demonstrations, but these tests were for terres-
trial systems, not space flight systems. The technology
is being considered for possible use on future orbit-
raising vehicles that move satellites from low Earth
orbit to geosynchronous Earth orbit. Table 3.4 charac-
terizes the advances projected to be made with power
conversion systems.

There are five top-level criteria that a systems engi-
neer considers when selecting a technology as a power
source for space flight:

1. Weight,
2. Cost,
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3. Volume needed on the launch vehicle,
4. Deployed area or boom length, and
5. Risk and availability.

These criteria must be well defined before choosing
a power source. The availability of sunlight is another
key issue and one that is mission specific, which gener-
ally relates to what energy sources are available where
a mission is to operate. Some missions may operate
where there is little to no usable sunlight, such as
around the outer planets. Where no sunlight is avail-
able, a nuclear heat source is most likely the only option
available to power a spacecraft. This option requires a
heat-to-electric converter such as thermoelectric, ther-
mionic, AMTEC, or a heat engine using a Brayton,
Rankine, or Stirling cycle.

Yet another set of missions to which nuclear power
may be best suited are missions that very closely ap-
proach the Sun, where the vehicle must contend with
extreme heat and very intense solar conditions.

HISTORY OF THERMIONIC SYSTEMS AND
DEVELOPMENT

The ability of a device to supply usable electrical
power from heat, thus converting the heat energy to
electrical power with no moveable mechanical parts, is
a potentially important process. One sure process, ther-
mionics, has been investigated as a potential power
supply since the 1950s by many different individuals
and companies. To make clear the extent of the research
carried on in thermionics to date, this section describes
previous efforts to develop thermionic power systems
and highlights the major accomplishments of each
project.

Early efforts, beginning in the 1960s, involved both
solar and nuclear in-core reactor system configurations.
Solar thermionic developments were abandoned in the
early 1970s, while nuclear thermionic research contin-
ued sporadically from the 1960s through the 1990s.

Jet Propulsion Laboratory Solar Energy Technology
(SET) Thermionic Program

JPL initiated a solar thermionic converter life evalu-
ation and generator test program in 1961. The activi-
ties taking place under the SET program included the
following:

» Performance testing on over 135 thermionic con-
verters;

Copyright © National Academy of Sciences. All rights reserved.
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TABLE 3.3 Comparison of Ground Demonstrated Power Conversion Technologies
Beginning of Life Power Recurring
— Level Cost Life
Technology W/kg kg/kW (kW) ($/Watt) (yr) Comments
Solar dynamic Brayton?? 3.0 333.33 2 5,000 6-15 Highly survivable against natural radiation and
space-based weapon attacks
Demonstrated at the system level
Radioisotope Stirling®? 4.0 250.00 0.11 2,000 6-15 Highly survivable against natural radiation and
space-based weapon attacks
Under development
Demonstrated at the converter level
Radioisotope AMTEC¢4-¢ 5.7 175.44 0.1 3,500 1.2 Highly survivable against natural radiation and

space-based weapon attacks
Demonstrated at the converter level

4Mason, Lee S. 1999. Technology Projections for Solar Dynamic Power. NASA TM-1999-208851. National Aeronautics and Space Admin-

istration, Washington, D.C.

bMason, Lee S. 2001. A Comparison of Brayton and Stirling Space Nuclear Power for Power Leads from I Kilowatt to 10 Megawatts. NASA
TM-2001-210593. National Aeronautics and Space Administration, Washington, D.C.
¢Sovie, Ronald J. 1999. Space Power Systems Technology to Meet National Needs. American Institute of Aeronautics and Astronautics,

Reston, Va.

dHunt, Thomas, Advanced Modular Power Systems, Inc., e-mail communication, March 14, 2001.
¢Cockfield, Robert. 2001. “Radioisotope Power System Options for Future Planetary Missions,” paper presented at 2001 Space Technology
and Applications International Forum, Albuquerque, N. Mex., February 2001.

» Extended life testing on 10 planar converters for a
total of over 68,000 hours from 1967 to 1969, with
converters experiencing hundreds of thermal cycles;

* Building of at least four generators with four-con-
verter configurations and testing them calorimetrically
in the laboratory; and

 Testing of the four-converter generator geometry
with a Sun tracking, 9.5 foot diameter parabolic mir-
TOfr.

Most SET converters were tested in the 1900 to 2000
K emitter temperature range, with life routinely exceed-
ing 7,000 to 11,000 hours while maintaining efficien-
cies between 7 and 10 percent. One converter test had a
demonstrated life of 20,000 hours, or 2.3 years, while
producing 25 watts per square centimeter on the con-
verter surface. The converter in question experienced
less than 5 percent power density degradation. The 150
watt generators in the SET program demonstrated effi-
ciencies in the range of 9 to 11 percent, while operating
at approximately 1700 K. The converter power densi-
ties ranged from 17 to 22 watts per square centimeter.
The SET program was terminated in the early 1970s.

The committee found that researchers working un-

der the U.S. Air Force and DTRA String Thermionic
Assessment Research Testbed program, as discussed
in Chapter 7, had difficulty trying to recapture the gen-
erator design and test experience from the SET pro-
gram work.

The Atomic Energy Commission’s Thermionic
Reactor and Fuel Element Programs

The Atomic Energy Commission (AEC), which was
replaced by the Department of Energy (DOE), initially
ventured into thermionic development in 1959, fund-
ing the Los Alamos National Laboratory. In 1964, the
AEC began funding General Electric and General
Atomics to develop an integrally fueled thermionic fuel
element. In 1970, General Atomics was selected to con-
tinue development of the thermionic fuel element and
to construct a thermionic test reactor. The program in-
cluded designing thermionic power systems for both
space and remote terrestrial applications, as well as
developing fabrication methods for single-cell and
multicell thermionic fuel elements and a thermionic
critical reactor experiment. A test reactor at General
Atomics (TRIGA), the Mark III thermal spectrum
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TABLE 3.4 Comparison of Projected Power Conversion Technology Capabilities

Beginning of Life ~ Power Recurring Years

Level Cost to
Technology W/kg kg/kW (kW)  ($/Watt)  Maturity Comments
Photovoltaic®?:< 33.65 29.7134 633 Assumes a 500 nm (926 km) orbit with a 33 min eclipse
Solar array? 200.00 5.00 30 300 5 35% efficient solar cells on communications satellite
Battery (30.0 Wh/kg) 54.55 18.33 133 30% depth of discharge at 100 Wh/kg lithium-ion
battery
PV conditioning 665.00 1.50 200
electronics
Thermoelectric 8.00 125.00 TBR Unknown 20 Costs do not include plutonium-238
RTGY
Fuel cell (PEM)¢+8 181.00 5.52 20  Unknown 7-10 Potential life increase to 1.14 years
Fuel (Wh/kg) 1550.00 0.65 Power density may be as high as 1000 W/kg and
2500 Wh/kg
Solar thermionic?” 31.15 32.10 Assumes a 500 nm (926 km) orbit with a 33 min eclipse
Thermionic converter’  106.00 9.43 50 Unknown 10
Thermal storage/ 48.64 20.56 133 90% depth of discharge at 213.9 Wh(thermal)/kg
manganese oxide
Control electronics 665.00 1.50 200
Concentrator mass¥ 600.00 1.67
Nuclear thermionic? 33.78 29.60 100 Unknown 7-10
Solar dynamic
Brayton/" 11.50 86.96 10 2,500 5
Stirling!” 15.00 66.67 10 5-10
Nuclear dynamic
Brayton reactor’” 40.00 25.00 100  Unknown 5-10
Brayton reactor!” 100.00 10.00 1,000 10-20
Stirling radioisotope!” 8.00  125.00 0.1 20,000 5 Costs do not include plutonium-238
Stirling radioisotope!” 10.00  100.00 1 5-10
Stirling reactor’ 30.00 33.33 100 10-15
AMTEC
Radioisotope AMTEC"  11.20 89.29 0.1  Unknown 5
Solar AMTEC? 49.00 20.41 3 Unknown 10-15

9There is a requirement for 0.56 watt-hours (Wh) of energy storage for every watt of load power needed in a low Earth orbit (LEO).
bThere is a requirement for 1.75 W of solar array power for every watt of load power needed in a LEO.

“There is an array scaling factor of 1.75 included in the calculation of the specific power to accommodate required battery recharge energy,
recharge efficiency, and electrical bus power conditioning efficiency.

dSovie, Ronald J. 1999. Space Power Systems Technology to Meet National Needs. American Institute of Aeronautics and Astronautics,
Reston, Va.

“Loyselle, Patricia, Thomas Maloney, and Henry Cathey, Jr. 1999. “Design, Fabrication, and Testing of a 10 kW-hr H,-O, PEM Fuel Cell
Power System for High Altitude Balloon Applications,” 34" Intersociety Energy Conversion Engineering Conference Proceedings, Society
of Automotive Engineers, Inc., August 1999.

fBradley, Karla F., Johnson Space Center, telephone and e-mail communication, 2000.

SFellner, Joe. 2000. “Electrochemical Power/Energy Storage for Diode Lasers,” Proceedings of the 13" Annual Solid State and Diode Laser
Technology Review. Air Force Research Laboratory, August.

'There is a requirement for 1.73 W of thermionic converters for every watt of load power required in a LEO.

iBegg, Lester, General Atomics, presentation to the committee, 2000.

JAssume 213.8 Wh (thermal)/kg manganese oxide, 15% thermionic converter efficiency, and 20% penalty due to structure, insulator, and heat
exchanger mass.

kAssume 80% inflatable concentrator optical efficiency, 0.27 kg/m? for inflatable concentrator, which includes the torus, reflective canopy,
inflation system, and pointing and tracking hardware.

'Mason, Lee S. 1999. Technology Projections for Solar Dynamic Power. NASA TM-1999-208851. NASA, Washington, D.C.

MmMason, Lee S. 2001. A Comparison of Brayton and Stirling Space Nuclear Power for Power Leads from 1 Kilowatt to 10 Megawatts.
NASA TM-2001-210593. NASA, Washington, D.C.

"Schock, A., H. Noravian, C. Or, and V. Kumar. 1999. “Recommended OSC Design and Analysis of AMTEC Power System for Outer-Planet
Missions,” Space Technology and Applications International Forum. American Institute of Physics, Melville, N.Y.

°Hunt, Thomas, Advanced Modular Power Systems, Inc., e-mail communication, March 14, 2001.
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nuclear reactor, was built that was capable of testing up
to 15 in-core thermionic fuel elements simultaneously.
The chain reaction of the TRIGA reactor is sustained
primarily by thermal neutrons, those fast neutrons that
have collided with other material in the core to achieve
a lower energy state. Thirty-seven thermionic fuel ele-
ments were tested in-core between 1962 and 1973.
Converters operating at full power at 1900 K in the
nuclear core achieved lifetimes of 12,500 hours. The
program was terminated in 1973, when all AEC,
NASA, and DoD activities related to space nuclear re-
actors were discontinued. To date, the DOE, and the
AEC before it, have invested over $1.5 billion in
nuclear reactor programs such as SNAP-2, SNAP-10A,
SNAP-50, and SNAP-8, and in other reactor and dy-
namic energy converter programs. Nuclear thermionic
activities were also included in these programs. At the
conclusion of the nuclear program in 1973, only NASA
Lewis Research Center continued to fund thermionic
research. However, that organization terminated ther-
mionic research in the late 1970s. For a detailed history
of the space nuclear energy program, see NRC (1983).

The SP-100 Program and the Thermionic Fuel
Element Verification Program

From 1973 to 1979, the national space nuclear power
program conducted very little research and develop-
ment, and the USAF, NASA, and DOE allocated very
little funding for thermionic technology development.
In addition, NASA Lewis abandoned its in-house ther-
mionic research facility and its considerable thermi-
onic materials development program.

In 1979, a joint DoD and Energy Research and De-
velopment Administration (ERDA) study group as-
sessed potential DoD missions. That assessment led to
a modest $1 million to $2 million per year technology
program at Los Alamos National Laboratory. The pro-
gram at Los Alamos focused on a heat pipe cooled ther-
moelectric concept called the space power advanced
reactor (SPAR). Other advanced reactor types were
also investigated by DOE, but at low levels of effort.

In 1981, NASA agreed to collaborate with DOE on
reestablishing a high power space nuclear reactor pro-
gram. NASA’s interest was based on several potential
missions that would require 100 kilowatts or more of
electrical power. This power range was the same as the
range DoD was interested in at the time. As a result of
the combined interest, the SPAR program was redi-
rected and renamed SP-100 when DoD joined the pro-
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gram. DOE led the reactor development effort, and
NASA coordinated efforts on the power conversion and
radiator development. NASA was not considering ther-
mionics at the time. In 1983, the Defense Advanced
Research Projects Agency (DARPA) joined the SP-100
program as the DoD representative to the triagency
group composed of DOE, DoD, and NASA. DARPA
was replaced by the Strategic Defense Initiative Office
(SDIO) in 1986.

When a ground engineering system development
effort was initiated, candidate reactor power systems
for full development included thermionics, thermo-
electrics, Brayton cycle, and Stirling cycle configura-
tions. The thermoelectric system was selected partly in
the belief that a reactor developed for the relatively low
temperature thermoelectric system would also apply to
the Brayton and Stirling cycle configurations as those
two technologies matured. After considerable discus-
sions with the thermionics community, SDIO, in con-
junction with DOE, began an adjunct thermionics pro-
gram to the SP-100 program. This second program was
aimed at verifying the potential of the in-core thermi-
onic reactor to satisfy envisioned SDIO missions,
which extended into the megawatt power requirement
regime. The program was named the Thermionic Fuel
Element Verification (TFEV) program.

Based on the past accomplishments of the DOE ther-
mionic fuel element program, the life of thermionic
reactors was projected to be about 1 year. The objec-
tives of the TFEV program were established to address
this life limitation. Researchers understood that the life
limits were related to fuel swelling. Fuel swelling is
caused by the accumulation of fission gas in the bulk
fuel, which distorts the emitter and eventually results
in an electrical short between the emitter and collector
surfaces of the fuel elements. Radiation damage on
materials was also a concern. Accordingly, the TFEV
program had the following largely experimental dem-
onstration and evaluation goals:

 Predictive fuel swelling and emitter distortion
validation;

» Assessment of radiation damage and effects on in-
sulators, seals, and cesium reservoir materials; and

 Revalidation of prior test data on thermionic fuel
element life obtained in the neutron flux TRIGA ther-
mal reactor.

A variety of candidate insulator, seal, and cesium
reservoir materials were tested in a fast reactor radia-
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tion spectrum. In some cases, the materials were sub-
jected to accelerated testing to the equivalent of 15
years of life. Multiple in-core, fueled emitter tests were
conducted to validate fuel swelling, fission gas libera-
tion rates, and the resultant clad distortion predictions.

Polycrystalline alumina proved to be sufficiently
stable at high temperatures and electric fields to per-
form as a thermionic insulator and seal material for 7 to
10 years. Graphite proved to be an adequately stable
cesium reservoir matrix material. At a temperature of
1800 K, computer models were able to predict a con-
sistent relationship between fuel swelling and emitter
distortion when up to 2 percent of the nuclear fuel at-
oms had fissioned. This was twice the system design
requirement.

Thermionic fuel element manufacturing methods
were recovered from work conducted 15 years earlier.
The fast spectrum, nuclear thermionic fuel element was
demonstrated to last up to 12,000 hours, and projected
to last to 18,000 hours based on observed distortions.
Contamination of the cesium interelectrode gap by fis-
sion gas resulted in acceptable degradation. The TFEV
program validated the potential of in-core thermionic
reactor systems to meet mission life requirements rang-
ing from 3 to 7 years, and there were indications that
longer life might be possible.

Russian Thermionics Research and Development
Efforts

Efforts in the former Soviet Union have contributed
greatly to the technology of thermionic energy conver-
sion and to space nuclear power in general. The former
Soviet space program has flown more than 30 thermo-
electric reactor systems and at least 2 thermionic reac-
tor systems. By contrast, the United States flew only
one nuclear reactor, SNAP-10A, in 1965.

