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Summary

Information available
asof 17 August 1991

was used in this report.

Reverse Blank

The Soviet Space
Nuclear Poweg,
Program

The Soviet space nuclear power program has concentrated on developing
nuclear reactors to provide clectric power and on developing reactors to
heat propellant for nuclear rockets. As early as 1971, the Soviets were
using a low-power reactor to gencrate about 2.5 kilowatts of electric power
to operate a Radar Ocean Reconnaissance Satellite [T

1.

If the need arose, the USSR has the capabilitv to use low-nower reactors in
space at any time. E

)

a

Efforts to develon hioher power outnut snace reactor svstems &

X .J have
had funding sharply reduced. Although we believe termination is unlikely,
the space nuclear reactor will not make significant progress unless stable
sources of funding are fouad. Soviet scientists are urgently seeking support
from other countries, particularly the United States, for these programs.
These scientists sce foreign support as a source of much-needed ha-
currency and as a means of locking in Soviet Government funding

Within 10 vears the Saviets could produce a thermionic reactor wilhE

. : . . —JResearch is under way *
that could lead to fast reactors using in-core nlticell tharmianic convert-
ers and eac-ranled reactors connled tn mrhinch

1

The Soviets have pursued development of nuclear reactors for ~~~bnt :
nranuleinn Far mare than 30 vears. hut nroeresc hag hean clm-vc

i SecrtT
SWOI-10074X
October 1991
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The Soviet Space
Nuclear Posyer_
Program

[ntroduction

The Soviet Union established nuclear power for space
applications as a goal in the carly 1950s. The Sovicts
movcd quickly in the development of low-power aucle-
ar reactors for electric power production in space. By
laic 1971, they began routincly using a system pro-
ducing approximately 2.5 kilowatts of clectricity ... .,
'} We) (o power a military satellite :

as the Radar Ocean Recon-
sance Satcllite (RORSAT

Work on high-power reactors for space applications
and on nuclear rocket technology procceded more
slowly. Near-full-scale testing of nuclear rocket fuel
did not begin until 1975. Although Soviet claims
about nuclear rocket fucl development are impressive,
fcither the nuclear rocket nor the high-power reactor
efTort has moved beyond the componcent testing phasc.

Space Flectrical Power Generation

Thermoclectric Encray Conversion
113 the 1950s the Sovicts began to develop nuclear
ccactors with thermoclectric encrey conversion far

space applications (see insct)

j’l’hc Romashka reactor never devel-
opxed beyond demenstrating technology, and the com-
peting program became the power source for the
Soviet RORSAT. (Romashka is Russian for “daisy."

s0 called beca < ~7 the flower-like arrangement of its

Lator fing,

Romashka. On 14 August 1964 the Sovicts began
testng the Romazhka—a simiply designed, fast reac-
to: wih thermoclectric encrgy conversion---at the

Thermoelectric Coaversion

Thermoelectric Converter

flat junctuon

—
L US— ——
Taoperature *
drop Ny Potypes
avatenud . matcreal :

produced by dissimilar matericls in a temperciure
gradient—a phenomenon known as the thermoelec-

tric cffect. Few practical applications existee
1950s. when semiconducting ihermoelectri escieriais
were developed. As heat is applied 10 a P-N + coriy-

conductor junction, clectrons move fron: the ~o: io

the cold end of the N-type mcierial, and pos
charges move from the hot 1o the cold enid
P-type matcerial (see figure) 1iy cherge men
FiC converters cre igw

wnl

creates a voltage. Thermocle::

efficiency devices, only 2 i0 § percent of the

encrgy is converted 10 electricity. They ure &)<
L

highly reliable. simple. and durable. w* Ay
then atiractive for spuce appiication,

