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XCp, since this flap is shielded at low a's but its effects become
more prominent as a grows. Since there is no provision to
account for this in the prediction method, XCP comparisons
were not made.
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Recent Work on Radio Frequency Ion Thrusters
HORST W. LOEB*

University of Giessen, West Germany

Based on demonstration of feasibility and on careful optimizations, the standardized 10-cm-
diam radio frequency ion thruster RIT 10 of 100 ma, 1.1 kg, 309 w, and 71.5% thruster efficiency,
equipped with power conditioning and control units, has reached laboratory prototype matur-
ity. Two advanced concept definition studies are under way in preparation for space testing of
an rf-engine-cluster by spiralling up a 350 kg-satellite, probably in 1976. Measurements on
plasma diagnostics, ion extraction and focusing mechanism, beam distribution, etc. have been
performed. Variation of ionizer's diameter from 4 to 20 cm, considering scaling laws and
optimization of all the parameters, has been accomplished. A large vacuum test facility of
28 m3 volume is in operation.

Intr eduction

TEN years ago, there were two main types of electrostatic
engines: the cesium contact drive and Kaufman's mer-

cury bombardment thruster. However, the former type has
the disadvantage that it cannot use mercury as the propellant,
and the latter type suffered in the beginning from lifetime
problems due to discharge cathode erosion. Therefore, we
began at the Giessen University to examine,1 optimize,2 and
prove the feasibility of use3 of the rf ion source for electrostatic
propulsion purposes. Basic plasma and beam diagnostic
measurements have been undertaken. A new extraction and
focusing mechanism has been applied. Lifetime runs and a
11,000 ignition test have been carried out.4 Auxiliary com-
ponents—vaporizer, isolator, fully transistorized rf-trans-
mitter, plasma bridge neutralizer, power conditioning, and
thruster control unit—have been developed. The standard-
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ized 10-cm-diam rf-engine is now being prepared by the in-
dustry for flight qualification. Besides RIT 10, a small 4-cm-
diam thrust unit for attitude control and station-keeping, and
20-cm-diam engines for main propulsion missions are under
optimization. In total, a team of 18 scientists is working on
rf-electric propulsion at six test stands and two computers.

The rf-ion source works with an electrodeless, annular,
self-sustaining discharge and produces a dense, nonisother-
mal, quasi-neutral mercury plasma. Some advantages in
respect to the other ion engine types are: 1) with no dis-
change electrodes, lifetime problems are avoided; 2) because
of an ion optical focusing effect, very high propellant effi-
ciencies have been gained; 3) owing to the rf-discharge elec-
trons' Maxwell distribution, only singly charged Hg+ ions
are observed, resulting in a beam homogeneity of 100%; 4)
the rf-ion source is easy to assemble and control. From the
beginning, the following objections arose: 1) It is more
difficult to couple the discharge energy electrodelessly from
the outside into the plasma than to display it inside by d.c.
electrodes. 2) A spontaneous breakdown of the rf-discharge
is possible only by increasing pressure or using a special igniter
electrode. 3) To the usual electrostatic beam spreading a
focusion aperture is added, causing a divergence efficiency
drop of about 1%. 4) In the case of poor shielding some
harmonics of the rf-transmitter could possibly disturb the
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telemetry. 5) Because of the insulating discharge vessel,
mechanical problems were feared.

As reported earlier,4 all these disadvantages and problems
have been removed or reduced to insignificance.

Operating Principles

In an rf-ion engine (Fig. 1) a pressurized gas feed system
transports the liquid mercury via a valve into the vaporizer.
A fine-meshed steel grid evaporates the propellant. An
isolator separates the grounded boiler system and the ionizer's
entrance.

The propellant vapor streams through the extracting anode
into the ion source. The ionizer vessel is made of an insulat-
ing material and is positioned inside the induction coil of an
rf-transmitter. According to the induction law, a high fre-
quency electrical eddy field Eind is induced, which accelerates
the discharge electrons to gather ionization energy. They
suffer elastic collisions with neutral Hg atoms in time with the
rf-field, and move to and fro, gaining energy by this accumula-
tion mechanism. The statistics can be affected in a favorable
manner by adaption of the discharge pressure, i.e., the mean
free flighttime, to the transmitter frequency. The Ramsauer
effect aids the accumulation process.