In contrast to the U.S. program, the Soviet thermi-
onics reactor capability has been supported by a di-
verse, broadly based technology program that resulted
in the launch of two spacecraft. The major research
groups working on the technology in the former Soviet
Union were the following:

» Russian Research Institute Kurchatov,

« Institute of Physics and Power Engineering at
Obninsk,

» Scientific Production Association Red Star,

* Scientific Production Association Energiya,

» Scientific Research Association Luch,
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 Central Design Bureau for Machine Building,
Sukhumi Physical Technical Institute,

Toffe Physical Technical Institute, and
Institute of Nuclear Physics at Almaty.

Major development was carried out in a number of
areas, including the nucleonic theory of compact ther-
mionic space reactor design, the control theory of
nuclear thermionic reactors, high temperature materi-
als, high temperature nuclear fuel, single-crystal refrac-
tory metals, radiation degradation studies, and thermi-
onic converter physics. These programs are impressive
in terms of their breadth, as well as their depth in dem-
onstrating the feasibility of space nuclear thermionic
systems.

While the United States has made impressive strides
in photovoltaic research that the Russians have not
matched, the former Soviet Union did produce many
noteworthy technical achievements in thermionic tech-
nology. Specific areas in which the former Soviet
Union appears to have outstripped the U.S. efforts are
detailed below.

Single-Crystal Refractory Metal Alloy Development

Several thermionic single-crystal emitter alloys were
successfully developed in the former Soviet Union, in-
cluding alloys of tungsten and molybdenum. No such
capability existed in the United States until after 1990.
The principles of single-crystal alloy production were
well known in 1990 in the United States because single-
crystal technology in other alloy systems had been ex-
tensively investigated in connection with high perfor-
mance aircraft engines. However, researchers in the
United States never considered the single-crystal re-
fractory metal series for use in thermionics. Since
single-crystals have no grain boundaries, using alloys
of single-crystal material for high temperature thermi-
onic emitter cladding is believed to limit diffusion of
unwanted materials through the emitter cladding.

Low Elastic Modulus Nuclear Fuel to Accommodate
Fission Gas Swelling

The U.S. philosophy in reactor design has generally
been to use high modulus nuclear fuels to resist emitter
cladding swelling induced by fission product gases.
Emitter swelling can be a life-limiting degradation
mechanism in an in-core thermionic reactor. The Rus-
sian approach has been to vary the stoichiometry of
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uranium and oxygen to minimize the modulus of the
fuel. In this way, the nuclear fuel plastically deforms to
accommodate the change in cladding geometry. In ad-
dition, Russian thermionic fuel elements are designed
to vent the fission gas. As a consequence, the fuel is
unable to exert force on the cladding wall, and emitter
clad distortion is minimized (Gontar 1990).

Resistively Heated High Temperature Refractory Metal
Heat Source Development

In the United States before 1990, it was assumed
that thermionic nuclear power systems would be
launched without any prior acceptance testing of the
complete flight unit power system since such pre-
launch testing creates radioactive fission products, thus
complicating safe launch procedures. Later, Russian
researchers demonstrated that a system could be tested
using non-nuclear heating. By testing the converter
system using electrical heating, researchers could ac-
ceptance-test a thermionic converter system on the
ground without having to address the added complex-
ity of using nuclear fuel. Refractory metal heaters, such
as those developed by the Russians, allow a thermionic
system to be tested electrically.

Because U.S. thermionic reactor advocates had not
appreciated the benefit of refractory metal heat sources
for acceptance testing on the ground, they did not work
to develop such sources. Russian researchers, on the
other hand, paid considerable attention to qualifying
and partial acceptance testing (electrical heating only)
on Earth and worked to develop refractory metal heat
sources (Vybyvanetz et al. 1990).

Stainless Steel Containment of Zirconium Hydride
Moderator

A significant difference between Russian and U.S.
reactor design philosophy concerns the use of a neu-
tron moderator. The Russian preference has been to
use a neutron moderating material, such as zirconium
hydride. The use of such a material results in a more
compact nuclear reactor core and shield and dramati-
cally reduces the critical mass of enriched uranium re-
quired. The thermal reactors can reach critical mass
with as little as 10 to 12 kilograms of fuel, whereas
most fast reactor cores require well over 100 kilograms.
The thermal stability of zirconium hydride is limited,
however, since the hydrogen tends to dissociate from
the zirconium at high temperatures. If the hydrogen
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were allowed to diffuse into the thermionic converter
interelectrode gap, a rapid corrosion cycle or em-
brittlement could occur. High temperature diffusion
barrier coatings have evidently been used to prevent
hydrogen diffusion into the thermionic converter, but
such work has not been pursued in the United States.

Single-Crystal Sapphire Thermionic Insulators

The use of single-crystal sapphire as a thermionic
insulator was virtually unknown in the United States
prior to 1990. Because there are no grain boundaries in
the insulator, electrolytic transport is greatly reduced.
As a result, such insulators are considered to be more
stable under the combined effects of high temperature,
electric fields, and radiation.

Single-Crystal Hexagonal Tungsten Thermionic Emitter
Elements

This technology has been demonstrated only in the
laboratory and not in operational systems. The hexago-
nal shape, as opposed to the customary cylindrical
shape, permits the emitter to exhibit only the 110 crys-
tal plane. This orientation may increase electron emis-
sion and improve efficiency relative to polycrystalline
tungsten.

Low Work Function Oxygen-Impregnated Niobium
Alloys

The development of low work function niobium-
oxygen-cesium thermionic collector surfaces (1.3 elec-
tron volts at 900 K has been claimed) may result in
higher output voltage and conversion efficiency in ther-
mionic converters. However, because of oxygen deple-
tion, experimental converters have not achieved the an-
ticipated benefit to date.

U.S.-Russian Cooperation: TOPAZ International
Program

In the mid 1960s, the former Soviet Union initiated
a full scale program to develop and test in-core thermi-
onic reactors using UO, fueled thermionic fuel ele-
ments (Ponomarev-Stepnoi et al. 2000). Unlike the pro-
grams in the United States, which focused mainly on
thermionic component technology, the Soviet program
developed entire reactor systems. Two competing de-
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sign teams were allowed to build space reactor sys-
tems. One design used multicell thermionic fuel ele-
ments, while a second design used single cell thermi-
onic fuel elements. The latter design had less potential
to evolve into a high power system because of its in-
herent low voltage. But the single cell design was sim-
pler than the multicell design. The single cell design
also demonstrated the technology of advanced low-
modulus nuclear fuel combined with creep resistant,
single-crystal emitter claddings, which was intended to
result in long lifetime for the nuclear reactor system.
Ultimately, the multicell system was flown. In the
United States, the Russian acronym TOPAZ (meaning
thermionic power from the active zone) is commonly
applied to both designs. However, today, the multicell
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design is apparently the only design being considered
for development.
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Solar Thermionics

As part of the mandate from the Defense Threat Re-
duction Agency, the committee looked carefully at mis-
sions that might use thermionic power conversion in
space. In short, there are no current or near-term mis-
sions for space that require a thermionic energy con-
version system. Furthermore, thermionic technology
has not been developed to the point where it is ready
for an end user. However, the committee believes that
one thermionic energy conversion subsystem using
concentrated solar energy may be suitable for use in
the far term.

Development of thermionic converters for space has
been directed predominantly at applications that use a
nuclear heat source. However, a few programs have
been undertaken using a solar heat source that concen-
trates solar energy into a central receiver.

The first major program to consider a solar thermi-
onic heat source was the Solar Energy Technology
(SET) program at the Jet Propulsion Laboratory (JPL)
in the 1960s. More recently, the U.S. Air Force (USAF)
and NASA have considered in a limited way both solar
thermionic power systems and hybrid propulsion and
power systems. The hybrid systems would first use so-
lar energy and a solar concentrator for thermal propul-
sion to raise a satellite from low Earth orbit to final
orbit, such as to a geosynchronous orbit. Once the ve-
hicle is on station, the same solar concentrator heat re-
ceiver would be used as a heat source for a thermionic
power system.

In this chapter, the committee discusses potential
missions that could use concentrated solar energy as
the heat source for a thermionic power conversion sys-
tem in both standard and hybrid systems.

33

POTENTIAL SOLAR THERMIONIC MISSIONS

Solar thermionic converters do not involve many of
the problematic technical issues associated with nuclear
thermionic conversion, nor does solar conversion tech-
nology have to contend with the social controversy sur-
rounding the use of nuclear power systems. Most nota-
bly, in the technical regime, solar heated converter
lifetimes can be very long compared with in-core
nuclear thermionic systems, which must overcome the
effects of a harsh radiation environment and fuel swell-
ing. Historically, the problems associated with thermi-
onic power systems have been the size and mass of the
solar concentrator, in the case of solar thermionics, as
well as the complexity and cost of developing an en-
tirely new spacecraft power system in both cases, solar
and nuclear. However, recent advances in solar con-
centrators have mitigated those problems to a large
extent.

The primary benefit envisioned with a solar thermi-
onic space power system, such as the high-power, ad-
vanced, low-mass (HPALM) system discussed in the
next section, is that such a system could deliver high
electric power, from 20 to 100 kilowatts, in a low
stowed volume, lightweight package. At the projected
performance parameters, a 50 kilowatt solar thermi-
onic system would take up less room on the launch
vehicle and weigh about the same as a solar array of
current design for a 20 kilowatt communications satel-
lite. It is in this high power range that solar thermionic
systems have the potential to perform better than other
power conversion systems. Below 20 kilowatts, how-
ever, solar thermionics would most likely not be com-
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petitive when compared to the industry standard, pho-
tovoltaic battery systems. Of course, for missions
where there is little or no available sunlight, such as
outer planet exploration, solar powered conversion sys-
tems are not feasible.

Based on current preliminary studies, the committee
believes that a solar thermionic power system could
possibly facilitate the launch of non-nuclear spacecraft
with up to 100 kilowatts of onboard power in a single
launch with a standard U.S. launch vehicle. This
achievement would more than double the power avail-
able from current photovoltaic systems, although fu-
ture photovoltaic systems may also offer competitive
performance. The key is to develop and demonstrate a
long life solar thermionic power system that meets or
exceeds the performance goals set for the HPALM sys-
tem described in the next section.

The committee believes that the following types of
missions fit the criteria for using solar thermionic sys-
tems if the thermionic technology has been developed
to a point where it is demonstrated and readily avail-
able:

* Space transportation using electric propulsion,
» Advanced high power communications, and
» Space-based military applications.

Electric Propulsion

Space transportation using electric propulsion is per-
haps the most interesting and compelling of these po-
tential solar thermionic missions. In typical chemical
propulsion systems, combustion provides propulsion
energy to accelerate the propellant. In electrical pro-
pulsion systems for space, electrical energy provides
the electromagnetic and electrostatic fields as well as
the heat to accelerate the propellant. The solar thermi-
onic power conversion system could be used in a dual
mode power and electric propulsion configuration. The
power conversion system is first used for electric pro-
pulsion to maneuver a spacecraft into the proper orbit.
Once the vehicle is on station, the system could then be
used for the mission power requirements. Therefore,
the power conversion system has two modes of opera-
tion, propulsion and power supply, hence the term
“dual mode.” Electric propulsion should not be con-
fused with traditional rocket engines or rocket launches
from Earth to space. Electric propulsion is not used to
place the spacecraft in orbit but, rather, to maneuver
the vehicle once it is in space.
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One unique benefit for electric propulsion systems
is that nuclear powered and some solar powered ther-
mionic systems designed to operate over normal ca-
pacity at the beginning of life, can operate in a surge
power mode (also referred to as peak power mode).
For example, in Figure 3.7 in Chapter 3, if the emitter
temperature is increased from 1800 K to 2100 K, the
output power can be doubled for a relatively short time,
30 to 90 days. To configure a system to operate in a
surge mode requires that all components be designed
to achieve equilibrium at a higher temperature. This
type of operation could require spacecraft designers to
accept a somewhat shorter vehicle operating lifetime.
Such surge mode operation can be used to decrease the
time required for orbit positioning or transfer. In this
dual mode operation, electric propulsion can be com-
bined with other mission requirements to achieve a syn-
ergistic benefit.

A wide range of missions could potentially take ad-
vantage of recent advances in electric propulsion sys-
tems. Electric propulsion uses fuel 4 to 10 times more
efficiently than chemical propulsion and 2 to 4 times
more efficiently than solar thermal propulsion.

With the smaller volume and mass afforded by a
solar thermionic electric propulsion system, a number
of configuration scenarios can be imagined. For in-
stance, smaller, less expensive booster rockets might
be used for launch, or more satellites might be launched
per boost vehicle. Or, a larger on-orbit, station-keeping
fuel payload might be allowed, which would extend
the lifetime of a spacecraft on orbit.

The committee believes that spacecraft designers
may require that many new high altitude spacecraft,
such as satellites in geosynchronous orbits, be inserted
above the Van Allen belt by their launch vehicles in
order to avoid payload exposure to radiation. From that
point, electric propulsion could be used to raise the
vehicle to a final orbit. Currently, spacecraft are in-
serted directly into geosynchronous orbit, but this prac-
tice significantly limits the cargo space and mass avail-
able for payload.

The committee believes that the spacecraft design
community may make use of high power, low mass
applications that solar thermionics has the potential to
offer. Higher available power levels would enable
shorter insertion times when using electric propulsion
in the manner described above.

Appendix C contains details of spacecraft mission
considerations and describes a concept for a commer-
cial system coupling high power to electric propulsion

Copyright © National Academy of Sciences. All rights reserved.



SOLAR THERMIONICS

for orbit transfer in order to reduce operational costs. A
100 kilowatt electric propulsion system made up of four
25 kilowatt thrusters is compared with the total im-
pulse of the Thiokol Star 75 motor, a state-of-the-art
solid propellant space motor. Based on cost estimates
for a thermionic power system, cost savings on the or-
der of $100 million could be realized by satellite opera-
tors. The savings associated with dual mode operation
could also be substantial. This cost analysis, of course,
assumes a fully operational and tested system that
would require a substantial investment to develop.

Finding: Solar thermionic power systems may enable
dual mode operation: electric propulsion for orbit rais-
ing and orbit maintenance and electric power for satel-
lite payloads while on station.

Civilian Applications

Recent commercial space activities indicate a trend
of placing larger and larger satellites into geosynchro-
nous orbits. The geosynchronous market continues to
grow, with larger satellites with higher power levels
being built every year. Twenty years ago, aerospace
companies were launching geosynchronous satellites
that required 1 to 3 kilowatts of electric power. Pres-
ently, the standard power requirement for geosynchro-
nous communications spacecraft is approximately 10
kilowatts. Satellites requiring 20 to 25 kilowatts are
now being designed for possible use within 3 years.!

A solar thermionic system could meet the need for
potential future growth in the industry, while allowing
the industry to explore even higher power applications
that could benefit the consumer. For instance, as satel-
lite broadcast power increases, consumers can use
smaller and smaller receiver dishes on the ground.

Space-Based Military Applications

Space-based radar systems have been studied exten-
sively by the military over the past few decades. Most
of these studies have recommended a combination of
low orbits and low duty cycles. This combination is

ISpace Systems Loral announced in January 2001 that it can
provide a new standard bus for geosynchronous satellites that is
capable of delivering “up to 30 kW” with a photovoltaic power
system.
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probably recommended based on the prohibitively
large size and mass of traditional power systems re-
quired by a more advanced space-based radar system
capable of broad coverage, detection of small targets,
and frequent contact updates of multiple targets. Such
missions require on the order of 100 kilowatts of avail-
able electric power. A solar thermionic system could
drastically change the feasibility of such a mission. The
higher power levels a solar thermionic system could
allow for an affordable space-based radar system that
improves on the mission performance now provided by
airborne radar systems, such as the Airborne Warning
and Control System (AWACS) and optical and Long
Wave Infrared (LWIR) systems.