hed

e Theterm P-IN refers 1o the twin i 5 reancen.d:
In Paype materiol. curreai fluws
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Institute of Atomic Energy imeni Kurchatov (IAE) in
Moscow. The Romashka was fucled by uranium
dicarbide (UC,) contained in t1 plate-like graphite
containers. These plates were surrounded by a mono-
lithic radial beryllium refector. A key fcature was a
layer of graphite cladding between the fucl containers
. and the beryllium refiector and another layer between
the outside of the reflector and the converters. The
graphite prevented chemical rcactions between the
reflector and fuel and the reflector and the silicon-
germanium (SiGe) thermoclectric converters. Materi-
al compatibility was »« major concera in the Ro-
ma<hka nrogram. ’
athc first
Komashka never reached criticality because the mate-
rials reacted so poorly when the reactor was heated to
operating temperature
the Romashka that began ~~~=ting in 1964 was
actually the second Romashkzc

The design goal for Romashka was 1,000 hours of
operation, but it actually accumulated 15,000 hours
before being shut down for examination in 1966 (sce

figure ). E

A

the carly 1970s, 1. D. Morckhov published a paper
dcscribing a Romashka with a thermionic converter
(scc inset). The idea of a thermionic Romashka reap-
peared in a 1990 paper presented at the Seventh
Symposium on Space Nuclcar Power Systems, but
this was nothine — -r~ *Yan a revisit of the carlier
1970s concep’

RORSAT. [

------ ) ] The Sovicts have stated
that a reactor was the only feasible power source for
this satellite series. They claim that solar arrays
capable of providing several kilowatts of clectrical

}m’

Figure 1
Design Parameters of
Romashka Reactor

Romashka Reactor
Thermal e )
insulator " Shims
i End-facc reflector
-4
ANF X Container reflector
1 I Bt Coaverter radiatoc
. -
=% Fuel disc
o b ! [ Beryllium reflcctor
&
Thermal L i ‘:'f Coatrol rod
insulator i“ Vessel
End-face reflector
Reflector cup ? - \
(thermal  ~ 1
insutation) /s
',/
Characteristics
Powcr level
Thermal 282 kW
Electrical 0.46-0.475 kW
Reactor
Core height 351 mm
Core diameter 241 mm
Moderator Noace
Reflector Beryllium
Coolant .- None
Control Four beryllium and
boron coatrol rods
Fuel
Composition Uranium dicarbide (UC,)
Enrichment 90-percent uranism-235
Uranium mass 49 kg
Converter materisl Silicon germanium (SiGe)
Opcrating temperatire
Core maximum 1,900°C
Coaverter hot- 815°C
junction maximum
Converter cold- 585°C
junction maximum
Total system mass 450 kg (without
coatrol-rod deive)
Specifi- mars Over 980 kgkW




Thermionic Conversion

Thermionic Converter

Cesium rcservoir

Thomas Edison first observed the emission of elec-
trons from a heated lamp filament. Heating metal

increases the kinetic encrgy of conduction electrons.
Electrons with kinetic energies greater than a value

known as the work function may escape the surface of
the metal. [f a cooler metal surface is placed close to
the hot surface, electrons “boiling off " the hot surface

will condense on the cooler surface. The hot surface

that emits the electrons is called the emilter, and the
cooler surface that collects the electrons is called the
collector. [f a conducting path is provided between the

emitter and collector, a current will low. Filling

gases are used in thermionic converters to neutralize
the space charge that would otherwise build up
around the emitter and retard the passage of elec-
trons. Cesium vaoor is the most common filling gas
(see figure,

Thermionic converters are relatively inefficient de-
vices (about 5 10 10 percent of the energy is converted
to élecln'cily), but they are more effective than ther-
moelectric converters and retain muck of their rug-
gedness and simplicity. Thermionic converters can
operate at a high-heat rejection temperature, which is
particularly important in space applications, because
the size of the radiator is inversely proportional to
the fourth power of the temperature. Thus, thermion-
ic reactors offer the possibility of comparatively high-
conversion efficiency and ~ ~~-ipact radiator, reduc-
ing overall system mas