By the skin effect, the conductive discharge plasma hinders
the penetration of rf-energy into the interior regions of the
ionizer. However, a weak, constant, perpendicular, mag-
netic field H compensates this partly by a resonance phenom-
enon.5 Because of the induction law properties, the skin
effect, the magnetic resonance effect, and the ambipolar
diffusion, a radial plasma density decrease occurs.

To start the rf-discharge with low pressures, it is necessary
to inject electrons from the filament of a grounded igniter,
which is located inside the extraction anode cylinder, emitting
electrons through the anode grid into the plasma.4 Ion
extraction from the discharge plasma is accomplished by a
perforated isolator plate, called a plasma boundary anchor,
and the extraction cathode. The extracting anode gathers
electrons, to maintain the plasma's quasi-neutrality. For
this, the plasma assumes automatically nearly anode po-
tential.6

The potential of the anode stipulates the engine's specific
impulse. The extracting cathode possesses a negative bias
voltage, firstly to rise the extraction voltage, i.e., the potential
difference between anode and cathode, using the accel-decel
technique, and secondly to prevent the neutralizer electrons
from streaming back and hitting the ion source.

As the plasma assumes anode potential and as there is
formed a positive space charge in front of the extraction
cathode, i.e., inside the plasma boundary holes, the total
extraction voltage drops along the space charge region. The
boundary between this region and the plasma, is anchored on
the upper side of the aforementioned plasma boundary anchor.

Due to the shadow effect of the ion-absorbing plasma bound-
ary, there is built up between this boundary sheath and the
undisturbed plasma a transition region of disturbed plasma
with a penetrating field.

The extractable ion current density is limited on one hand
by yield of the discharge plasma, i.e., the plasma density and
the transition field, on the other hand by a modified Langmuir-
Schottky's 73/2 law. In order to achieve high beam currents,
both conditions, the plasma saturation and the space charge
limitation, are to be optimized.

The plasma boundary layer, which acts as a virtual anode,
and all equipotential planes possess a concave mirror shape.7
Hence an ion-optical focusing of the extracted ion beam occurs.
For an optimum adaption of the extracting voltage, the
plasma density, i.e., the transmitter power, and the anchor's
geometry, the focus lies exactly in the cathode channel.6 In
this case of optimum focusing the cathode bores can be made
very small, whereby the neutral gas losses drop and the mass
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Fig. 1 Scheme of an rf-ion engine.

efficiency of the thruster rises considerably. In the under- or
over-focused case, the focal distance is either too long or too
short.

The extracted ions are decelerated behind the ion source
exit by a grounded decel-electrode to anode potential, i.e.,
beam voltage. Then the positive jet is neutralized by electron
injection from a plasma-bridge neutralizer.

Experimental Work on
10-cm-diam Thrust Units

Preliminary tests indicated an optimum discharge vessel
length, nearly equal to the diameter.4 However, as the mea-
sured data scattered, an improved apparatus equipped with
a movable glass piston, the position of which could be in-
dicated by a resistance potentiometer has been developed.
Without changing any working parameter, the discharge
length could be varied continuously during a few seconds.
Figure 2 shows one x — ^/-plotter diagram.8 In accordance
with a complete theory and contrary to former conclusions,
the optimum length of a 10-cm diam ionizer lies between 2.5
and 3.5 cm. However, it depends on the coil length which
should be as short as possible.8 The optimum frequency of
3.2 MHz, related formerly, has been corroborated. However,
the optimum number of turns of the induction coil was found
to be 10 instead of 20.

The size, number, position, and polarity of the permanent
magnets producing the auxiliary H-field also have been opti-
mized. A special apparatus enables rotation of the magnet
around the ionizer.8 Two similar magnets with equal polarity,
arranged at 90° to each other, give optimum yield, improving
the beam current in respect to a single magnet by 23%.