HIGH-POWER, ADVANCED, LOW-MASS
CONCEPT

For a solar power conversion system using thermi-
onics, solar energy is concentrated into a heat receiver
using either reflective or refractive optics. This heat
receiver then serves as the heat source for a group of
thermionic converters that provide power to the space-
craft.

As presented to the committee by General Atomics,
the HPALM concept uses a large off-axis, inflatable
parabolic reflector to focus solar energy into a 2000 K
heat receiver that is radiatively coupled to the thermi-
onic devices (see Figure 4.1). The program is based on
a concept developed in part by General Atomics. An
AFRL program to study the HPALM design concept
started in mid 2000.

In one approach being evaluated, the cylindrical
thermionic converters are designed with an inverted
multicell. In this design, the emitter is on the outside
and the collector is in the center of the cylinder. This is
a nontraditional approach to designing a cylindrical
thermionic device. In traditional designs, the collector
is outside the cylinder and the heat is generated inter-
nally, as it is with a nuclear thermionic fuel element
(TFE), and then removed by cooling systems attached
to the outside surfaces of the TFE.

In the HPALM concept, the thermionic element is
inverted. Heat will be applied to the outside of the ther-
mionic element cylinder, and heat pipes will be used to
remove the waste heat, at approximately 1100 K, from
the collector surface inside the cylinder. General Atom-
ics anticipates reaching efficiencies of 20 to 25 percent
for the converters. According to General Atomics, the
conceptual system is sized to provide 50 kilowatts of
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FIGURE 4.1 Artist’s rendition of the HPALM solar thermionic concept.
SOURCE: L. Begg, General Atomics, presentation to the Committee on Thermionic Research and Technology, August 2000.

electricity and has a calculated performance of 106
watts per kilogram and 80 kilowatts per cubic meter in
a stowed configuration ready for space launch.

The HPALM concentrator consists of an off-axis in-
flatable dish with a thin film reflector for low mass and
low stowed volume for launch. The concept is based on
inflatable space structure development that has been
sponsored by NASA and AFRL over the past several
years. The highlight of this work, which is not directly
related to the HPALM concept, was the deployment of
alarge inflatable antenna structure from the space shuttle
in 1997. Large area, thin film solar reflectors have been
flown a number of times and are now included in the
Hughes Corporation’s concentrator solar arrays for
some communications satellites. An inflatable concen-
trator configured specifically for the HPALM system
does not, however, exist at this time. If an inflatable
concentrator is not successfully developed, then the
projected performance capability, as presented under
solar thermionic systems in Table 3.4 (Chapter 3), would
not be as appealing due to the increase in mass required
for a noninflatable concentrator.

Another important component of the HPALM power
system is the heat receiver. This unit would be designed
to capture the solar energy from the concentrator
through a small aperture. The concentrated solar rays

would be partially absorbed and internally reflected to
different surfaces. The reflected rays bounce between
surfaces and are partially absorbed during each reflec-
tion process. This process repeats until essentially all
of the solar energy is absorbed inside the heat receiver.
The aperture would be kept small to minimize both heat
loss and the loss of reflected solar energy back out of
the aperture. Refractory or carbon materials can be used
to absorb the heat at the working temperature of the
receiver. An integral heat receiver with thermal storage
designed for use with a 2000 K HPALM system does
not exist at present, although the technology has been
demonstrated at 1100 K by both NASA and the USAF.
One final, yet important, aspect of the HPALM design
is the mechanism used to transfer heat energy from the
solar receiving cavity to the thermionic converter. The
heat from the graphite block receiver is radiated to the
emitter in General Atomic’s version of the concept. The
HPALM concept does not call for any dynamic me-
chanical systems to transfer the heat energy.

Committee Analysis

The committee suggests that the eventual sponsor-
ing agency align a thermionics research and develop-
ment program to coordinate with the HPALM program.
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Recommendation 3. The sponsoring agency should
concentrate its near-term thermionic development
work on a space-based solar thermionic power sys-
tem, such as the high-power, advanced, low-mass
(HPALM) concept.

The committee makes this recommendation based
on the understanding that the HPALM system is de-
signed around a thermionic converter power supply;
therefore, successful completion of a thermionics re-
search and development program would be a major
HPALM program priority.

The committee finds the HPALM concept interest-
ing for a number of reasons. The calculated perfor-
mance as presented by General Atomics is approxi-
mately twice as good as that of current solar array
technology in terms of stowed volume and mass, since
the system would make use of a lightweight inflatable
concentrator. From a power density perspective, the
HPALM system is estimated to provide between 23 to
33 watts per kilogram, which is comparable to photo-
voltaic systems. A solar power thermionic system pro-
viding 50 kilowatts of electrical power could have
many interesting potential applications. For instance, a
50 kilowatt HPALM system may enable electric pro-
pulsion used to raise satellites to middle and high or-
bits. The committee anticipates that HPALM perfor-
mance should improve as the system design is refined.
However, it should be acknowledged that comparing
the performance of a future thermionic concept system
to the current capabilities of a photovoltaic system is
not entirely valid. Only when a detailed thermionic sys-
tem has been designed or built can it be compared to a
then-current photovoltaic system.

Based on space vehicle market trends over the past
10 years, the 50 kilowatt design proposed for the
HPALM concept appears to be a potentially viable op-
tion. The solar thermionic system also appears to have
a power density advantage when scaling to higher
power levels, while a photovoltaic system has the ad-
vantage when scaling down. Compared with a photo-
voltaic space power system, a solar thermal system
starts with a higher percentage of fixed mass. Thermi-
onic generators are usually multikilowatt devices, and
both the pointing system and the pressurization system
for the inflatable structures, as proposed for the
HPALM system, have the desirable trait of scaling
nonlinearly relative to the increase in power produc-
tion.? Therefore, the power density of solar thermionic
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power systems will most likely increase as they are
scaled to higher power levels.

Finding: A solar thermionic conversion system can
likely be designed, built, and flight demonstrated using
known technology. However, since the lifetime, mass,
efficiency, and cost of such a system are uncertain, they
need to be addressed in future technology programs.

Technical Challenges

It is important to note that all of the committee’s
assessments of solar thermionic power system technol-
ogy are based on projected capabilities. Until the po-
tential of such a system is proven, these assessments
represent what might be possible. Even though there
are potential positive benefits from a solar thermionic
system, a number of technical challenges would have
to be addressed before such a system could be defini-
tively endorsed.

Another aspect of developing a new power system
concept, such as a solar thermionic system, is that de-
tailed design information must be available to the sat-
ellite designer before the system can be considered for
use. Although the technology exists so that the compo-
nents of a solar thermionic power system can be devel-
oped, no one has developed a detailed, peer reviewed
design of a complete system. The committee expects
that a HPALM program at AFRL may fill this need.

The committee identified several areas where tech-
nical issues must still be resolved. The list should not
be considered to be inclusive.

» Power conditioning,

» Energy storage,

» Thermionic converter configuration,
 Cavity/receiver heat flux uniformity, and
 Pointing, tracking, and reacquisition.

The last two are not discussed in the text that fol-
lows.

Power Conditioning

An important consideration that has not been ad-
dressed in the HPALM concept description is power

2The area of an inflatable solar concentrator is proportional to
the radius of the concentrator squared (A o, 12). Thus, a 10 percent
increase in solar concentrator radius results in a 21 percent increase
in concentrator area and energy collected.
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conditioning. Thermionic converters tend to produce
low voltage and high current while operating at high
temperature. This particular configuration presents an
especially difficult problem for a high power system
on a spacecraft. Current high power spacecraft, 10 to
20 kilowatts, use bus voltages of 50 to 160 volts to
minimize the mass of power conductors. The commit-
tee expects that as power levels increase from 20 to
100 kilowatts, voltages will continue to increase to as
high as 270 or 300 volts.

A thermionic system such as HPALM is likely to
have a much smaller voltage than this future specifica-
tion even with all of the converters connected in series.
The need to handle the high currents that would be
characteristic of a high power thermionic system would
require large diameter conductors. Such conductors can
act as a source of heat leaks from a high temperature
device.

Also, power conditioning systems would be very
heavy, which is not a desirable property for space
launch. For example, a recent power conditioning unit
developed for a 5 kilowatt Hall-effect propulsion sys-
tem that converted 28 volts to 300 volts weighed ap-
proximately 25 kilograms. These power conditioning
issues can thermally impact both the performance of
the energy converter and nearby components on the
satellite.

Finding: Power conditioning technology issues are in-
herent to a space-based power conversion system. So
far, this issue has not been addressed by the DTRA-
sponsored thermionics program.

Energy Storage

For any satellite power conversion system, energy
storage must be considered to meet peak power de-
mands and to provide power when the primary power
system is not operational, such as prior to system
startup during launch and deployment. For solar power
systems, energy storage must be considered when the
satellite is shadowed by Earth. There are two basic op-
tions for storing energy: batteries or thermal energy
storage.

Battery system storage, the current baseline for the
HPALM concept, is the same energy storage scenario
used for photovoltaic power systems. When batteries
are used, the solar power system is oversized to gener-
ate extra power during the sunlit portion of the orbit.
The extra power is stored as electrochemical energy in
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a battery to provide power to the spacecraft during
eclipse periods when sunlight is not available.

One technology now being developed is lithium ion
batteries, which deliver up to 100 watt hours per kilo-
gram. A portion of a battery’s energy between 40 and
80 percent is normally used during each eclipse. The
amount used is driven by the required lifetime for the
batteries since they last longer if they use less of their
energy during each discharge cycle.

Thermal energy storage is an alternative approach to
energy storage, an approach that may be more attrac-
tive than batteries for the HPALM program. A thermal
energy storage device would be incorporated into the
heat receiver, and energy for operating the spacecraft
during eclipse would be stored in a phase change mate-
rial. Such a material melts as heat is added, then
refreezes when the heat is used during eclipse. This
process allows the energy conversion device to operate
continuously, even during eclipse. The thermal energy
storage material must be selected for minimum mass,
which can be achieved in part through a high heat of
fusion. The material must also have a melting point
that matches the operating temperature of the heat re-
ceiver. The material is enclosed in a heat exchanger
containment system that enables the heat to transfer
between the heat receiver and the thermionic fuel ele-
ments.

One candidate high temperature material that has
been tested is silicon, which has a heat of fusion of 1.80
megajoules per kilogram. However, the melting point
of silicon is 1673 K, which is compatible with a ther-
mionic energy conversion system but is well below the
heat receiver temperature of 2000 K proposed for
HPALM. If the HPALM system used the new baseline
of 1673 K to match the melting temperature of silicon,
there would be a 30 percent decrease in power genera-
tion efficiency in the thermionic converters. A higher
temperature material therefore needs to be identified if
thermal storage is to be considered. The committee sug-
gests that manganese oxide, with a melting point of
approximately 2000 K and a heat of fusion of 0.77
megajoules per kilogram (213 watt-hours per kilo-
gram), may be a promising alternative. However, it
should be noted that should such a concept be imple-
mented into a full system, the overall performance of
the system with energy storage would be significantly
lower.

For a thermal energy storage system, the usable heat
of fusion of the pure material is reduced by the ineffi-
ciency of the electrical energy conversion process. This
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reduction in the heat of fusion is typically fivefold. In
the case of manganese oxide, the resulting energy stor-
age system performance would be about 20.56 kilo-
grams per kilowatt for the case illustrated in Table 3.4.
This performance compares favorably with lithium ion
batteries, which have been demonstrated to provide
18.33 kilograms per kilowatt. Since batteries can actu-
ally use only a fraction of this amount, thermal storage
may add to the attractiveness of a solar thermionic sys-
tem. However, this is an area that needs more investi-
gation.

An added benefit of using thermal energy storage is
that both the heat receiver and the thermionic convert-
ers are kept at a constant temperature throughout the
life of the spacecraft. Without a heat receiver, the solar
energy would be concentrated on different parts of the
heat receiver cavity at different points of an orbit, thus
creating hot spots in the cavity. If there is no thermal
energy storage system to act as a buffer between the
concentrated solar energy and the thermionic convert-
ers, they may produce different amounts of power de-
pending on the amount of solar energy directed on any
one converter. Unevenly heated converters would mean
a significantly more complex power source. The use of
isothermal heat pipe cavities has also been demon-
strated as a method of avoiding hot spots in the cavity.

Another problem with having orbit-induced hot
spots in the receiver cavity is thermal-induced me-
chanical stress. Varying temperature gradients result-
ing from solar energy concentration could shorten the
life of power system components. A thermal energy
storage system could eliminate deep thermal cycling
for system components and increase the life and reli-
ability of the system. However, such a system may not
be practical for satellites placed in geosynchronous or-
bit due to the very long eclipse times.

Finding: A phase change design for thermal energy
storage should be considered as part of solar thermi-
onic system development.

Thermionic Converter Configuration

A final consideration that concerns the committee is
that the initial HPALM design includes the use of cy-
lindrical thermionic devices. The HPALM concept pro-
posed by General Atomics uses radiative coupling be-
tween a cylindrical heat receiver and a ring of several
cylindrical converters that stand out from the receiver
like spokes from a wheel hub. An alternative configu-
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ration could use planar thermionic converters to couple
more directly to the outer surface of the receiver. It is
not clear why the cylindrical converter design was the
only converter configuration considered for evaluation
in the HPALM system. The cylindrical TFE would of-
fer more surface area for the emitter and collector and
less surface area for the receiver. However, past solar
thermionic designs have used a planar configuration
that, in the SET program, for instance, has demon-
strated very good performance and lifetime.

Finding: It is not yet known if the performance goals
of obtaining a high power solar thermionic system
based on the HPALM concept are technically feasible.

Finding: For the solar thermionic HPALM concept as
presented by General Atomics, there are no obvious
advantages to using a cylindrical geometry rather than
a planar geometry for the thermionic fuel element.

To summarize, the committee’s assessment is that a
space solar power system is the most promising near-
term application for thermionic technology. However,
while it is the most promising application, success is
not certain. The history of spacecraft performance dem-
onstrates that it is difficult to compete with photovol-
taic power systems. Although photovoltaics have been
used since the late 1950s, no other technology has been
able to replace this technology as the power source of
choice for Earth orbiting satellites. Significant progress
continues to be made in photovoltaic converters. For
instance, triple junction solar cells can now deliver up
to 29 percent efficiency.

The key to competing with and potentially replacing
photovoltaics as the space power source of choice is to
optimize solar-to-electric thermionic system design and
quickly demonstrate the capability of the thermionic
technology. Success requires a near-term focus with an
aggressive system engineering approach.

SOLAR ORBITAL TRANSFER VEHICLE PROGRAM

The primary goal of the Solar Orbital Transfer Ve-
hicle (SOTV) program being conducted by the AFRL
is to develop an orbit transfer propulsion system using
concentrated solar energy to heat hydrogen. A SOTV
could be used to raise a client spacecraft’s orbit, that is,
to transfer its orbit to a higher elevation. The transfer
vehicle could then detach and return to a lower orbit
for refueling. Alternatively, the transfer vehicle could
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remain attached to the client satellite and use the solar
concentrator and a thermionic conversion system as a
power supply for the satellite.

The program is in the proof-of-concept phase, and
researchers are conducting experiments to verify com-
ponent performance. Orbit transfer vehicles appear in
the USAF Space Command Strategy Master Plan, but
no orbital transfer vehicle has been constructed thus
far, and no funds have been budgeted to do so (see
Figure 4.2). The SOTV program is the only active pro-
gram other than HPALM that the committee has iden-
tified that is considering thermionics as a power con-
version mechanism. However, the committee does not
advocate aligning a thermionics research and develop-
ment program with the SOTV program. The primary
focus of the SOTV program is on proving the viability
of the hydrogen propulsion system. The committee un-
derstands that the limited availability of funding drove
this decision and that a critique of the SOTV program
in relation to the HPALM concept is beyond the scope
of this committee’s responsibility. While not intending
for this report to cast any doubt on the performance or
capability of the SOTV program, the committee does
feel obligated to identify the best potential match for
thermionics technology.
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The committee was interested in the thermionics
testing done to date under the SOTV program. Specifi-
cally, the DTRA and AFRL sponsored three tests of
thermionic element arrays at the New Mexico Engi-
neering Research Institute (NMERI) of the University
of New Mexico to demonstrate the readiness of the
technology for the SOTV system. The tests were
termed the string thermionic assembly research testbed
(START) tests. The committee felt it needed to review
the tests in detail since the poor START test results
indicated that there was some fundamental failure of
the thermionic converter technology.