The technical challenge of a thermionic reactor using
in-core converters is in the converter design and
materials. The fuel elements are complex, and the
emitter-collector spacing is typically about 0.5 milli-
meter. Properties of the emitters, collectors, and
insulators must be maintained, despite having fo
operate at high temperatures in a high-radiation '
environment. Further, the emitter material must re-
sist the tendencv o th= nuclear fuel t0 expand as the

reactor operate |

power would have been so large that drag would have r

severe' ~fAccted satellite stabilization and its life-
spa-’

The RORSAT uscd a fact rr.aclr"c_

chal was dis-sipalcd by a radiator

FE ] PUPPRIE TE AN

crveriny much of the facicncd —a
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I ; At the
‘in of the mission, the reactor was shut d8%n

S

' -

Theoretical and experimental studies of RORSAT
reactor breakup were described in a paper presented
in 1991 at the Eichth Svmnosium on Space Nuclear
Power System:

But when the RORSAT Cosmos 954 failed 1o boost
itself into high orbit and reentercd the atmosphere
over Canada on 24 January 1978, radioactive
debris—a few pieces with activities as high as 200
rocntgens per hour—werce spread over a large area.
The contaminated arca was uninhabited, but, if reen-
try had occurred over a populated area, radiation
injuries, and possibly a few deaths. would have oc-
curred. As a result, the Sovicts added » backuo salety
svstem 1o the RORSATL

J-

* RORSAT missions were not linsited by the reactor’s hifespan. The
reactor on the malfunctioning Cosimos 1900 was still opcrating
2 - Y094 days, whea the emergency backup systems finally activar-
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Radioisotope Thermoelectric Generators
Radioisotope thermoclectric generators (RTG) arc
composed of a nuclear heat source and thermoclectric
power conversion equipment. Unlike a reactor, where
fissioning uranium is the heat source, the heat source
for an RTG is radioactive decay of an artificially
produced unstable isotope. In 1964 the Soviets
launched an “Orion” RTG on Cosmos 84. A sccond
RTG followed on Cosmos 90. The “Orion™ was a
short-lived RTG uﬁiu_a polonium-210 heat source

(138-Aar batf B0

— ,lThc Sovicts did use radioiso ca
sources o warm critical equipment on the Lunokhod
moon rovers in 1969 and 1973, but th~ RT( arngram

was basically dormant for 25 ycars

-~ —

r R

-]. Small

TGs may also be used on the “'small space labora-
tory** satellites planned for 2bneer the vaa e 2000 Wark
on lare~r RTGs i< l'ahcyinnt :

J. -

;.c/m

J . Characterictics of these
RTGs arc listed in tabic 2_.‘

Thermionic Energy Conversion

Steps leading to the development of thermionic reac-
tors began in 1958 at the Institute of Physics and
Power Engincering (FEI), Obaninsk. In-reactor teste nf
thermionic converters heean in 1041

] The TOPAZ design,
which originated in Obninsk, featured a reactor. using
multicell thermionic fuel elements (TFE). (TOPAZ is
the Russian acronym for “thermionic conversion in
the reactor core™ or “termoemiccinnnyy nnvrnvv nren-
brazovanie v aktivaov zone ™ C

L |

TOPAZ. 1n 1970 the first prototypc TOPAZ reactor
became operational at the FEI in Obninsk. This
reactor was shut down in 1971, after 1,300 hours of
operation at power levels up to 7.2 kWe. A second
TOPAZ prototype became operational in 1972 at
Obninsk. This rcactor operated for 5,000 hours but
reportedly produced electricity for only 1,500 hours.
A third TOPAZ prolotypc became operational in
March 1973 and gencrated clectricity for 2,760 hours.