Former optimizations led to a plasma boundary anchor
thickness of 4 mm appropriate for RIT 10, i.e., for specific
impulses of 4400 sec. If lower exhaust velocities are desired,
the anchor's thickness must be diminished in respect to the

100

Fig. 2 Optimiza-
tion of the discharge
vessel length (in-
duction coil length:
1.5 cm; number of
turns: 6; frequency:

3.2 MHz).

" 75-

50 -

25-

5 10
DISCHARGE VESSEL LENGTH,cm



496 H. W. LOEB J. SPACECRAFT

PLASMA BOUNDARY
ANCHOR THICKNESS^

mm '
MAIN VAPORIZER

2 3 A
EXTRACTION VOLTAGE,kv

Fig. 3 Influence of the plasma boundary anchor's thick-
ness (parameter) on the extracted ion beam density.

F3/2 law. Figure 3 shows the increase of the beam density
with decreasing acceleration distance.8

We investigated the vaporizer-isolator-system of RIT 10
and calculated and measured the evaporated propellant as a
function of the boiler's geometry (i.e., the grid area and the
mesh lattice-constant), temperature, and heating power.9
Figure 4 illustrates the ioslator optimization. A quartz
isolator of 12-mm diameter, filled with quartz wool has a
breakdown voltage exceeding 10 kv for 200° C.

An 100-hr test of a RIT 10 engine indicated that no working
parameters had to be readjusted and that all thruster data
remained constant. With the exception of the igniter, which
had to be reconstructed, no serious failures occurred. In
another one-week continuous run, more than 11,000 start and
restart cycles were accomplished without any hangfire or
igniter erosion.4

Performance of RIT 10

The assembly of a RIT 10 laboratory prototype is shown in
Fig. 5. Liquid mercury is fed through the 1-mm-wide pro-
pellant pipe into the main vaporizer, made of stainless steel.
Its evaporating steel grid has an 78.5 mm2 area The 40-
mm-long, 12-mm-diam quartz isolator is stuffed with quartz
wool. Both vaporizer and isolator are electrically heated to
200° C. The heating element has a minimum power require-
ment of 3.7 w and is operated at a 6-w level. The isolator is
surrounded by an aluminium cylinder for thermal and rf-
shielding.
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Fig. 5 True scale cross section of the 10-cm rf-ion thruster
RIT 10 (see text).

The cylindrical extracting anode acts as propellant inlet.
Its bottom is perforated and consists of tungsten. Its po-
tential can be varied from 2.4 to 4.5 kv. In the hollow space
of the anode-can, the igniter filament, a thoriated tungsten
wire of 0.15 mm diam, is mounted. It is seperated from the
discharge plasma by the anode bottom, eliminating all ero-
sion problems. For a filament heating power of 25 w, emis-
sion current amounts to about 5 ma. During the ignition
time of 0.4 sec, the total igniter's energy consumption does
not exceed 22 w sec. After each ignition cycle both filament
terminals are disconnected from ground potential.

The 3.5-cm-long, 10-cm-i.d., quartz discharge chamber
has a 3-mm-thick wall and a 6-mm-thick lid. On the vessel
wall, a silver spiral of 10 turns and 3 cm length is fixed, acting
as rf-induction coil. It is connected with the capacitor of the
oscillatory circuit and the power transistors, both placed in
the electronic and control compartment. The fully transis-
torized transmitter consumes 47 w and delivers 35 w of rf
power.

Two permanent magnets of ferroxdure, 4.5 X 2.5 X 0.75
cm, generate an auxiliary magnetic field of 15 oe average in-
tensity.

Table 1 Mass distribution of the RIT 10
thruster system (kg)

Thruster Discharge vessel with 0.23
anchor and coil

Isolator 0.01
Main vaporizer 0.04
Permanent magnets (2) 0.09
Extraction anode with 0.10

igniter
Extraction cathode 0.24
Neutralize! 0.06
Case and structure 0.34
Subtotal

(already optimized) 1.11

Control and
electronic unit

High-voltage
power
conditioning

Electronic components
Case and structure
Subtotal

(optimized)

At present 5 . 85
After optimization

0.15
0.39

0.54

2.30

Fig. 4 Paschen graphs in Mercury (isolator length: 4.3
cm; filling: quartz wool of 60 mg/cm3 density).