STRING THERMIONIC ASSEMBLY RESEARCH
TESTBED TESTS AT THE NEW MEXICO
ENGINEERING RESEARCH INSTITUTE

The SOTV program is a follow-on to the hydrogen
fueled Integrated Solar Upper Stage (ISUS) Orbital Ve-
hicle program started in 1994, and the START tests
were initiated under that program. Because the ISUS
concept vehicle would need very high temperatures for
the hydrogen fuel propulsion, thermionics was selected
as an appropriate power conversion technology since
thermionics also requires a high temperature heat source.

FIGURE 4.2 Artist’s rendition of a solar orbital transfer vehicle.
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The START tests were designed to evaluate thermi-
onic power conversion for use with a future SOTV
spacecraft. Of special interest to the committee was the
conclusion from these tests, namely, that there were
too many technical difficulties to make thermionics a
viable power conversion technology. In fact, the com-
mittee believes that the SOTV program’s shift in focus
toward propulsion technology may be due in part to the
poor START test results. Thermionic power conver-
sion is still being considered as a possible power source
in the SOTV program, but the technology is now in
competition with Stirling engines, concentrating solar
arrays, and other alternatives.

The committee examined the START tests in detail
and found problems with the testing, analysis, design,
and test fixture fabrication in the START series that
should be carefully accounted for in any future tests.
Because these problems bring into question the valid-
ity of the data that were collected, the committee deter-
mined that the viability of thermionic power conver-
sion technology should not be judged based on these
tests.

Finding: The string thermionic assembly research
testbed (START) test series should not be used as a
basis for evaluating the viability of thermionic power
conversion technology.

When the ISUS orbital vehicle program was initi-
ated, a contract was awarded to Babcock and Wilcox to
develop a test fixture with a string of 8 series-connected
thermionic converters to be used in the first test phase.
A string of 16 series-connected converters was ordered
to be used in a second test phase. The first test of the 8
series-connected thermionic converters was intended
to identify any first-phase problems with the converter
test setup prior to initiating the second phase. Other
groups involved at various times during the testing
were General Atomics, NMERI, and Loral Electro
Optical Systems (now a part of Lockheed Martin Cor-
poration).

As a consequence of various technical difficulties
with the test equipment and procedures, a total of four
tests were conducted under the START test series in-
stead of the originally planned two tests. At the end of
the four tests at NMERI, a total of 26 converters had
been tested in strings of 8 or 16 converters connected
in series. The primary objective of the test series was to
demonstrate the performance of series-connected con-
verters in a flight-like environment. However, even

Thermionics Quo Vadis? An Assessment of the DTRA's Advanced Thermionics Research and Development Program
http://lwww.nap.edu/catalog/10254.html

41

with the extra tests, every attempt to operate a string of
thermionic converters connected in series ended in fail-
ure during the START tests. As a result, there was no
opportunity to test the string of diodes in a flight-like
environment.

The committee is very concerned about these results.
Other tests detailed in this chapter have proven that
thermionic converters can successfully operate for very
long lifetimes both when operated individually and
when connected in series.

One such test was performed by JPL under its SET
program in 1967, during which four converters were
connected in series (see Box 4.1). A second test was
performed by General Atomics in a TRIGA reactor
with a six cell TFE and again with a three cell TFE.
There have been two Russian TOPAZ reactors flown
with thermionic converters wired into 28 volt output
configurations. Converters from a TOPAZ reactor were

BOX 4.1
The Solar Energy Technology
Thermionic Program

Some past thermionic testing made significant progress in the devel-
opment of thermionic technology. The committee believes that some
of the difficult lessons learned may be lost if the documentation is not
carried forward. If the knowledge gained from those tests is lost, future
generations of researchers may have to rediscover it, wasting limited
resources in the process.

The Solar Energy Technology (SET) program, initiated by the Jet Pro-
pulsion Laboratory (JPL) in 1962, is an example of successful tests of
thermionic converters developed by Thermo Electron and Loral Electro
Optical Systems (now part of Lockheed Martin Corporation). By 1968,
the SET program had produced high pressure, ignited mode convert-
ers with a stable life of over 10,000 hours and an output power density
of 20 watts per square centimeter at 1 volt for an emitter temperature of
2000 K. This project pioneered the development of cesium-compat-
ible, ceramic-metal seals and other materials technology employed
extensively in all later thermionic work.

One such test, performed by JPL in 1967, included four converters
connected in series. The performance predicted from the individual
converter data was approximately 20 percent greater than what was
attained when the START converters were tested as a series-connected
array. This loss was found to be caused by increased spacing between
the collector and emitter, which was in turn due to a difference in the
thermal expansion behavior of the converter when it was placed in a
receiver block versus when the converter was in an emitter block
(Rouklove 1967).
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also electrically tested in the United States during the
TOPAZ International Program discussed in Chapter 3.
Finally, a planar thermionic converter similar to the
converters used in the START tests, and built by the
same manufacturer that constructed the START test
thermionic devices, demonstrated 24,000 hours of life
in a test completed in 1994 (Thayer 1994).

Previous experience in testing thermionic devices in-
dicates that converters can be made to work in series-
connected circuits to develop a usable voltage level.
The committee therefore recommends that the future
sponsoring agency look closely at the START tests in
order to identify and make use of the lessons learned
and increase the probability of a successful test in the
future. To aid in this effort, the committee identified
several areas that should be given attention in any fu-
ture tests:

» As with any difficult test program, additional time
and financial resources should be included in any fu-
ture test plan to accommodate problems that will in-
evitably arise. Technical difficulties, and the time and
resources required to deal with them, should be consid-
ered as a part of the standard operating procedure for
any high risk, experimental scenario.

* Some members of the thermionic device design
and manufacturing team should be involved in the sys-
tem tests. In this way, their expertise can be used early
in the test cycle to minimize errors, help overcome test-
ing obstacles, and avoid previously identified mistakes.

* The test fixture should be tested and characterized
to make certain that performance requirements are met
before fitting the thermionic devices into the fixture.
For instance, temperature stability characteristics and
temperature gradients in the heating elements should
be clearly identified.

* Any future test setup should account for a high
electromagnetic interference environment, because the
high temperature test fixtures used in previous thermi-
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onic experiments generated a large amount of such in-
terference.

The committee believes that the sponsoring agency
should conduct an independent test of the original
START test converters. First, the sponsoring agency
should determine conclusively if the devices still work
or if they are no longer functioning, as shown by the
results at NEMERI. If the results of the reevaluation of
the converters are different from those of NEMERI, an
effort should be made to understand why there are dif-
ferences. Any discrepancies between the two sets of
data must be resolved so that the true test issues and
device design issues can be identified.

Once the core issues are identified, the sponsoring
agency should gather a group of experts to look closely
at the START tests. This group should document
proper test methods needed to have a successful test in
the future.

Recommendation 7. When working on a system-
level solar thermionic design, the sponsoring agency
should reexamine the string thermionic assembly
research testbed (START) tests to record lessons
learned. The reexamination should begin with a re-
test of the original, individual converters to differ-
entiate between problems due to converter design
and generator configuration and those due to the
test setup. The sponsoring agency should gather an
independent group of experts to devise testing meth-
odologies so as not to repeat past mistakes.
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Nuclear Thermionics

A 1998 report published by the National Research
Council’s Committee on Advanced Space Technology
(NRC 1998) stated as follows:

Advanced space nuclear power systems will probably be required to
support deep space missions, lunar and planetary bases, extended
human exploration missions, and high-thrust, high-efficiency pro-
pulsion systems. A major investment will eventually be needed to
develop advanced space nuclear power sources. . . . Unless NASA
supports R&T in areas such as innovative conversion methodolo-
gies or innovative packaging and integration, future space nuclear
power systems will probably be more expensive and less efficient.

For some space propulsion missions that require
high power, or where nuclear power is a critical re-
quirement, the potential performance advantages of a
nuclear thermionic system are compelling. The dem-
onstrated state of the art of thermionic systems in terms
of lifetime and device-level power output, coupled with
their low mass and compactness, make this technology
attractive and suggest that it could satisfy future space
power requirements in the low to mid tens of kilowatts
to megawatts.

In some cases, fully developed thermionic technol-
ogy may be mission enabling. However, the committee
acknowledges that the technical risks in developing a
functional thermionic system are high. The technical
uncertainty in developing an operational system that
could achieve the desired performance is especially
high for power systems that use thermionic converters
powered by nuclear reactors.

There is no capability in the United States to test
nuclear thermionic fuel materials for fuel swelling is-
sues because those fast-flux test facilities were deacti-
vated. A possible alternative to reestablishing test fa-
cilities in this country is to coordinate with Russia in
future thermionic materials testing.

43

As discussed in Chapter 4, the committee recom-
mends orienting the near-term thermionics research and
development program toward a solar thermionics con-
version technology aimed at competing with other en-
ergy conversion technologies available today, such as
solar photovoltaics. Basic research and long-term plan-
ning, however, should be oriented to establish a tech-
nology base that could be used by a future space mis-
sion requiring nuclear power. This chapter details the
current state of nuclear thermionic research and the
path that should be followed to establish a long-term
nuclear thermionic capability.

Recommendation 4. The sponsoring agency should
concentrate longer-term thermionic development
work on those areas of nuclear thermionic power
systems related to materials development, converter
development, and radiation effects on materials in
order to achieve high power and long life for such
systems.

LESSONS LEARNED FROM TOPAZ

The history of the TOPAZ International Program
work is recounted briefly at the end of Chapter 3. The
statement of task required the committee to review the
work conducted under the joint U.S.-Russian TOPAZ
International Program. A previous National Research
Council report on the TOPAZ program reviewed the
work conducted under that program (NRC 1996). No
further work has been conducted under the program
since it was canceled.

In 1995, the Defense Nuclear Agency (DNA), which
has since then become a part of the Defense Threat
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Reduction Agency (DTRA), requested that the
National Research Council examine and assess the
TOPAZ International Program that the DNA was then
conducting. The DNA asked for an assessment of the
following:

 The status of the program at the time;

» The value of continuing the ongoing activities as
they related to developing operational space nuclear
power systems;

» The possible effects of discontinuing certain ele-
ments of the program;

 The state of the TOPAZ reactor technology in re-
lation to the equivalent U.S. technology;

 The value of establishing revised goals for the pro-
gram; and

» Steps DNA could take to serve the national inter-
est more effectively, including continuing, modifying,
expanding, or discontinuing the program.

Representatives of various organizations in DoD,
DOE, and NASA, together with Russian interests, U.S.
industrial companies, and private individuals, partici-
pated in the 1996 deliberations on the TOPAZ Interna-
tional Program. Since the TOPAZ International Pro-
gram was devoted to thermionic system advancement,
the 1996 report’s assessment is relevant in many re-
spects to the current examination requested by DTRA.
Although no work has been conducted in the United
States related to the TOPAZ International Program
since the program was discontinued in 1996 and the
TOPAZ hardware was returned to Russia, many of the
factors considered by the previous committee and the
conclusions it reached are still valid. The conclusions
of the 1996 report, and the current committee’s obser-
vations, are summarized below.

e Support of high power, long lifetime nuclear sys-
tems. The 1996 TOPAZ committee stated that one ob-
jective of a U.S. thermionics program should be to ad-
vance critical technologies that could support potential
future high power, long lifetime space nuclear reactor
systems. However, at that time the program did not
have sufficient funds to advance the critical technolo-
gies required for such a nuclear system. Those funds
are still not available.

» User applications. The 1996 TOPAZ committee
emphasized throughout its report that there were no
dedicated users or then-current applications for thermi-
onic or nuclear technology. The 1996 committee also
found that there were no planned or confirmed mis-
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sion-directed activities within the TOPAZ International
Program. While the Solar Orbital Transfer Vehicle pro-
gram may address this issue with respect to solar ther-
mionic systems, there is still no confirmed mission for
a nuclear thermionic system.

* Knowledge capture. The 1996 TOPAZ committee
found that the TOPAZ International Program had no
formal mechanisms to record and archive the technical
knowledge gained from the space power nuclear reac-
tor technology efforts so that it would be accessible for
future efforts. There is still no formal archival method
being used today in the DTRA thermionics program.

» Collaboration. The TOPAZ committee found that
an integrated and collaborative interagency approach
that existed in earlier nuclear power development pro-
grams, such as SP-100, had broken down.

* Role of government. The 1996 TOPAZ committee
found that there is a role for the government in research
and development for thermionics because U.S. compa-
nies often do not have sufficient economic motivation
to maintain the scientific and engineering staffs or fa-
cilities to support continued work on high risk, long-
term projects such as thermionics. The situation has
not changed since 1996.

All of the points made by the TOPAZ committee in
1996 are relevant to the current situation in the DTRA
thermionics program. In contrast to the previous com-
mittee, the current committee, as already stated, rec-
ommends that emphasis be placed on solar thermionics
research as a near-term goal and that nuclear thermion-
ics research, as advocated by the 1996 NRC commit-
tee, be viewed as a long-term goal.

The current funding situation is analogous to the
funding that existed for the TOPAZ International Pro-
gram in 1995 and 1996: that is, year-to-year funding
mandated by Congress limits the efforts. The conclu-
sions listed above should help guide future thermionics
work aimed at space nuclear power.

The 1996 TOPAZ committee considered six pro-
gram options that ranged from terminating the TOPAZ
program to revisiting the possibility of conducting a
flight test and revamping the overall program. The
TOPAZ International Program was canceled shortly
after the committee’s report was released, and no fur-
ther work has been conducted.

The following is a paraphrased account of some of
the recommendations from the 1996 report that would
be relevant to a future nuclear thermionics program in
the United States:
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» The overriding objective of thermionic research
should be to advance the critical technologies for high-
power, long-lifetime U.S. space nuclear reactor power
systems.

e The U.S. government should support a single,
comprehensive, integrated thermionics program rather
than a collection of uncoordinated programs. Funding
at the level of $15 million to $20 million per year would
be required to develop a space nuclear reactor program.

 The nuclear portion of an integrated thermionics
program should focus on fast-spectrum reactors using
in-core multicell thermionics aimed at high-power,
long-lifetime systems rather than thermal-spectrum,
single-cell systems. An integrated thermionics program
should also include other power conversion ap-
proaches, including thermoelectrics and out-of-core
thermionics.

* An integrated thermionics program should coop-
erate with Russian institutes involved in thermionic de-
velopment to benefit from their experience and testing
facilities. In-core lifetime testing is not readily avail-
able in the United States owing to the declining avail-
ability of domestic irradiation test facilities.

* A thermionics program should include the partici-
pation of U.S. industry to help establish and benefit
from a strong, long-term knowledge base.

* A thermionics program should initiate cooperation
among DoD, NASA, and DOE and should include
multiagency funding to provide continuing support.

NUCLEAR THERMIONIC TECHNOLOGY
DEVELOPMENT

In Recommendation 3 (see Chapter 4), the commit-
tee states that the thermionics research and develop-
ment program should be directed in the near term to-
ward the development of a solar thermionic system.
Long-term thermionic program goals, however, should
be directed toward establishing and maintaining an
option for a nuclear thermionic system, a position
stated in Recommendation 4 above in this chapter. Bal-
ancing two sets of requirements to meet these short-
and long-term goals will not be easy. It will not, for
example, be possible for the sponsoring agency to de-
sign a solar thermionic system that simultaneously ad-
dresses issues such as the radiation damage to materi-
als and mechanical stress caused by nuclear fuel
swelling. However, for a viable nuclear thermionic sys-
tem to be built, those are exactly the issues that must be
addressed.
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Despite the difficulty, the committee believes that
the sponsoring agency should work to develop a tech-
nology base that can advance systems that will meet
both sets of requirements. However, the area where the
two technologies overlap is difficult to define, so the
sponsoring agency needs to carefully decide which spe-
cific technologies or systems will be developed.