Table 2
Soviet RTGs Developed for Use on Satellites
of the Regatta Program

‘Blectrical | Weight | Specific

Power (kilograms) Power

{watist (wattsf
e e e e e e = kilograms)
RTG-238-003/12 002 05 . 904
_59'9_-2)8»0._3/7 03 20 " 015
PT:.238-3/7 pxi} 5.0 06

C 1

-

—
L Jcarlv TOPAZ. reactor nerfarmance was
satisfactory C

3

The TOPAZ prototypes were followed by a fourth
reactor installed in the TOPAZ facilitv at the FEL

. J According 1o a paper preseated
in May 1990 at the Obninsk conference on nuclear
power engineering in space, the reactor ancrated for
5.000 hours and nroduced up 10 9 kW~

L -

Cosmos 1818 and Cosmos 1867. On 1 February 1987
the Soviets launched the first thermionic reactor into
spacc on Cosnws 1818. This was followed on 10 July
1987 by a second reactor on Cosmos 18671:_

1.

Beginning in 1989, the Soviets reveated a number of
details about the flight tests of the two reactors. The
reactor is now referred to as TOPAZ-1.

.. . - JThc lifespan of both rcactors
~ag limited bv the amount of cesium carricd (2.5 kg).

No
attemnpt was made 1o recycle cesium, which passed
through the reactor and was ventcd to space through a
zero-thrust nozzle. According to Soviet statements,
there was no design reauirement for a lane life for the
TOPAZ-| svstem C

=




Saviel seie

'S5 were

nusts claim thag Cosmos 1818 and C

Tumarily reacior pe <8

0s

C_  Flight tests of TOPAZ-T were successful,

.,:A The TOPAZ-1 py oduction
Was terminatcd, and twa soace reacrar
completed are !or sale.
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Figure5
Biayton-Cycle System

Turbine

Recuperator

Generator

Compressor

Heat exchanger

Reactor

A Beayton-cyee systentis stmply o chosed -ede gas turbine
with & aueleinr heat souree and 2 wincous working floid.

tvpically hictivm or xenon, Mot such sssiems wtilize ;
heat xelanger called @ recuperaton W increase efficicncy.

Radiator

Pump

The mative for switching 1o a Jyoamic Power conversion
AVSMCI i Lo icrease clficicney over static conversion
systenis. A Brwton-cyele systent waould typically have
un efficienay of M0 l(lpuunl

[

The existence
of the Yeniscy reactor was revealed in 1990 at the
Seventh Symposium on Space Nuclear Power Sys-
tems. During the presentation, Ponomarev-Stepnoy,
apparently not having approval to reveal the classified
name, stumbled over what to call the reactor. A US
scientist voluntecred the name TOPA Z-11, which the
Sovicts have used ever sinc

C

<

J The cesium supply still limits
ultimate life to about three years, but the Soviets have
designs for a circulating cesium system and cstimate
that the ultimate limit on the operating lifespan of the
TOPAZ-11 is in the five- to scven-year range g,

2

Brayton-Cycle Conversion

the bulk of Soviet
work on electric power production in space has fo-
cused on thermionic energy production. However,
work on closed-cycle Brayton systems for higher
powcr applications is also being conducted (see figure
Y

b




The principal fuci-clement test facility is the 400-
Kilowatt RA reactor. Key technical characteristics of
the reactor are shown in figure 6. Sketches shown in
1990 at Obninsk and in 1991 at Los Alamos, New
Mexico, indicate the reactor is air—cooled; the cooling
air mixcs with heated inert gas from the test channcls
and then exhausts directly to the atmosphere. [

(//

Figure 6
RA Reactor and Characteristics

RA Reactor

Air fced

=

™ Exhaudt system

assemblics

Chanacl! ﬁlliné systcm
(argon, hicliva,
and nitrogen)