Total at present
Total after optimization

7.50
3.95
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MERCURY

Fig. 6 Disassembled rf-ion thruster RIT 10 (from left to
right: structural aluminum ring witli 6 threaded bolts
and 2 permanent magnets; blacked perforated thruster
case; extraction cathode with fiber glass distance ring;
discharge chamber with induction coil, isolator, main vap-
orizer, and Hg feed line; isolator shield; decel electrode

with neutralizer and main propellant feed line).

The plasma boundary anchor is made of quartz and melted
together with the discharge vessel. It is 4 mm thick and has
121 holes in a hexagonal arrangement, each 6 mm in diameter
and coaxial to the 2.5-mm-diam holes of the 3-mm-thick,
molybdenum extraction cathode. The cathode potential is
adjustable between —0.5 and —3.5 kv, depending on the
anode voltage, to maintain the extraction voltage constant
between 5 and 6 kv. The cathode drain current amounts to
about 1 ma, resulting in an acceleration power loss of 2.6 w.

A grounded, 2-mm-thick steel ring serves as deceleration
electode. It carries the plasma bridge neutralizer, consisting
of the neutralizer-vaporizer, the isolating through-connections,
the heated hollow cathode, and the keeper electrode. The
total power consumption of the neutralizer amounts to 13 w.

The thruster case is made of aluminum, perforated in order
to avoid heat damming-up; it is 15 cm in diameter, 7 cm long,
and 1.5 mm thick. Four thermal resistances and a photocell
control the thruster's mode of working.

Figure 6 shows a disassembled RIT 10-engine. The thrust-
producing part of the engine is mounted at the bottom of the 10-
cm-long control and electronic compartment, which has an axial
hollow space to accommodate the main vaporizer-isolator-sys-
tem. The control compartment contains: 1) the fully transis-
torized transmitter of the rf-ionizer (47-w d.c.-power input);
2) the power supplies for: the main vaporizer and isolator
heater (2.5 v, 6 w), the igniter heater (lOv, 25w), the neutral-
izer-vaporizer (2.5 v, 3 w), the neutralizer cathode heater
(10 v, 5 w), and the neutralizer keeper (30 v, 5 w); 3) the power
controls for: the transmitter (rf-power range: 10-50 w;
power loss: 8 w), the main vaporizer (propellant flow rate

Table 2 Power consumption of RIT 10 components (w)

Transmitter 47
(discharge 35; loss 12)

Isolator and main vaporizer 6
Accelerator drain current 2.6
Neutralizer 13

(vaporizer 3; cathode 5; keeper 5)
Total thruster power loss

Net beam power 240

Pos. high volt, gener. loss
Negat. high volt, gener. loss
Control loss

(high voltage 32; transmitter 8;
vaporizer 0.6; neutralizer 1.4)

Total control and power conditioning-
loss

Thrust unit gross power input

43
0.4

42.0

Fig. 7 Cross section true to scale of the RIT 10 thruster
system including control and power supply units.

range: 0.075-0.3 mg/sec; power loss: 0.6 w), and the
neutralizer (electron yield: 30-120 ma; power loss: 1.4 w);
4) the discharge control and automatic igniter switch appara-
tus; 5) the flash-over guard and high voltage switch-off ap-
paratus; 6) the automatic thruster regulator and face value
adjustemnt.

This combined control and electronic compartment is
screwed to the high-voltage power conditioning unit (PCU).
The cylindrical unit is 22.7 cm long and has the same diameter
as the thruster and the control compartments, namely 15 cm.
The PCU generates the positive high voltage of the extraction
anode (283-w power input, 240-w power output) and the
negative cathode voltage (3-w input, 2.6-w output). Both
high-voltage generators are regulated and adjusted by a
control unit with 318-w power input and 90% efficiency. The
unit is being prepared for a mechanical, thermal, and vacuum
long-time test and for mass minimizing.