The committee feels that the cylindrical inverted
multicell (CIM) thermionic converter, proposed by
General Atomics in conjunction with the HPALM sys-
tem (described in Chapter 4), and the conductively
coupled multicell (CC/MC) thermionic fuel element,
also proposed by General Atomics, may be specific
examples of technologies that can be used for solar
thermionic applications and adapted to nuclear thermi-
onic applications in the future. The following discus-
sions of the CC/MC and CIM are not meant to indicate
that these technologies are the perfect (or the only)
technologies that can be developed for use in both
nuclear and solar conversion systems. Rather, these
technologies should be considered indicative of the
type of devices that offer promise of being compatible
with both heat source systems.

Conductively Coupled, Multicell Thermionic Fuel
Element

A traditional multicell thermionic fuel element
(TFE) consists of thermionic converters connected in
series. Each element is loaded with nuclear fuel and
both ends of the element are sealed. The nuclear fueled
“flashlight” TFE, which was the baseline for most in-
core reactor concepts in the United States as well as the
former Soviet Union, is a stack of these individual ther-
mionic converters connected in series to form a thermi-
onic generator. Each fueled thermionic converter gives
the impression of a standard D-cell sized battery, hence
the term “flashlight configuration.” General Atomics
has performed most of the work on flashlight TFEs in
the United States.

By the early 1990s, program planners and research-
ers realized that the ability to conduct nonnuclear
ground testing of flight units prior to launch would be
useful for acceptance or flight qualification testing. Un-
fortunately, conventional sealed thermionic cells used
in the thermionic flashlight generator are difficult to
heat-test electrically because of the mechanical design
of the TFE.

Moreover, nuclear heating is not practical for flight
system verification on the ground. When units are
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tested for flight qualification on the ground, radioac-
tive fission products are produced in the nuclear core.
Having these products in the nuclear core during a
rocket launch creates additional complications for
launch safety assurance. A predecessor of the only U.S.
nuclear reactor to fly in space, SNAP-10A, was ground
tested. The second, untested unit was then flown on the
experimental space mission.

Radiative coupling is one way around the dilemma
of not being able to test a TFE individually prior to
combining it with the nuclear heat source. With a TFE
designed for radiative heating, a vacuum gap electri-
cally isolates the nuclear fuel from the thermionic con-
verters. An electrical heat source is then used to mimic
the radiative heat properties of a nuclear heat source. In
this way, each individual TFE and the entire energy
conversion subsystem can be tested before loading the
reactor with nuclear fuel. The reactor can then be fu-
eled relatively late in the checkout process before
launch.

The major disadvantages of using radiative electri-
cal heat testing are that the radiative heating introduces
an additional temperature gradient between the heat
source and thermionic emitter due to the vacuum gap
between the two. This situation requires that the fuel
maintain a temperature roughly 200 K higher than the
emitter surface to compensate for the gap.

An alternative approach for a design that keeps the
thermionic converter separate from the nuclear fuel is
conduction coupling. There, the heat from the nuclear
fuel is transferred conductivly using a ceramic insula-
tor that electrically isolates the fuel from the emitter.
As is the case for radiatively coupled converters, the
conduction coupled converter can be heated electrically
by placing a heating element inside the hollow center
of the cylindrical thermionic converter to replicate the
heating properties of nuclear fuel. This is the method
that General Atomics proposes to use with its CC/MC
concept.

Although conceptually simple, using a heat-conduct-
ing medium between the nuclear fuel heat source and
the thermionic emitter is a challenge because of the
combination of high temperature, voltage gradient, and
nuclear radiation, which cause electrolytic dissociation
of most ceramic insulators.

Russian research offers a possible solution. It has
shown that scandia (Sc,0,) insulators offer extraordi-
nary high temperature capability. An emitter trilayer
may be fabricated with a fuel cladding layer, followed
by a scandia insulator layer and then the thermionic
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emitter. However, the lifetime for a device such as a
CC/MC has not been conclusively demonstrated, espe-
cially under the combined influence of temperature,
voltage gradient, and irradiation (Streckert et al. 2000a,
b).

Since the CC/MC was designed to be heated by
sources other than nuclear fuel, it could be used with
some other method of transporting heat into the CC/
MC cylinder, such as with a heat pipe assembly. How-
ever, the addition of a heat pipe system to a solar con-
centrator, for example, may negate some of the poten-
tial weight advantages of the solar thermionic system.
So, although such a system is possible, the system
tradeoffs to make such a system viable need to be ex-
amined before any final conclusions can be made.

Finding: The conductively coupled multicell (CC/MC)
thermionic fuel element, as proposed by General Atom-
ics, needs to be evaluated for nuclear in-core use by
resolving radiation-induced fuel swelling and insulator
degradation issues before the concept can be declared
viable.

Cylindrical Inverted Multicell

The cylindrical inverted multicell (CIM) thermionic
converter is essentially an inverted version of the CC/
MC device and was proposed specifically for use with
the HPALM concept (see Figure 5.1). So while one
challenge with the CC/MC device may be to find a
suitable solar candidate mission, a challenge with the
CIM device is to find a suitable nuclear candidate ap-
plication.

In the CIM thermionic converter, the heat is applied
externally, where the emitter is located, and the waste
heat is removed from the hollow interior of the cylin-
der. This conceptual device is intended for use with the
HPALM system and is, therefore, inherently capable
of being tested using an electrical heater. The CIM con-
verter would be immersed in the heat receiver of the
HPALM system, so a comparable nuclear system could
be the space thermionic advanced reactor compact
(Star-C) concept as was proposed by General Atomics.
The STAR-C concept is a nuclear reactor in which the
heat from the uranium carbide nuclear fuel is captured
by a graphite block. The CIM thermionic converter
could be placed into this graphite block so that the CIM
is heated radially inward. One potential advantage of
this design is that, since the nuclear fuel is not in con-
tact with the CIM, fuel swelling issues may not be as
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1 = Emitters

2 = Collectors

FIGURE 5.1 Cylindrical inverted multicell cross section.

SOURCE: L. Begg, General Atomics, presentation to the Committee on Thermionic Research and Technology, August 2000.

large a concern for the thermionic converter portion of
the device. However, the CIM would still be inside the
nuclear core, and so any development would have to
contend with radiation damage to materials just as
would the CC/MC development. This configuration
could introduce the added complexity of carbon diffu-
sion into the thermionic device.

Finding: Both the inverted thermionic element and the
planar thermionic converter that could be used the
HPALM concept are compelling, but the system has
not been built or tested.

Finding: The cylindrical inverted multicell (CIM) ther-
mionic fuel element, as proposed by General Atomics,
needs to be proven for solar conversion applications.
The same technology, if chosen for use with a nuclear
in-core system, needs to be evaluated for nuclear in-
core use by resolving radiation-induced insulator deg-
radation issues before the concept can be considered
viable.

POTENTIAL SPACE NUCLEAR THERMIONIC
MISSIONS

Nuclear heat conversion is an alternative to solar
heat conversion for providing power to a spacecraft.

Nuclear power applications can be divided roughly into
those with low and high power requirements. Low
power requirements can be satisfied by radioisotope
power systems that generate a few kilowatts of power
at most. High power requirements, near or exceeding
100 kilowatts, may require the use of nuclear reactors,
depending on the specific mission.

In general, thermionic converters would not be used
with radioisotope heat sources because other conver-
sion devices are better suited to operate at the lower
temperatures typical of radioisotope heat sources.

The decision to use a nuclear power source on a
spacecraft will generally be driven by compelling mis-
sion requirements. To date, the United States has only
flown one reactor in space. There have been other mis-
sions that use nonreactor-based radioisotope power. All
of the spacecraft that have flown beyond the orbit of
Mars have been powered by radioisotope power
sources because there is simply not enough sunlight for
photovoltaic arrays. Figure 5.2 illustrates that the solar
energy available decreases rapidly as an interplanetary
spacecraft flies to the outer planets of the solar system.

Currently, there are no planned or approved space
missions that use a nuclear reactor. Smaller spacecraft,
such as NASA'’s planned Europa orbiter and the Pluto/
Kuiper Express, meet the criteria for needing a nuclear
power source. However, both spacecraft require a fairly
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FIGURE 5.2 Solar energy flux as a function of distance from the Sun.

small amount of power and could therefore make use
of the smaller radioisotope power systems. In addition,
the Pluto/Kuiper Express program at NASA has been
canceled at the time of this report’s publication. A num-
ber of potential future missions have been postulated
that would use nuclear reactors based on the following
conditions:

e High power. Nuclear power is the only practical
source of continuous, high power levels in space (more
than 100 kilowatts), especially where solar energy is
not adequately available. This is due to an economy of
scale effect: little size or mass is added as power levels
increase.

o Self-sufficiency. Nuclear power sources make the
spacecraft more independent of potentially unreliable
external solar or chemical heat sources. For example, a
nuclear power source can be used for missions to the
outer planets where there is not sufficient solar energy
for a solar-powered system. Or, for missions on the
Martian surface, a nuclear power system would not be
affected as much by dust storms that reduce the avail-
able sunlight.

 Survivability. Nuclear power sources are gener-
ally less vulnerable to external radiation (e.g., the ra-
diation belts around Earth and Jupiter) and to other
potentially hostile environments, such as meteoroids,
Martian dust storms, space weapons, and extreme tem-
peratures such as those experienced on the lunar surface.

Examples of missions that are considered for nuclear
reactor use include human and cargo missions to Mars,
human lunar or planetary bases in harsh conditions,
electric propulsion missions to the outer planets, and
missions to the outer planets with high power science
instruments or high information data rates.

Some of these missions combine a reactor power
system with a high power electric propulsion system
for enhanced deep space travel. The dual mode sys-
tems are described briefly in Chapter 4 for a solar ther-
mionic power system, and Appendix D discusses the
potentially significant benefits of combining a light-
weight power system with emerging electric propul-
sion technology.

Some future military missions may have a need for
nuclear reactor systems. These include high power ra-
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dar systems and space-based electric weapons. How-
ever, current studies of these types of missions indicate
that they can be accomplished with nonnuclear power
systems. Most space-based radar concepts being stud-
ied use a combination of low orbits and low duty cycles
to reduce the continuous power level required by the
vehicle to between 4 and 30 kilowatts. This require-
ment can currently be met by state-of-the-art solar
power systems.

None of the approved NASA far-term missions seem
to require power that cannot be provided by solar ar-
rays or advanced radioisotope power sources. The ex-
ception is the establishment of a lunar base and a hu-
man mission to Mars, mentioned above, which have
not been approved but are being considered.

Rationalizing the development of nuclear power
supplies for spacecraft is difficult, especially in the near
term, because of the absence of current missions and
the effects of other factors associated with nuclear de-
velopment, such as cost, development risk, and poten-
tial nuclear safety issues. These risks (or perceived
risks) have halted the development of space-based
nuclear reactors. However, most studies that explore
the concept of space bases and their power require-
ments assume the future availability of nuclear power.

The advanced conversion technologies that are cur-
rently being pursued by various government agencies,
as discussed in other sections of this report, are aimed
primarily at solar energy and isotope heat sources with
heat to electric conversion via:

* Free piston Stirling engine,

» Brayton engine,

o Alkali metal thermal to electric converter
(AMTECQ),

» Thermophotovoltaics, and

e Advanced thermoelectric generators.

Should a permanent human mission to the Moon or
Mars be authorized and a nuclear heat source for the
power be selected, thermionic conversion might well
be able to compete with these conversion technologies.
While NASA and DOE are sponsoring development
work on the other conversion systems, the DTRA pro-
gram is the only U.S. program working on thermionic
converters in relation to space nuclear power. The com-
mittee believes that the research on thermionic con-
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verters should continue so that there will be a technol-
ogy base on which future nuclear power reactor system
development programs can draw.

Finding: The current thermionic research and devel-
opment program sponsored by the DTRA is the only
thermionics work being conducted today in the United
States related to space nuclear power. However, the
program does not include efforts to address nuclear is-
sues related to incorporating the technology into a re-
actor system, namely radiation-induced fuel swelling
or radiation damage to converter materials for use with
nuclear in-core systems.

While the DTRA program is important because it is
the only funded effort in this area, there are limits to
what the program can realistically accomplish given
the relatively meager funding. Also, if the sponsoring
agency follows this committee’s recommendation to
establish a U.S. thermionic research program that fo-
cuses on near-term solar thermionic applications, the
program will be limited in its ability to achieve a
nuclear thermionic capability.

Previous thermionic technology programs have
identified as a problem the fuel swelling that occurs
over time in an in-core thermionic fuel element. Not
only is DTRA not examining fuel swelling effects, but
there is also no materials or device testing being con-
ducted in nuclear environments, presumably due to cost
and the lack of fast-flux test facility availability in the
United States. The absence of nuclear in-core testing
could invalidate any nuclear thermionic design that is
developed by the current program.
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Terrestrial Applications

The consideration of the potential applicability of
thermionic conversion to non-space, or terrestrial, ap-
plications can presently be divided into two broad cat-
egories, namely, commercial power production and
special-purpose military applications. However, the
attributes that make thermionics attractive for space
power systems are not as compelling in terrestrial ap-
plications. Cost and long-life reliability considerations
for terrestrial applications generally dominate decision
making for terrestrial applications, whereas for space
applications, mass, compactness, and efficiency tend
to be the ruling criteria.

COMMERCIAL POWER PRODUCTION

In the early 1960s, the American Gas Association
and the U.S. Army started funding programs to develop
fossil fuel powered thermionic converters. The mate-
rial silicon carbide emerged as the preferred coating
for emitters to protect them from air and combustion
products. Because emitter materials, such as tungsten,
had thermal expansion coefficients different from that
of silicon carbide, cracking and separation problems
were severe. These problems were not overcome until
the 1980s. By that time, there was no funding available
to demonstrate the practicality of fossil fuel powered
thermionic devices.

Due to the Arab oil embargo and the increasing
awareness of environmental issues related to energy
production, terrestrial thermionic research and devel-
opment received modest funding during the 1970s and
1980s. Since fossil fuel combustion temperatures can
be much higher than allowable steam turbine operating
temperatures, thermionic devices have the potential to
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increase overall power plant efficiency when used as a
high temperature topping cycle. That is, the elevated
combustion temperature of burning coal or other fossil
fuels could heat the thermionic converters. The heat
rejected by the thermionic devices could then be used
to power the steam turbines. However, most of the
power generating systems being constructed and or-
dered today are gas turbine systems, some using a com-
bined cycle steam generation bottoming cycle with
high efficiency. In this case, the exhaust of the gas tur-
bine is used to generate steam. The potential benefits
of thermionic topping cycles include reductions in
waste heat, pollutants, and plant cooling water require-
ments. However, thermionic topping cycles have not
been commercialized due to high capital and operating
costs as well as the expense of developing initial proto-
types. Some small market thermionic applications were
explored in Europe, where fuel generally costs more
than in the United States, but those efforts were aban-
doned because of unfavorable cost tradeoffs.

Finding: The committee could not identify any finan-
cially viable terrestrial applications that could make use
of thermionic power conversion.

SPECIAL PURPOSE MILITARY APPLICATIONS

The military has a continuing need for improved
transportable field power sources for remote sites.
These systems have requirements ranging from a few
watts to several hundred kilowatts in the case of fu-
turistic airborne energy weapons. For lower power
requirements, advanced battery concepts are being pur-
sued. For mid and high power requirements, alterna-
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tives to diesel-generator systems are under develop-
ment. Thermionics can be used with combustion heat
sources, but thermionic systems are less efficient than
turbines or fuel cells.

Cost-effectiveness is also a significant issue. None
of the military organizations responsible for the devel-
opment of terrestrial military power sources are cur-
rently examining thermionics, presumably for the same
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reasons that the technology is not being pursued for
commercial purposes, namely, the availability of other
approaches that cost less and that are more efficient.