Characteristics

Startup 1985

Reactor thermal powet Up to 400 kW
Number of fucl assemblics 37

Power per asscmbly Up to 10 kW
€xil gas tcmperature Upto 2,000K







Space Nuclear Propulsion Technology

Nuclear Electric Propulsion

The USSR first used electric propulsion in 1962 on °
Zond-2, which used pulsed magnetoplasmadynamic
(MPD) thrusters for satellite orientation. This was
followed in 1971 by tests of a steady state MPD
thruster on a Metcor satcellite.{ <

__|Today, the Soviets claim to routinely
usc xenon propellant MPD thrusters on satellites T =

—

Nuclear cnergy is the only practical source of power
for farge thrusters. The Soviets have discussed using
nuclear-powered electric propulsion systems, requir-
ing from tens of kitowatts for orbital mancuvering to
tens of megawatts for both manned and unmanned

spaceflights to Marg . |~ j

’_J Howcver, work on space propulsion is focus-
ing on the more sophisticated M PD technology. |~ ]

Nuclear Rockets

Soviei research on nuclear rockets began in the late

1080s.
j

13

opulsion }'échnalogy

Electric Thrusters. . o _
Electric thrusters are low-thrust, very-high-specific-
impulse (I, } engines. Types of thrusters include:

* Arcjet-propellant gds flows through and is heated

by an electrical arc. 1, is generally greater than
. 1.000.. : ’
¢ Magnetoplasmadynamic current flowing through
ionized propellant gas in a coaxial thrust chamber
interacts with a magnetic field 10 produce thrust. I,
is greater than 1,500.
lon engine-propellant atoms are ionized, and the
resultant ions are accelerated to high velocities by
an electrostatic field. The exhaust beam is neutral-
ized by electron injection. Ly, is greater than 3.000.

Nuclear Rockets

Nuclear rockets use energy from fission to heat up a
low-molecular-weight propellant, usually hydrogen,
which is expanded through a nozzle to produce
thrust. A nuclear rocket with solid fuel can attain an
I‘P of hetween 850 and about 1,000. If fissioning
plasma could be used as a heat source in o puclgpr
rocket, an I, of roughly 2.500 is attainabl:

Solid-Core Nuclear Rocket Development. Testing of
developmental fucl for solid-core nuclear rockets be-

gan in 1962 {b
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‘ The Soviets have focused thejr cfforts on developing
—Seerct————

and testing nuclear rocket fyc! .

16




—
Gas-Core Nuclear Rockets. The Sovicts have been

discussing gas-core reactor concepts since the 1950s,
but the effort has remained at the concept stage —

so— .

\—-« o Aczord-
ing to a paper presented at Obninsk in Mu_\" 199¢, the
NIITP in 1991, in cooperation with the TAE, will
attempt to create a uranium plasma in the center of a
stream of flowing hydrogen in the IGR rcactor.
Researchers hope to briefly achicve a plasma 1em-
peraturc of 8,000 to 9,000 K and obtain, for rhe first
time, data to validate theoretical modei

Secret”
/




Prospects shd Miss

Near-Term bow-Power stsnons R
The Soviets have the capablhty to !aunch low-powcr
space reactors at any’ umc Soviet scxcnusls have -

stated that there arc two TOPAZ-I'and six TOPAZ-‘

I reactors available. These almost cerlamly include
the TOPAZ-IT rcactor exhibited in Albuquerque, -
New Mexico, in 1991 at the Eighth Symposnum on
Space Nuclcar Power Systems. [~ J

There are no obvious mlsSlom however, for reactors
of this power Llass [

. _} Soviel scientists
hopc io scll at feast one TOPAZ-II reactor to the
United States. believing that a sale would provide
impetus for {urther Sovict funding of the program.