Figure 7 shows a cross section of the totally mounted thrust
unit and Fig. 8 a photograph of the 39.8-cm-long RIT 10

85.4

394 Fig. 8 RIT 10 thruster with control and power condition-
ing units.
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Fig. 9 Thrust variation of a RIT 10 engine.

engine. The mass statement is given by Table 1, while
Table 2 shows the power consumption. The most important,
standardized RIT 10 thruster performance data are collected
in Table 3. In principle, the exhaust velocity of rf-thrusters
lies between 20 km/sec and ^200 km/sec. However, in
both borderline cases some construction changes must be
carried out, e.g., a coating technique is necessary for the
lower limit, and on the other border a supplementary accelera-
tion electrode must be installed. For the device shown in
Fig. 5, the reasonable beam voltage ranges from 1.5 to 5 kv,
resulting in specific impulses of about 3500-6500 sec and
thruster efficiencies of 62.5%-80.0%. For changing the
specific impulse, the potentials of both extraction electrodes
must be shifted by the high-voltage regulator, in equal amounts
in order to keep the optimum extraction voltage constant.10

For varying the thrust level without changing the exhaust
velocity, the control and adjusting equipment of the rf-trans-
mitter power, the main vaporizer heater, and of all neutralizer
components have to be precisely tuned. Figure 9 shows the
dependency of the rf-discharge power, the mass flow rate,
and the mass, power, and total thruster efficiencies on the
desired thrust, i.e., on beam current.

Space Testing of RIT 10

In 1968, the German Ministry of Scientific Research ini-
tiated a feasibility study on a solar-electric propulsion module
"SELAM," which was carried out by the firm Bolkow GmbH,
Munich.11 Subsequently, the author made some calcula-
tions concerning a spiralling-up mission into an 36,000-km-
orbit.4 After the feasibility and the utility of the first SELAM
concept had been proved, the Ministry initiated two ad-
vanced concept definition studies. The companies Messer-
schmitt-Bolkow-Blohm (MBB) and ERNO-Raumfahrttech-
nik completed their works in December 1969.12-13 Unfor-
tunately, the original schedule for flight in 1974 has been
postponed (due to financial difficulties) probably to 1976.

The major objectives of SELAM are: 1) space testing of
the rf-ion drive including variation of thrust and specific
impulse; 2) proving the deployment and alignment of large
solar panels; 3) integration of solar energy source, power
conditioning, propellant distribution and feed systems, control
systems, and the thrusters; 4) proving of the cluster technique
including variation of thrust vector, engines switch-over tests,
and attitude control, and achievement of a high altitude,
as an important precursor for subsequent solarelectric mis-
sions. Moreover, a SELAM satellite can be used as a Van
Alien-probe.

The advanced SELAM studies have established the follow-
ing specifications12: 1) a minimum mission time of 6 months;
2) a starting orbit altitude of 500 km; to guarantee permanent

0 1 2 3m

SELAM
IB-ERNO

Fig. 10 Comparison of the three SELAM concepts.

sun exposure, a polar orbit is chosen; 3) production of 2.5 kw
by the power plant at the beginning of the mission (the solar
cells are always sun orientated); 4) a mass and volume (in the
folding-up phase) that will permit use of either an improved
Thor-Delta (WTR-launch use of place) or an Europe-I-
rocket (Kourou, Guiana) as the booster, and 5) six RIT 10
engines to produce a tangential thrust. The maneuverability
of the space vehicle must be guaranteed by symmetric engine
group operation.

In the first study, the rf-engines were scheduled to work
with 65 km/sec resulting in a power requirement of 600 w per
engine. Therefore, only 3 thrusters work simultaneously
with 45 mN thrust, while the other engines remain in stand-
by.11 Then, the author calculated the SELAM mission with
six RIT 10 units, working together,-each with 43.6-km/sec,
10-mN thrust, and 367-w power consumption. The accelera-
tion grew by 34%. The 250-kg satellite could be spiralled
up to a 36,000-km orbit during 201 days.4 The two advanced
studies accepted the new thruster working data. However,
due to a more conventional panel deployment, the mass
increment of the advanced SELAM IB compensates the thrust
gain. While the first feasibility study SELAM scheduled a
final orbit altitude of 9500 km, the two advanced concepts
SELAM IB of MBB and ERNO plan altitudes of 6800 km
and 7700 km, respectively. In Table 4 some characteristic
mission parameters are collated. Figure 10 shows sketches
true to scale of the three SELAM projects.