Finding: Thermionic technology is not being pursued
for special-purpose military applications primarily be-
cause of the technology’s high cost and low efficiency.

Copyright © National Academy of Sciences. All rights reserved.
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Assessment of Progress

The Defense Threat Reduction Agency thermionics
program sponsors a number of different efforts aimed
at establishing a technology base for potential future
users of this technology. As detailed in Chapter 2, the
effort is spread among too many different projects
within present funding constraints. However, even
given the fairly large number of projects for the modest
yearly funding available, the program does not sustain
thermionic science and basic research related to elec-
trode materials, plasma physics, and surface physics.
The committee believes that the overall DTRA effort
would be more successful if it were to emphasize a
basic research program in electrode and materials pro-
cesses relevant to thermionic energy conversion.

Recommendation 5. The sponsoring agency should
reestablish an adjunct basic research program on
electrode surface physics, plasma, and materials
processes relevant to thermionic energy conversion.
This program should be funded separately from the
thermionics research program.

The term “adjunct” in the recommendation above
refers to basic research that does not use DTRA con-
tract funds. These non-DTRA contract funds might in-
clude funds from Small Business Innovation Research,
the National Science Foundation, the Air Force Office
of Scientific Research, NASA, and so on. Naturally, the
future sponsor of thermionics research cannot dictate to
the other agencies how to spend such funds: however, if
they present the potential benefits of such a research
program, the future sponsor may be successful.

The current funding mechanism, so-called congres-
sional plus-up money, also negatively affects technol-
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ogy development, particularly at the university level. It
is difficult for researchers to guarantee funding for
graduate students for the duration of their degree pro-
gram which spans multiple years. Because funding
uncertainty, faculty and students often hesitate to par-
ticipate in thermionic research.

Finding: Without stable, multiyear funding, university
researchers hesitate to take part in thermionics research
efforts, and the thermionics community misses the op-
portunity to leverage university-based research.

MATERIALS AND DEVICE RESEARCH

Single-Crystal Refractory Metals

Single-crystal refractory thermionic electrodes were
tested in the early U.S. programs including the Solar
Energy Technology program. The use of single-crystal
refractory metal alloys was pioneered in the former
Soviet Union (Gontar et al. 1996). According to re-
search conducted there, single crystals offer three im-
portant advantages over their polycrystalline counter-
parts: (1) improved creep resistance, resulting in lower
emitter cladding distortion and longer lifetime; (2) im-
proved resistance against material diffusion, another
factor important for long life; and (3) high bare work
function, which produces a low cesiated work func-
tion, resulting in higher efficiency (Drake 1998). This
advantage is primarily for planar converters.

Collaborative efforts involving Scientific Research
Association (SRA) Luch, Auburn University, and Gen-
eral Atomics have tended to support these conclusions.
Accordingly, the committee perceives that this collabo-
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ration has significantly enhanced the U.S. state of the
art in the area of high temperature metallurgy, as well
as in thermionic device technology.

Finding: The collaboration between the Defense
Threat Reduction Agency thermionics program and
Russian research facilities is ongoing and has been suc-
cessful.

Auburn University Materials Work

The DTRA has sponsored research at Auburn Uni-
versity through General Atomics that concentrates on
the fabrication methods and underlying science in the
fabrication, processing, and characterization of refrac-
tory alloy single-crystals. This work has proven to be
successful and is one of the major success stories asso-
ciated with the thermionics technology program. The
committee learned in June 2001 that the U.S. Army
will be providing funding to Auburn University to ex-
pand the single-crystal work discussed here to other
non-thermionic applications.! Auburn researchers are
exploring three approaches: (1) electron beam float
zone, (2) flow chemical vapor deposition (CVD), and
(3) closed-cell CVD.2

The electron beam float zone method is considered a
brute force approach to single-crystal fabrication,
where the refractory alloy bar stock is melted and reso-
lidified by sweeping a segment of the molten material
up or down the specimen axis. There are several diffi-
culties associated with this approach. The electron
beam float zone method requires that the alloys be
melted at high temperature (more than 3400°C for tung-
sten), which is difficult to do with the systems currently
in place.

However, researchers at Auburn University have
overcome many of the challenges and have success-
fully fabricated single-crystal alloys in small amounts
of niobium, molybdenum, rhenium, and tungsten using
this method. The growth facility at Auburn University
is capable of processing the highest melting point tung-
sten alloys with diameters up to half an inch. Selected
high temperature mechanical properties of the pro-
cessed alloys have been examined and the effect of
grain boundaries and solute additions identified.

United States Army Solicitation Number DAAE30-01-Q-0820.

2The Russians had a leading role in the development of single-
crystal technology on which Auburn University researchers have
based much of their work (DOE 1992).
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CVD methods allow researchers to grow single-
crystalline layers of refractory metals on a metal sub-
strate at a much lower operating temperature than is
needed with the electron beam float zone method. Con-
ventional CVD technologies depend on flow-through
methods, in which fresh vapor phase reactants are con-
tinuously passed over the surface to be coated.

CVD single-crystal alloy production was a true col-
laborative effort between Auburn University and Gen-
eral Atomics. Two chemical reduction reactions were
used: one with the tungsten hexachloride and the other
with tungsten hexafluoride. Researchers were able to
grow layers of pure tungsten on molybdenum sub-
strates using both reactions.

To reduce the amount of waste associated with the
corrosive vapors used in CVD processes, a closed-cell
CVD concept was investigated. A closed-cell CVD
process gives only small volumes of waste products,
and these can be condensed within the CVD cell. Au-
burn has demonstrated the feasibility of employing a
closed-cell CVD process for depositing pure tungsten
into molybdenum substrates with the following at-
tributes:

» Environmental friendliness (no exhaust vapor),

» Low cost and potentially significant raw material
savings, and

 Ease of operation owing to the low operating pro-
cess temperature and the absence of exhaust.

The closed-cell approach is relatively simple in an
experimental configuration. However, the thermody-
namic characteristics of the system are significantly
more complex than those of the flow CVD system.
These complexities are due to significant variations in
the temperature and pressure of the reaction gases in
the system. Researchers are continuing to investigate
the correlation between crystal growth characteristics,
thermodynamic parameters, and properties in this
closed system.

General Atomics informed the committee that some
work has been reported in Russia where a single-crys-
tal tungsten wire was fabricated that had a final-diam-
eter to start-diameter ratio of 30:1. General Atomics is
currently trying to replicate this large-diameter CVD
work.

While General Atomics has made some progress on
CVD single-crystal tungsten, it is working to develop
CVD single-crystal tungsten alloys. Single-crystals
have several advantages over polycrystalline metals
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because grain boundaries are eliminated. High tem-
perature creep strength is enhanced, grain boundary
diffusion is eliminated, and the highest bare work func-
tion of the crystal can be exposed on the emitter and
collector faces, producing optimum cesiated perfor-
mance. These factors are all available in planar con-
verter geometries. In cylindrical geometries, a single-
crystal electrode will provide enhanced mechanical
properties, but the work function will vary around the
circumference. Russian CVD work indicates that some
possible improvements in work function may be real-
ized by using cylindrical geometries with single-crys-
tals, but the exact amount of improvement has either
not been determined, or the Russian researchers have
not revealed their results.

Uniaxial creep test data were obtained during the
first year of funding on single-crystal tungsten-tanta-
lum. The DTRA anticipates using tungsten-tantalum
nuclear fuel cladding for the thermionic converter heat
source. If the single-crystal is used with a nuclear fuel
heat source, the material will be subject to biaxial
stresses. DTRA management proposed that biaxial
verification experiments be conducted on single-crys-
tals. As a result, the General Atomics subcontract to
Auburn University includes a task to test the biaxial
creep properties of tungsten-tantalum single-crystals at
high temperature.
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In biaxial creep testing, a closed-end tube made of
the material to be tested is internally pressurized using
a static, inert gas. The test assembly is heated to the
desired temperature in a diffusion pump vacuum cham-
ber using a 5 kilowatt heat source. The diameter of the
tube is measured periodically using a noncontacting
laser micrometer system. Auburn researchers will sub-
ject each sample to different stress levels from 6,000 to
20,000 pounds per square inch in a stepwise manner
with a set temperature. Two axial measurements will
be made periodically to determine creep rates. The tests
are expected to be complete shortly after this report is
published in late 2001.

Committee’s Assessment of the Single-Crystal
Research

Single-crystal materials can improve thermionic
converter performance. As Figure 7.1 shows, increased
bare work function results in higher efficiency and
higher optimum power density. A work function of 5.6
corresponds to single-crystal rhenium, and one of about
5.0, to polycrystalline tungsten.

As bare work function increases, cesiated work func-
tion decreases (Figure 7.2). Thus, to maximize work
function differences between emitter and collector, the
highest collector bare work function is desirable.
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FIGURE 7.1 Effect of emitter bare work function on performance, using computer code TECMDL. SOURCE: General Atom-

1CS.
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FIGURE 7.2 Cesiated work function versus bare work function.

The research being conducted in single-crystal re-
fractory metals is a critical technology area for any fu-
ture thermionic program. The research also has the po-
tential for significant spin-off applications into
numerous other areas. Industry alone cannot sustain
these technologies without recruiting new interested
personnel from the university ranks. University re-
search must be supported not only to provide technical
knowledge continuity but also to gain advocates, now
and in the future, for the complex and wide ranging
technologies associated with thermionic energy con-
version.

General Atomics has the primary experience in the
cylindrical converter and trilayer technology. There are
clear materials issues that must be addressed and solved
in order to achieve the anticipated performance. In the
United States, cylindrical CVD techniques used in the
past produced textured polycrystalline structures with
high work function grain exposure on the electrode
surface. There are several ultimate tradeoffs that must
be evaluated between the geometrically simple, dem-
onstrated planar converters on the one hand and the

more complex and untested cylindrical converters on
the other.

Oxygenation

Previous work established that oxygenation of emit-
ter and collector surfaces in a thermionic converter can
be a useful technique for improving thermionic perfor-
mance (Figure 7.3). An oxygen layer on the surface
creates a very high work function. A cesium mono-
layer on the oxygenated surface will result in a very
low work function surface. The work function is less
than 1.3 electron volts at 900 K or about 0.2 electron
volts lower than cesiated niobium.

Another advantage of oxygenation is that the cesium
pressure in the space between the emitter and collector
is reduced. Lowering the pressure might lower plasma
losses. In the conventional nonoxygenated converter,
the output voltage is reduced by about 0.5 volts due to
electron scattering losses in the plasma, thus diminish-
ing the electrical output by 30 to 40 percent (Drake
1998, Begg 1998).
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FIGURE 7.3 Effects of cesium oxide vapor on converter performance.

The committee, however, has heard concerns raised
about the long-term stability of oxygenated electrode
systems. Since oxygen is known to attack refractory
metals, the long-term effects of even trace amounts of
oxygen need to be carefully monitored over the operat-
ing lifetime of any thermionic device under test. Also,
the benefits of oxygenation on system design, thermi-
onic fuel element performance, and overall life have
not been clarified. These issues must be addressed be-
fore benefits of oxygenation can be conclusively estab-
lished, and the committee believes that the benefits are
difficult to justify.

Finding: The benefits of oxygenation in enhancing
converter efficiency are difficult to justify in view of
the technical risks associated with system design, ther-
mionic fuel element performance, and overall life.

Thus, oxygenation should not be incorporated into
advanced technology development programs at this
time, but it might be considered as a legitimate activity
for basic research or possibly future applied research.

CLOSE-SPACED VACUUM CONVERTER

One of the features of the DTRA thermionics pro-
gram is research on close-spaced thermionic convert-

ers being carried out by SRA Luch, the primary sub-
contractor in Russia.

In theory, the efficiency of the thermionic converter
increases significantly as the gap approaches zero, be-
cause in an infinitesimally small converter space, there
is no opportunity to build up space-charge. Hence, the
barrier potential is nearly zero, and energy conversion
efficiency is primarily limited by conduction and ra-
diative losses.

However, once the gap size increases beyond a few
microns, the electron barrier potential can no longer be
ignored, and it is necessary to provide charge neutral-
ization with a plasma such as cesium.

The physics behind this effect is not at all new.
Vacuum mode converters have been investigated since
the 1950s. In the past, such converters were judged to
be impractical from an engineering point of view, ow-
ing to the difficulty of maintaining the extremely small
tolerances that are required, substantially less than 1
micron.

The close-spaced converter effort has resulted in the
manufacture of a thermionic converter with a 6 micron
gap, which the committee feels was an impressive ac-
complishment. The converter apparently worked well
during tests at SRA Luch. However, when it was
shipped to New Mexico Engineering Research Insti-
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tute, a cracked housing prevented the unit from being
tested. After repair, poor performance was observed.
This poor performance may have been due to partial
shorting from contaminants in the gap region. The
DTRA management’s intent now is to revalidate the
test and to design and build a three-cell, close-spaced
converter module.

It appears that the close-spaced converter project has
been carried out with great competence and skill. How-
ever, the committee feels that a successful project will
not provide enabling technology for a long-life nuclear
thermionic reactor, because the close-spaced converter
device cannot be easily integrated into a thermionic
nuclear reactor core. Also, the project goals are directed
toward conversion efficiency and performance rather
than long life.

The close-spaced vacuum diode concept as presently
envisioned must be a planar arrangement, so efforts on
cylindrical thermionic converters are not applicable.
Thus, the technology is not likely to be used with in-
core thermionic fuel element type reactors, although it
might be used with other core concepts (STAR-C or
Romashka-derivative) or solar thermionic cells.

As mentioned above, the performance of the test
converter that was transported from Russia to New
Mexico was less than expected, probably owing to the
presence of a foreign particle in the gap, which caused
partial shorting. Such particles may have been liber-
ated during transport, and launch vibration might cause
similar problems for spaceborne versions of such a con-
verter. However, the exact cause of the electrical short
was never conclusively identified.

Also, there are significant concerns about mass
transport and electrode distortion, either of which could
be inherently life limiting. The vacuum converter must
have very clean electrodes at all times. Even a small
deposit could result in a short circuit in the converter.
Evaporation and redeposition of even a few atomic lay-
ers could change the single-crystal nature of the sur-
faces. Thus, even if there are performance enhance-
ments available from single-crystal surfaces, the
long-term stability of closed-spaced converter perfor-
mance is in doubt.

Thus the potential advantage of the close-spaced
thermionic converter is its improved conversion effi-
ciency. However, this improvement requires extraordi-
narily tight tolerances in machining the surface of the
converters, similar to the requirements for machining
laser mirrors, for example. In addition, the converter is
subject to several failure modes that make long-term
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reliability questionable. Making such a converter prac-
tical for spacecraft use could be very difficult, and the
benefits might not outweigh the risks.

THEORY AND THEORY VALIDATION

One of the three major tasks within the DTRA re-
search and development program is thermionic device
theory development and theory validation. The theory
development and validation work is aimed at charac-
terizing the effects of emitter and collector surface re-
flection effects, characterizing non-uniform surface
work function effects (a.k.a. patch effects), and opti-
mizing a thermionic system mass model.

A novel portion of the research, specifically the
patch effect investigation, has been tied closely to the
Microminiature Thermionic Converter (MTC) pro-
gram, as is discussed below. Unfortunately, this theory
development is of little importance to the overall pro-
gram.

Also, the system mass modeling does not add sig-
nificantly to the overall understanding of thermionic
devices or systems. The committee believes that this
work has already been conducted by many others and
is satisfactorily complete for the present. The commit-
tee does not understand the need to explore the under-
lying principles of thermionic theory any further since
the existing theory base is complete enough to work
experimentally on developing thermionic components
and systems.

Other than as related to the MTC, the current model-
ing work being conducted at Sandia National Labora-
tories does not appear to extend theoretical understand-
ing of the current thermionic theory. Also, the patch
effect explanation has been hypothesized to explain
certain experimental observations. The committee be-
lieves that this explanation is but one of many potential
explanations for the experimental observations. If the
program were well funded, the committee would sup-
port the high risk, relatively low return patch effect re-
search exercise. However, given the limited amount of
funding for the thermionics program as a whole, the
committee recommends that all theory and theory vali-
dation activities be discontinued.