It1s not surprising that the Sovicts have been hard
pressed 10 suggest missions for TOPAZ-11. The low
power and short design life limit and provide little, if
any, advanizye over solar arrays —

thn‘consicicring system size and mass, Brayton-
cycle systems would also be very competitive at higher
powers. It is unlikely that a thermionic-fast reactor or

a Bréy(on‘-cjlclc system would be ready for space usc

in this decade, even if lhc Sovicts were not having
fundmg problems

High-Power Missions and Nuclear Rockets

Mars Mission. Providing propulsive power for
‘manncd and unmanned missions to Mars has becn the
focus of Soviet public cfforts to develop both nuclear
rockels and large nuclear-clectric propulston systems.
In the fatc 1980s, the Sovicts selected manned flight
to Mars as onc of the new S&T programs to be funded
during the 13th Five-Ycar Plan (l99l~95).l“"

Recent concept papers cnvision the carlicst mission 1o
be in the year 2018, when the relative positions of
Earth and Mars minimize travel time ' —

=

—
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Other Potential Missions. One potential application
for a nuclear rocket is a reusable orbital tug, a role the
Soviets currently are promoting for an upgraded
TOPAZ reactor coupled to an electric propulsion unit.
Although a nuclear rocket requires more propclle'ml
than a nuclear-electric system, its much higher thrust
provides a time advantage—a few hours from low
Earth orbit to geostationary orbit rather than the year
or so required for a nuclear-ciectric propulsion sys-
tem. Time is important, not only in getting the
sateiiite into use but also in reducing the time spent in
the Earth’s radiation belts. The Soviets, however, will
have 10 weigh the cost advantages of a reusable tug
against concerns about the possible recntry of a
reactor from low Earth orbit . B

.

Aeves - pa

e

Potential military uses of nuclear rockets might in-
clude direct-ascent antisatellite (ASAT) systems and
antiballistic missile (ABM) defense interceptors, E

—

—
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Appendix

Rocket Propulsion
Technology—A Primer

The thrust produced by any rocket is determined to a
large cxtent by the exhaust velocity, which is propor-
tional to the square root of the ratio of the exhaust g3
temperature at the entry to the nozzle and the
molecu’ «r weight 6{ the exhaust gases. In a conven-
tional bisropellant chemical rocket, fuel and oxidizer
arc burned in a combustion chamber and expelled
through a nozzle. The best available fuel-oxidizer
combination is hydrogen-oxygen, which burns, pro-
ducing watcr with a molecular weight of 18. A
auclear rockelt is potentially capable of reaching
higher operating temperatures and uses hydrogen,
with a molccular weight of 2, as a propellant. This
difference in molecular weight means that for the
same exhaust temperature a nuclear rocket will have
three times the e chaust velocity of a hydrogen oxygen
rocketrengine

The simple fact that the opceraling temperaturce of the

fuel and structural components of a solid-core rocket
cannot cxceed the material’s mclting point limits the
maximurm propeltant temperature (o a litile over
3,000 Kelvin (K). This inherent limit led scientists to
look at designs in which the fuel was a plasma.
Adding incentive 1o this effort is that as hydrogen
temperatures exceed about 4.000 K the molecules

23

begin to dissociate. At the gas temperatures suggested
for plasma-core nuclcar rockets, the propeflant is fully
dissociated hydrogen with a molecular weight of 1—
yielding a potential performance more than four times
greater than a hydrogen oxygen cngine. However, a
key difficulty of any plasma-core scheme is finding an
cffective means of keeping the plasina and propellant
scparate. Despite years of research, a suitable con- -
tainment scheme has not been developed. and. for
theoretical reasons, the prospects arc poor

Rocket engine performance is often characterized by
a parameter called the specific impulse (1,q), defined
as the ratio of the thrust gencrated per unit flow rate
of propellant. A hydrogen oxygen chemical rocket—
theoredically the most efficicat chemical cngine—-
typically has an [, of about 425 scconds. In contrast,
a solid-core nuclear rockct could have an I, of 1.000
scconds, and a plasina-core nuclear rocket an l,.of
2,500 scconds. Elcciric thrusters produse an L
range of 1,500 10 over 10.000 sccond '