The design SELAM IA (Fig. 10 left) had an octagonal
main body with six RIT 10 engines mounted in a circular
arrangement at the top of the structure. The folded-up
solar cell array comprised a stiff support, i.e., the main panel,
fixed at the satellite core, and orthogonal folding-out, flexible
subpanels with a self-hardening plastics structure. The
two solar panels, each of 16-m2 area, formed an H-shape.

Mechanical and contamination difficulties are avoided by
MBB's SELAM IB12 (Fig. 10 middle). The entire power is

Table 3 RIT 10 performance data

Ion current
Mass flow rate (2 . 3 - 10~4 g/sec)
Beam diameter
Exhaust velocity
Specific impulse
Beam power
Thruster power consumption
Thrust unit power input
Beam aperture
Thrust

Ion production cost
Thruster loss per ion
Focusing degree (extraction)
Power efficiency
Propellant efficiency
Divergence efficiency
Jet homogeneity
Total thruster efficiency

100
7.4
8.5

48
4400

240
309
394

12
10

350
686

99
77.8
92
99

100
70.8

ma
kg/yr
cm
km/sec
sec
w
w
w
deg
mN

ev
ev
%
%
%
%
%
%
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Table 4 Typical data of preliminary and advanced
SELAM missions

SELAM I A
Bolkow Ref. 11

SELAM I A
Author Ref. 4

SELAM I B
MBB Ref. 12

SELAM IB
ERNO Ref. 13 .
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generated by two conventional, stiff clack-out panels. The
satellite is divided into three independant, separately testable
and exchangeable parts, namely the outfit compartment
including telemetry, attitude control, cold-gas tank, and an
eventual scientific or commercial pay load, secondly the solar
cell array, and thirdly the total thruster system including
propellant tank, Hg-distribution and feed system, main
control unit, power conditioning and thrust engines. The
six RIT 10 units are mounted in a circular arrangement with
a mutual distance of 37.5 cm. Therefore, suited series of
operations of thrusters enable rotations, i.e., attitude control,
about any axis that lies in the thruster assembly plane.

The ERNO's SELAM IB device (Fig. 10 right) differs from
the latter design by accomodation of all satellite components
in the spacing between the two solar panels.13 A very com-
pact launching assembly resulted. However, it is more
difficult to separate the individual components for testing.
Moreover, a rectangular, elongated main body and an as-
sembly of the six RIT 10 engines in three pairs, each inclined
to a center line of mass is implicated. This arrangement en-
ables only attitude control in respect to one axis. Further-
more, the removed position of the thrust engines run the risk
of mercury contamination of the solar cells.

Variation of Thruster's Size

We investigated scaling laws of rf-ion sources from 4 to
10 cm diam.14 Figure 11 gives some results of the ionizer
optimization measurements. As it has been predicted theo-
retically,4 both the optimum discharge pressure and the
optimum rf-frequency rised inversely proportional to the
vessel radius. The beam density yield, i.e., the ion current
per extraction hole divided through the discharge power,
seems to drop slightly with ionizer's size. Concerning the
optimum magnetic field and the optimum coil turn number,
there has been found no striking relationship to the ion source
diameter. The number of extraction holes raised from 7 to

Table 5 Predicted properties of RIT 4 and RIT 20
in comparison to RIT 10

RIT 4 RIT 10 RIT 20
Optimum discharge pres-

sure, torr
Optimum magnetic field, oe
Optimum transmitter fre-

quency, MHz
Transmitter power, w
Ion current, ma
Ion production costs, ev
Thrust, mN
Thrust power input, w
Power efficiency, %
Thruster efficiency, %

2.10~3

15
9

15
12

940
1.2

50
60
45

2.10-4

12
3.2

47
100
350

10
309
77.8
70.8

7.10-6

10
1.3

150
450
250
45

1,350
84
79

3 4 5 ' 7 10 20 30 40
IONIZER DIAMETER , cm

Fig. 11 Scaling laws of optimized rf-thruster performance
data.

121 (with unchanged anchor and cathode geometry and con-
stant extraction voltage).

After having determined all optimum parameters (including
the discharge vessel length and the extraction system), the
4-cm thrust unit will be developed to prototype maturity
comprising power conditioning, thruster control, propellant
feed system, vaporizer, isolator, and neutralizer. Table 5
gives some predicted performance data. Six RIT 4-engines
would be suitable for attitude control and station keeping
of synchronous satellites weighting 2 or 3 tons for a mission
time of 3-5 yr.