MICROMINIATURE THERMIONIC CONVERTER

The DTRA-sponsored MTC program is another one
of the major program elements in the overall DTRA
effort and is slated to receive a significant percentage
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of the limited funds of the DTRA program. The effort
is directed toward the development of a converter us-
ing semiconductor-scale fabrication technology with
the hope that extremely small emitter-collector gaps
can lead to economical, high efficiency conversion.
Also, unlike the close-spaced converter concept, the
MTC would be a very small chip-scale device. By
manufacturing the converters on a micron scale or
smaller using electronic device fabrication technology,
they could potentially be very small. Just as millions of
electronic devices can be fabricated on a single silicon
wafer, it could conceivably be possible to place mil-
lions of thermionic converters on a small surface. The
committee’s investigations have led it to conclude that
the funding for this portion of the DTRA thermionics
program should be redirected toward more basic re-
search objectives as discussed elsewhere in this report.
The rationale for this recommendation is discussed be-
low.

Research is in progress at Sandia National Labora-
tories to develop scandate-based MTCs with high en-
ergy conversion efficiencies using semiconductor inte-
grated circuit fabrication methods. These converters are
of the vacuum type. Analysis shows that in theory such
converters operating at emitter temperatures of about
1200 K, collector temperatures of 700 K, and inter-
electrode gaps of between 1 and 5 microns could pro-
duce attractive power densities and conversion effi-
ciencies, but practical manufacturing methods and
dimensional tolerances have never been demonstrated.

Extensive work on vacuum converters was con-
ducted by Hatsopoulos and Kaye in the late 1950s, in
which they used electrodes coated with barium-stron-
tium oxides. The lowest work function achieved was
1.75 electron volts, and that for only very short periods
of time. To offset evaporation loss of the barium and
thus maintain an effective coating at the emitter sur-
face, they used tungsten emitters impregnated with
mixed barium and strontium carbonate These did pro-
duce 1 watt per square centimeter at about 1500 K for a
few hours, having achieved an emitter work function
of about 2.1 electron volts and a collector work func-
tion of about 1.8 electron volts. After that, however,
converter performance deteriorated substantially be-
cause barium that evaporated from the emitter con-
densed on the collector (Hatsopoulos and Kaye
1958a,b). The discovery of surfaces with work func-
tions of less than 1.6 electron volts that are stable over
a useful period of time would greatly benefit not only
MTC but all types of thermionic converters, whether
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vacuum or cesium based. Such a discovery, however,
would not necessarily mean that vacuum converters,
with or without the extremely close electrode spacing
proposed for the MTC devices, are practical. The com-
mittee believes that beyond addressing the electrode
work function issues, it would be extremely difficult to
maintain, for any reasonable period of time, a tempera-
ture difference of nearly 1000 K between two surfaces
held apart by a miniaturized spacer that is a few mi-
crons thick.

A number of advantages are claimed for the MTC
concept. Relative to dynamic energy conversion sys-
tems, conventional thermionic systems, and other static
conversion systems, MTCs claim the presumption of
low maintenance, silent operation, long life, and com-
pactness. In many cases, modularity and simplicity of
assembly can also be expected. It is hoped that MTCs
would be able to operate at high efficiency using a rela-
tively low temperature heat source. And, very impor-
tantly, MTC devices might be manufactured inexpen-
sively using integrated circuit chip manufacturing
methods to achieve the extremely close tolerances
needed.

The current program consists of several efforts, in-
cluding the following (Rightley 1998a,b):

» Development of electrode coatings to improve the
emitter and collector properties, since the structural
materials suitable for integrated circuit manufacturing
methods are not those normally used for thermionic
converters,

* Analysis of MTC device configurations, and

 Testing of MTC cells.

There are a number of technical issues associated
with the MTC program. These are discussed in the fol-
lowing subsections.

Electrodes

As outlined above, the efficiency gains and lower
operating temperatures postulated for the MTC con-
figuration appear to depend on substantial improve-
ments in both the emitter and collector work functions.
Achievement of these advances via coatings such as
barium is problematic since barium and other candi-
date materials tend to evaporate rapidly at operating
temperatures above about 1000 K. This means that the
barium surface coating would require resupply from
within the solid coating. Further, deposition of the lost
barium on the cool collector surface degrades the criti-
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cal properties of the collector. The committee deems it
unlikely that the MTC device would have a long
enough life under these conditions. Scandium oxide
cathodes produced by a sputtering process at Sandia do
not yet meet the required work function properties.
Electrode investigations using thin film layers of low
vapor pressure materials may offer the best opportu-
nity for achieving useful improvement in electrode
properties (Zavadil et al. 1999).

Theoretical analyses of electron reflection from
metal surfaces with and without adsorbed cesium or
coadsorbed cesium and oxygen suggest that physical
modifications of the electrode surface might allow the
full, low work function capability of these coatings to
be realized (Rasor 1998). However, the committee
questions whether these theoretical benefits can be re-
alized.

Analysis

The MTC’s device configuration has been modeled
but the data taken to date do not appear to support the
analytical results. Vacuum converters of the con-
ventional type were analyzed in the 1950s and, for the
converters of that time, gave good agreement with
experiment (Hatsopoulos and Kaye 1958a,b).

The current modeling work does not appear to ex-
tend theoretical understanding. With respect to model
validation by experiment, while inexpensive manufac-
ture using fully developed integrated circuit method-
ologies might be feasible, fabrication and testing of
small numbers of experimental converters would be
expensive. Given likely funding limits, the prospects
are poor for obtaining adequate data with which to vali-
date the MTC analysis from feasible experiments, even
if this effort were to be the major funded effort of the
entire DTRA thermionics program.

Thermal Control

The conversion efficiency of individual converters
is measured as the ratio of the electric output power to
the heat actually delivered into the diode. Regardless
of the conversion efficiency, the utility of an MTC-
based conversion system depends on the way in which
the heat available for conversion can be forced to feed
primarily the thermionic converter portion of the de-
vice while minimizing the thermal losses from the ex-
ternal surfaces of the converter. These losses can occur
by radiative transfer across the gap and by parasitic
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thermal conduction transfer around the converter edges
from the hot side to the cold side of the system as a
whole. As noted above, the necessary level of thermal
transport control tends to become much more difficult
for physically small systems such as MTC. More spe-
cifically, the MTC configuration has the two electrode
surfaces, differing in temperature by approximately
500 K, separated by approximately 1 micron. This situ-
ation creates a temperature gradient of 5 X 10° K per
millimeter in the connecting structure. Removal of the
parasitic heat from the collector is expected to be diffi-
cult, given the thermal power density the collector will
receive. In the opinion of the committee, sustaining
such an enormous gradient with tolerable thermal con-
duction losses is not credible.

MTC Experiments

A diode with an extremely low power was demon-
strated at Sandia (King et al. 1999). The device had a
peak power of approximately 1.2 milliwatts per square
centimeter with the temperature of the emitter at 1173
K and the temperature of the collector at 973 K. This
power density value is less than conventional thermi-
onic technology capability by a factor of approximately
1000. Power density values were minuscule compared
to those reported for vacuum converters as long ago as
1956. The committee was told that the critical problem
leading to these weak results was nonuniform emission
from the emitter electrode such that only a small frac-
tion of the total cathode area was contributing to the
output power. Unfortunately, both the validation of this
hypothesis and the development of methods to over-
come the difficulty, if it is proven to be correct, are
likely to be expensive given the limited funding for the
thermionics program. While the performance of elec-
trodes in complete converters is the ultimate test, diode
manufacture at the MTC scale will be inexpensive only
when it becomes standardized and the major benefits
of integrated circuit production methods can be used.
Producing and testing enough single converters on the
scale needed to produce critical electrode performance
data will be expensive.

It is the opinion of the committee that, at this time,
program funding should not be spent on electrode
analysis validation, particularly when no method to
correct performance problems is available.

Finding: The device being developed in the micromin-
iature thermionic converter (MTC) effort has low effi-
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ciency, and the explanation and understanding of the
surface physics are incomplete.

MTC Electrode Materials

The rationale for the MTC configuration depends
not only on the presumed low manufacturing cost us-
ing integrated circuit manufacturing techniques, but
also on very substantial advances in durable electrode
work function properties. The search for such materi-
als has been thoughtfully and extensively pursued in a
number of laboratories over the years without the con-
straint of compatibility with integrated circuit fabrica-
tion methods and materials. Even if low work function
electrode materials can be fabricated inexpensively and
made compatible with the integrated circuit industry
fabrication methods used to form the main structure of
the MTCs, the same electrode materials should also be
helpful in forming more conventional thermionic fuel
elements. In the case of conventional thermionic fuel
elements (TFEs), the space charge limitations of higher
gap spacing are compensated for by the use of Cs va-
por. Therefore, even if an MTC device became practi-
cal, the gains in low work function materials would
probably allow conventional TFEs to outperform the
MTC device.

Competing Technologies

Even if it is assumed that the several major technical
hurdles identified above can be overcome, very small
scale (on the scale of a chip or radioisotope heater unit)
MTC:s still face stiff competition from thermal electric
generators. At 1 to 100 watts, MTCs also face strong
competition from AMTEC and free-piston Stirling,
which appear to have fewer material problems at the
temperature levels proposed for the Sandia converters.

Ultimately, the experimental data from the MTC
program do not support the theoretical predictions. Not
only are postulated low work function emitters not yet
functional, they also are not expected to be so in the
near future. Finally, while it is assumed that integrated
circuit fabrication methods will lead to low cost pro-
duction, the fact remains that fabrication of stable,
small gap converters has not been demonstrated for
near-term experiments, and these devices do not have
the right characteristics for long-term, low cost pro-
duction given material constraints such as directional
etching, compatible layer chemistry, and so on.
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Recommendation 6. The sponsoring agency should
discontinue the microminiature thermionic con-
verter (MTC) program, the close-spaced vacuum
converter tasks, the oxygenation effects research,
and all current theory and theory validation work.
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Appendix A

Statement of Task

The ASEB [Aeronautics and Space Engineering Board] will assemble a committee with
expert knowledge in thermionic direct energy conversion, space power supplies, and asso-
ciated technologies to conduct an independent technical assessment of DTRA’s thermionic
direct energy conversion research and technology program. The committee will assess the
results of the earlier work in the area of thermionics that was conducted under the jointly
managed Russia/United States project, TOPAZ. Advances in the state of the art resulting
from this earlier thermionics technology work will be identified and evaluated. Assess-
ments will be made of the most critical technical challenges remaining in the development
of viable thermionic direct energy conversion systems. Specifically, the study will:

1. Evaluate DTRA’s earlier work in the area of thermionic energy conversion and assess
its impact on the state of the art of thermionics technology.

2. Assess the present state of the art of thermionic energy conversion systems.

3. Assess the technical challenges to the development of viable thermionic energy con-
version systems.

4. Recommend a prioritized set of objectives for a future DTRA research and develop-
ment program for advanced thermionic systems for space and terrestrial applications.

5. Conduct a workshop for the interim discussion of major technical challenges and
appropriate research and development responses.

The ASEB will draw upon other elements of the NRC, as appropriate, in conducting this
study. A final report will be issued at the end of the study.
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Appendix B

Biographical Sketches of Committee Members

TOM MAHEFKEY, Chair, retired from the Air Force
Wright Laboratory in 1995 after 33 years as an engi-
neer, scientist and research manager. Before retiring,
he was deputy division chief for technology in the Pro-
pulsion Laboratory’s Aerospace Power Division. Dr.
Mahefkey was instrumental in establishing the Ther-
mal Energy/Heat Pipe and the Thermionics laborato-
ries within the Air Force Wright Laboratory. Dr.
Mahefkey is also an experienced educator, having held
the rank of adjunct professor of mechanical engineer-
ing at the University of Dayton, Wright State Univer-
sity, University of Kentucky, Ohio State University,
and the Air Force Institute of Technology. Since retir-
ing in 1995, Dr. Mahefkey is serving as a consultant to
several firms in the areas of heat transfer and energy
conversion. Dr. Mahefkey’s areas of expertise include
thermionics, energy conversion, and heat transfer, and
he has published extensively in these areas.

DOUGLAS M. ALLEN is currently the site manager
for Schafer’s Dayton, Ohio, office responsible for man-
aging technical support contracts and developing new
business with Wright-Patterson Air Force Base and the
National Aeronautics and Space Administration
(NASA) Glenn Research Center. From 1992 to 1998
Mr. Allen was program manager for Schafer’s Systems
Engineering and Technical Assistance contract sup-
porting the Ballistic Missile Defense Organization
(BDMO) Innovative Science and Technology program,
leading independent technical review teams and assess-
ing technology, progress, schedules, costs, and alterna-
tives for BMDO on a wide variety of advanced tech-
nology and space experiment programs. Mr. Allen’s
areas of expertise include system integration, thermal

64

management, power conditioning and control electron-
ics, advanced materials and coatings, and space flight
qualification testing.

JUDITH H. AMBRUS retired from National Aeronau-
tics and Space Administration (NASA) Headquarters
in 1996 with 30 years of government service. She
served the first 15 years at the Naval Surface Warfare
Center (formerly Naval Ordnance Laboratory), where
she was engaged in battery research and technology,
the last 5 years heading up the Electrochemistry
Branch. After transferring to NASA Headquarters, she
served as program manager for chemical and thermal
energy conversion, including thermionic technology,
in the Office of Aeronautics and Space Technology. In
this capacity, she managed all NASA-sponsored re-
search and technology activities in this technology area,
including the initiation and management of the space
nuclear reactor program (SP-100). In the Engineering
Division of the Space Station Office, she managed the
power, propulsion and life support elements during
Phase B of that program. As assistant director for space
technology, she managed planning for the utilization
of the International Space Station for technology de-
velopment and later for commercial research and de-
velopment. Since her retirement, she has been serving
occasionally as consultant in the general area of space
technology management.

LEONARD H. CAVENY has been an aerospace con-
sultant since retiring in 1997 from the Ballistic Missile
Defense Organization (BMDO), Science and Technol-
ogy Office, where he had served as director since
August 1995. While in BMDO from 1985 to 1997,
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Dr. Caveny led the directorate that initiates and man-
ages fundamental research and development of high-
risk technology. Between 1984 and 1985, Dr. Caveny
was a staff specialist in the Office of the Deputy Under-
secretary for Research and Advanced Technology at
the Pentagon. Between 1980 and 1984, he was program
manager for energy conversion in the Air Force Office
of Scientific Research, Aerospace Sciences Director-
ate in Washington, D.C. Between 1969 and 1980,
Dr. Caveny was a senior member of the professional
staff in the Department of Aerospace and Mechanical
Sciences at Princeton University. Dr. Caveny’s areas
of expertise include propellants, propulsion, power,
high temperature materials, sensors, and space systems.
Dr. Caveny serves on the National Research Council
panel to evaluate proposals in the area of advanced pro-
pulsion research and development for the Air Force
Office of Scientific Research.

HAROLD B. FINGER served as a member of the
National Research Council Committee on the TOPAZ
International Program, which issued its report in 1996.
He has been working as a consultant since his retire-
ment in May 1991 from the U.S. Council for Energy
Awareness, where he had served as president and CEO
since January 1983. Between 1972 and 1983, Mr. Fin-
ger was with the General Electric Company (GE) serv-
ing as general manager of the Center for Energy Sys-
tems in Washington, D.C., manager of the Electric
Utility Engineering Operation in Schenectady, New
York, and then staff executive of GE’s Power Systems
Strategic Planning and Development at corporate head-
quarters in Fairfield, Connecticut. From 1967 to 1969,
he served as associate administrator for organization
and management at the National Aeronautics and Space
Administration (NASA) and, from 1969 to 1972, as
assistant secretary for research and technology at the
Department of Housing and Urban Development. Be-
tween 1958 and 1969, Mr. Finger held several senior
management positions in the fields of space power and
nuclear energy programs and space nuclear propulsion
in both NASA and the Atomic Energy Commission
(AEC). From 1960 to 1967, Mr. Finger managed the
Space Nuclear Propulsion Office (joint NASA/AEC),
which was responsible for nuclear rocket propulsion
development, while also serving as director of space
power and nuclear systems (NASA), and in 1965 he
was appointed director of the Space Nuclear Systems
Division (AEC), all positions that he held concurrently.
Mr. Finger’s management skills and technical exper-
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tise were instrumental in the timely and successful
development of the SNAP 27 Radioisotope Thermo-
electric Generator system that powered the scientific
instruments on the surface of the Moon in the Apollo
lunar exploration program. Mr. Finger’s special areas
of expertise relevant to this study include management
of the development of conventional space electrical
power systems, space nuclear power supplies, nuclear
propulsion systems, and terrestrial energy systems
analysis and planning. He is on the board of the Na-
tional Housing Conference and is a member of the
American Nuclear Society and a fellow of the National
Academy of Public Administration and of the American
Institute of Aeronautics and Astronautics. Mr. Finger
is also president of the NASA Alumni League.

GEORGE N. HATSOPOULOS is chief executive
officer of Thermo Electron Corporation, Waltham,
Massachusetts, and a pioneer in the development of
thermionic technology. After graduating from the Na-
tional Technical University of Athens, Dr. Hatsopoulos
attended the Massachusetts Institute of Technology
(MIT), where he received his bachelor’s, master’s,
engineer’s, and doctorate degrees, all in mechanical
engineering. He served on the MIT faculty from 1956
to 1962 and continued his association with the Institute
until 1990, serving as senior lecturer. Dr. Hatsopoulos
is a member and former chairman of the American
Business Conference and a member of the executive
committee of the National Bureau of Economic Re-
search and the Corporation of MIT, and he was also a
member of the board of directors of Bolt Beranek and
Newman, Inc., from 1990 to 1996. He is also a board
member of several other organizations, including the
National Research Council’s Board on Science, Tech-
nology, and Economic Policy; the Concord Coalition;
the Congressional Economic Leadership Institute; the
American Council for Capital Formation Center for
Policy Research; and College Year in Athens, and he
serves as a trustee to the Maliotis Foundation. From
1982 through 1989, Dr. Hatsopoulos was a member of
the board of the Federal Reserve Bank of Boston, serv-
ing as chairman from 1988 through 1989. He also
served as a member of the Governing Council of the
National Academy of Engineering from 1988 to 1994.
He is a fellow of the American Academy of Arts and
Sciences, the American Institute of Aeronautics and
Astronautics, the American Society of Mechanical En-
gineers, and the Institute of Electrical and Electronics
Engineers. Among his academic and professional hon-
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ors, Dr. Hatsopoulos received the Heinz Award in 1996
for helping enhance technology, the economy, and
employment. He also received the Pi Tau Sigma Gold
Medal Award in 1961 for outstanding achievement in
the field of engineering for the years 1950 to 1960, the
honorary degree of Doctor of Science from New Jersey
Institute of Technology in 1982, Doctor of Humane
Letters from the University of Lowell in 1991, and
Doctor of Science from Adelphi University in 1994.
Dr. Hatsopoulos is principal author of Principles of
General Thermodynamics (1965), and Thermionic En-
ergy Conversion Volume 1 (1973) and Volume II
(1979). He has published over 60 articles in profes-
sional journals.

THOMAS K. HUNT is the chief executive officer and
chief scientist of Advanced Modular Power Systems,
Inc. (AMPS) in Ann Arbor, Michigan. He attended the
California Institute of Technology where he received
his master’s and Ph.D. degrees in physics. From 1964
to 1989, he was a staff scientist at the Ford Motor Com-
pany Scientific Laboratory, conducting basic research
first in superconductivity and liquid helium and then in
energy conversion. Since 1979, he has performed and
directed research on advanced energy conversion sys-
tems, first at Ford and then at the Environmental
Research Institute of Michigan, where he served as a
department manager for 3 years. Dr. Hunt founded
AMPS in 1991 and has conducted and led research in
alkali metal thermal to electric converters since that
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Appendix C

Electric Propulsion Considerations

Electric propulsion can benefit the deployment of
large payloads for orbit transfer. The mass and volume
saved by using an electric propulsion system allows for
the use of smaller launch vehicles or allows more satel-
lites to be placed on a larger launch vehicle. Alterna-
tively, more station keeping fuel can be carried for a
single spacecraft, which would extend the on-station
lifetime of the spacecraft. Ultimately, the benefit of
electric propulsion, or any propulsion system, relies on
the impact of the propulsion system on total mission
cost.

For some space missions requiring high power, the
power system cost and mass can be partially offset by
using electrical propulsion for orbit transfer and station
keeping. Electric propulsion typically uses its fuel 4 to
10 times more efficiently than chemical propulsion.
This efficiency results in a significant reduction in the
mass of fuel required to complete certain space maneu-
vers. However, using electric propulsion systems re-
quires that a spacecraft take more time to be placed
into a final orbit. The increased amount of time it takes
to reach orbit introduces other issues such as increased
exposure to radiation while the spacecraft is in the Van
Allen belt.

The wide variety of electrical propulsion applica-
tions complicates the generalization of the benefits.
Thus, for the sake of discussion, this appendix uses an
example of how coupling power and electric propul-
sion significantly reduces mass and cost. Combining
mission power requirements with electric propulsion
for orbit raising or station keeping maneuvers creates a
dual mode system, that is, a system that can satisfy
more than one mode of operation.
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Of the various power systems that can provide dual
mode operation, thermionic electric propulsion systems
are unusual in that they can be designed to operate in a
surge mode where the emitter temperature is increased
from 1800 K to 2100 K. This temperature increase
doubles the power output. This surge mode would be
used during the propulsion portion of the mission,
which raises an orbit. The surge in propulsion could be
active for a relatively short time, from 30 to 90 days.
The surge mode operation would result in a minor de-
crease in total expected life of a mission base-lined to
last 7 years. The main advantage of surge mode opera-
tion is that it can be used to decrease the time required
for orbit positioning or orbit transfer. However, pri-
mary orbit transfer using electric propulsion is still in
the planning stage.

APPLICATIONS

Defense satellites must often be able to deal with
contingencies such as changing inclination to observe
a particular region on a timely basis, moving to a lower
orbit to gain a better view of an area, moving to a higher
orbit to avoid offensive damage, or maneuvering eva-
sively to frustrate offensive measures. Electric propul-
sion would be one way to accomplish tasks such as
these.

However, electric propulsion is not appropriate for
all DoD space missions. In a launch on demand situa-
tion where there is an urgent need to replace or deploy
space assets, chemical propulsion would be the likely
candidate for orbit transfer. For standard launches
where the time it takes for a spacecraft to arrive on
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orbit is important or for on-station maneuvering, the
cost per kilogram to place a spacecraft on orbit is likely
to be a key parameter. In this case, the cost to place a
spacecraft on orbit includes such items as total propul-
sion cost, booster system requirements, command and
control costs during orbit raising, and contingency for
spacecraft loss because of propulsion failures.

The trend to high power for several classes of satel-
lites is causing electric propulsion to be considered.
Commercial satellites are typically designed and pro-
grammed to perform for very specific lifetimes. The
principal electric propulsion application for commer-
cial satellites is station keeping using only the avail-
able power used for the main mission power (Sackheim
and Byers 1998).

An Example: Cost Savings Achieved by Dual Mode
Operation

Of the several electric propulsion systems compet-
ing for high power and orbit transfer applications, two
offer high efficiency and long life at attractive specific
impulses: gridded ion engines and Hall effect thrust-
ers.! Both devices accelerate noble gases, such as xenon
and argon, to velocities in the 10 to 40 kilometers per
second range. Xenon is safe, dense, and easily stored at
ambient conditions. The Hall thruster is used here to
illustrate electric propulsion payoff. A 25 kilowatt Hall
thruster can be expected to operate as follows:

. ISlD = 15,680 meters per second (1,600 seconds),?

 Efficiency = 62 percent (58 percent after lead
losses and power processing),

e Thrust: F ~ 1.6 Newtons (0.36 pounds force),

 Xe flow = 0.12 grams per second.?

The changes in velocity for station keeping are less
demanding than changes in velocity encountered dur-
ing orbit transfer. Station keeping changes in velocity
can be accomplished by a variety of mature electric
propulsion systems, including:

IThe rocket engine figure of merit is specific impulse (Isp), which
in ST units is the velocity of the propellant exiting the nozzle. Meters
per second is equivalent to thrust per rate of mass discharge or
newtons per kilogram-second.

2A lower I is selected to shorten trip time.

3Xe is xenon, the propellant generally used for gridded ion en-
gines and Hall effect electric propulsion.
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» Arcjets,
* Electrothermal monopropellant systems, and
* Pulsed plasma thrusters.

Although arcjets are not as efficient as Hall thrust-
ers, they have the cost advantage of using hydrazine
fuel, which is already required to be onboard the space-
craft for other propulsion (Sackheim and Byers 1998).

To achieve a mass and cost comparison, a 100 kilo-
watt electric propulsion system made up of four 25 kilo-
watt Hall thrusters is fueled to match the total impulse
of the Thiokol Star 75 motor, a state-of-the-art solid
propellant space motor.* To a first order approxima-
tion, the propulsion mass saved by the electric propul-
sion system will be considered as revenue producing
payload. The Star 75 is 1.9 meters in diameter and con-
tains 7,518 kilograms of propellant. The rocket pro-
vides approximately 200 kilo Newtons (45,000 pounds
force) of thrust over 105 seconds. The cost is approxi-
mately $3.5 million. The equivalent electric propulsion
system using four 25 kilowatt Hall thrusters and
powered by a 100 kilowatt electric system would thrust
at a combined total of 6.4 Newtons for about 33 days.

Economies of Scale

To place a kilogram of payload into low Earth orbit
(LEO) costs between $6,000 and $10,000. The cost to
reach geosynchronous Earth orbit (GEO) is at least
$20,000 per kilogram and may go as high as $40,000,
depending on the mission. When a chemical propul-
sion system is used, 60 to 70 percent of the mass that
reaches LEO is the propulsion system needed to get the
payload to GEO. Most of the mass consists of the pro-
pulsion system propellant. Using electrical propulsion,
the ratio of propulsion mass to payload mass can be
reversed. There are additional benefits if the power
used for electric propulsion during orbit raising is also
available and required for the main mission, thus creat-
ing a dual mode system. However, the lower thrust of
the electric propulsion systems increases the orbit
transfer time from hours to weeks. A LEO to GEO
(1,500 to 36,000 kilometer) transfer with a 29 degree
plane requires a satellite velocity increase of 3,500
meters per second using chemical propulsion and 4,050
meters per second using electric propulsion. The
greater change in velocity required for electric propul-

4Total impulse is the integral of thrust over the thrusting time.
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sion is a result of the persistent gravity from the longer
time spent in LEO.

For the purposes of this example, the costs of pro-
pulsion and power were estimated using assumptions
for large constellations of communications satellites,
for example Teledesic, where economies of scale come
into play. Also, for missions in LEO, the losses in alti-
tude due to gravity will reduce these benefits slightly.
A satellite using an electric propulsion system takes
longer to reach GEO so the effect of gravity acts on the
spacecraft for a longer period of time.

The costs per launch are as follows:

o Star 75 solid rocket motor: $3.5 million,

« Electric propulsion system + 100 kilowatt space
power system: approximately $9 million + $33 million
= $42 million.

Using the figure stated earlier, $20,000 per kilogram
to reach a GEO orbit, the savings are as follows:

* Case 1. When the 100 kilowatt power source is
used for electric propulsion only, the approximately
3,000 kilogram savings in mass yields approximately
$60 million in additional payload for an approximate
$21 million net savings.

e Case 2. When the 100 kilowatt system is used for
both propulsion and primary mission power once on
station, the approximately 6,000 kilogram savings in
mass yields approximately $120 million worth of addi-
tional payload for an approximate $114 million net sav-
ings.

The savings for the dual mode operation are sub-
stantial. Such savings are an integral part of the advo-
cacy for more economical and higher space power.

SPACE APPLICATIONS

Even before the 1960s space race, the advantages of
electric propulsion for deep space probes were recog-
nized. However, neither power nor electric propulsion
adequate for prescribed missions was available.
Nuclear power, which is a candidate for certain mis-
sions that travel beyond Earth orbit, would enable elec-

SIf the same 100 kilowatt system is onboard acting as a primary
power system, some of these costs will be offset by the dual mode
performance of such a system.
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TABLE C.1 Performance of Chemical and Electrical
Propulsion Systems

Specific Impulse

Typical Space Engine (km/s)
Chemical

Solid propellant for spacecraft maneuvering 2.8
Storable liquid (N,0, and MMH¢) 3.3
Cryogenic oxygen and hydrogen 4.3
Electric

Gridded ion engine 20 to 40
Hall thruster 10 to 25

“Monomethylhydrazine.

tric propulsion systems to be used. During the 1970s
and 1980s, NASA made considerable progress on sev-
eral electric propulsion systems centered on the use of
gridded ion engines and magnetoplasmadynamic
(MPD) thrusters. In both the United States and Great
Britain, research and development also concentrated on
producing flight qualified ion engine systems in the
thrust range of less than 5 kilowatts by the mid 1990s.

The MPD engines would be suitable for large power
systems producing more than half a megawatt. How-
ever, these systems are currently not developed to a
point where they could be used.

Gridded ion engines could potentially be useful for
deep-space probes. The power requirements for these
missions are generally low, in the hundreds of watts. If
high power is not required for the mission, placing a
high power system onboard the spacecraft for electric
propulsion is usually not justified.

The gridded ion engine offers potential advantages.
These engines can operate at the lower levels of power
that might be used on certain deep space missions.
However, such missions would take several months to
build the velocity needed to arrive at the far reaches of
the solar system in a reasonable number of years.
Gridded ion engines also provide higher efficiency by
operating at a higher specific impulse, in the range of
40 to 60 kilometers per second.b

SThrust is fuel flow rate times exit velocity of the fuel. For con-
stant power, reducing the flow rate permits the fuel to be acceler-
ated to higher velocity, or higher specific impulse.
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Appendix D

Acronyms

AEC—Atomic Energy Commission

AFRL—AIr Force Research Laboratory

AMTEC—alkali metal thermal to electric converter
BMDO—BAallistic Missile Defense Organization
CC/MC—conductively coupled multicell (thermionic converter)
CIM—-cylindrical inverted multicell (thermionic converter)
CVD—<chemical vapor deposition

DARPA—Defense Advanced Research Projects Agency
DNA—Defense Nuclear Agency

DoD—Department of Defense

DOE—Department of Energy

DTRA—Defense Threat Reduction Agency
GEO—geosynchronous Earth orbit

HPALM—high-power, advanced, low-mass (solar thermionic system)
IAPG—Interagency Advanced Power Group
IPPE—Institute of Physics and Power Engineering (Russia)
ISS—International Space Station

ISUS—Integrated Solar Upper Stage (Orbital Vehicle program)
LEO—Iow Earth orbit

JPL—]Jet Propulsion Laboratory
MHD—magnetohydrodynamic
MPD—magnetoplasmadynamic

MTC—microminiature thermionic converter
NASA—National Aeronautics and Space Administration
NMERI—New Mexico Engineering Research Institute
NRC—National Research Council

RTG—radioisotope thermoelectric generator
SRA—Scientific Research Association

SDIO—Strategic Defense Initiative Office

SET—Solar Energy Technology (program)

SNAP—Space Nuclear Auxiliary Power (program)
SOTV—Solar Orbital Transfer Vehicle (program)
SPAR—Space Power Advanced Reactor (program)
STA—Space Technology Alliance
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STAR-C—space thermionic advanced reactor—compact
START—string thermionic assembly research testbed (tests)
TFE—thermionic fuel element

TFEV—Thermionic Fuel Element Verification (program)
TOPAZ—thermionic power from the active zone (a Russian acronym)
TRIGA—training (test) reactor isotope General Atomics
USAF—U.S. Air Force
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