In order to develop a main propulsion rf-engine, the scaling
laws for enlargement the RIT 10-ionizer in three steps, to
20-cm, 35-cm, and 50-cm-diam ion sources, will be inves-
tigated.

At present, first optimizations of RIT 20 are running. The
discharge vessel is 8 cm long and 20 cm in diameter. The ion
extraction system has 595 borings. The anchor and cathode
hole's geometry is the same as of RIT 10. Table 5 gives
some predicted data of RIT 20, too. The RIT 50-engine is
scheduled for 2.5-a ion current. Four or six RIT 50 can be
used for spiralling-up 2-ton satellites or as main propulsion
system of interplanetary probes.

The optimization measurements of all thrusters larger than
10-cm diam (as well as the RIT 10-cluster experiments) are
performed in a new large vacuum facility of 28-m3 volume
and 100,000 liter/sec pumpting speed.
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NERVA Technology Reactor Integrated with NASA
Lewis Brayton Cycle Space Power Systems

L. H. BOMAN* AND J. G. GALLAGHERf
Westinghouse Astronuclear Laboratory, Pittsburgh, Pa.

A conceptual design of this 2.2 Mw reactor has been performed to permit integration with
power conversion units which are in an advanced state of development. The reactor has
flexibility for application with 25 to 600 kwe space power systems. Design concepts and meth-
ods utilized were developed in the NERVA program. Uranium bearing graphite fuel elements,
utilizing fuel particles developed for commercial power reactors, form a cylindrical core, re-
flected radially, and at the inlet end by beryllium. It is controlled by rotating control drums
located in the radial reflector. A manned space-base system design concept, including shield-
ing analysis, is also discussed.

Introduction

WESTINGHOUSE Astronuclear Laboratory has en-
gaged in a design study of a high-temperature space

power reactor for application in a Brayton cycle space electric
power system. A 1-Mw version of this reactor has been re-
ported.1 The reactor has been designated "The NERVA
Technology Reactor" (NTR) because it utilizes the proven
design concepts and design methods developed in the NERVA
(Nuclear Engine for Rocket Vehicle Application) program.
This report presents the conceptual design of the 2.2 Mwt
reactor integrated with Brayton cycle power conversion
systems under development at the NASA Lewis Research
Center. This reactor has the flexibility for application over
a range of thermal power providing electric power require-
ments from 25 kwe to 600 kwe. Two applications are con-
sidered: one for the 100-kwe power requirement of the
manned space base,2 and one to provide 506 kwe at the
reactor design point of 2.2 Mwt for 50,000 hr at 1600°F exit
gas temperature.
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Since 1963, The NASA Lewis Research Center has carried
on a closed Brayton-cycle component and power system de-
velopment program. Favorable long-duration test experience
has been accumulated on a 15-kwe power system, and on
individual components of this system, while a 160-kwe system
is in the initial hardware design phase. For this application,
these power conversion units are in a direct gas loop with
the reactor.

The NERVA technology is a broad-base highly-developed
technology covering all reactor engineering and systems
technology. This nuclear rocket program started by the
Los Alamos Scientific Laboratory in 1955 has been marked
since 1964 by ground tests of 12 reactors at unprecedented
power density and temperature levels. Reference 3 presents
a summary of the NERVA program. The use of an inert
gas in the direct reactor Brayton cycle space power system
permits the NTR to operate for the extended duration re-
quired. Both the NERVA reactor and the NTR are gas-
cooled beryllium reflected reactors utilizing graphite dispersion
uranium carbide fuel and controlled by rotating control
drums in the radial reflector.

Several operating and planned central station gas-cooled
power reactors utilize fuel similar to that required for this
space power application. Some of these, or their prototypes,
have been built (HTGR, AVR, DRAGON, and UHTREX),
while others are still under construction (Ft. St. Vrain and
THTR).4 The requirements for fuel performance in these
graphite dispersion fueled reactors are nearly identical
to those of the reactor-Bray ton system application. The
fuel has the required excellent fission product retention at
the temperatures, burnup, power rating, irradiation levels,
and lifetime needed for this space electric power system.5


