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9700-Hour Durability Test of a Five Centimeter Diameter Ion
Thruster

S. NakANISHI* AND R. C. FINKE}
NASA Lewis Research Center, Cleveland, Ohio

A modified Hughes SIT-5 thruster has been life-tested at the NASA Lewis Research Center. The final 2700 hr
of the test are described with a charted history of thruster operating parameters and off-normal events. Performance
and operating characteristics were nearly constant throughout the test except for neutralizer heater power require-
ments and accelerator drain current. A postshutdown inspection revealed sputter erosion of ion chamber components
and component flaking of sputtered metal. Several flakes caused beamlet divergence and anomalous grid erosion,
causing the test to be terminated. All sputter erosion sources have been identified and promising sputter resistant

components are currently being evaluated.

Introduction

LECTRON bombardment ion thrusters have potential

application for spacecraft attitude control and station-
keeping.'> Primary requirements for such thrusters are
reliability and durability over many thousands of operating
hours.3* Thrust vectoring capability is also desirable for many
applications.

A S-cm-diam thrust vectorable structurally integrated ion
thruster (SIT-5) system was designed and developed by the
Hughes Research Labs. under NASA Contracts NAS3-14129
and NAS3-14058.>° A modified SIT-5 thruster of a first
generation design has been tested at the NASA Lewis Research
Center. The purpose of the test was to determine the ultimate life
of the thruster and to pinpoint problem areas not discernible in
short term tests.

This paper presents the operational results spanning approxi-
mately the final 2700 hr of the durability test. The initial 2000 hr
of the test with results of inspection and the ensuing 5000 hr
of continuous operation have been reported previously.”-8
The final segment of the 9715 hr test is described in a detailed
operational history of several thruster and neutralizer para-
meters. Performance profiles and thruster characteristics mapped
at 6130 and 9030 hr will be compared. Important findings of the
postshutdown inspection are included.

Apparatus and Procedure

Modifications to the SIT-5 thruster described in detail else-
where’-® included removal of the propellant reservoir, reposition-
ing of the neutralizer, and change of accelerator optics. The
electrostatic thrust vector grid was installed after the thruster had
operated 2027 hr with a translating-screen type vector grid. At
that time, the thruster was disassembled for photographic
documentation. No refurbishing or repairs were made which
would have compromised the legitimate continuation of the test
and accumulation of test hours on the thruster.

The vertical vacuum tank used for the test was 1.37 m in
diameter and 1.83 m tall. Mercury contained in the stainless steel
pan was frozen by liquid nitrogen flowing through coils brazed to
radial copper struts attached to the bottom of the pan. A
cylindrical cooling coil brazed to vertical copper strips formed
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the LN, cryowall which extended along the vertical wall of the
tank. '

The accelerator grid of the thruster was approximately 75 cm
above the frozen mercury target when installed. To prevent
backsputtering of condensible conductive material upon the
thruster, a set of nonmetallic (50% Al,0,, 50% SiO,) baffles
were installed. No metallic surface other than the mercury target
intercepted the line of sight of the thruster ion beam. With the
target frozen and the cryowall at liquid nitrogen temperature,
the ultimate tank pressure reached the mid 1077 torr range.
With the thruster in operation, the pressure rose to about
1 x 1079 torr.

Details of the electrical system and test procedures are
described elsewhere.” An automatic digital data acquisition
system recorded thruster data at clocked intervals. A protective
control system designed to shut down the thruster in the event of
abnormal thruster or test facility conditions allowed unattended
operation around the clock. The thruster was operated open-
looped at nominally fixed conditions except for minor day-to-
day adjustments. The ion chamber and neutralizer propellant
flow rates were held atabout 34 ma and 2.2 ma Hg ™, respectively,
throughout the test. Performance mapping data were obtained at
approximately 1000 hr intervals. A four-chanmel strip chart
recorder was used to chart the neutralizer parameters
continuously.

Results and Discussion
History of Test

A history of the test from 7000 thruster hours to the end at
9715 hr is shown in Fig. 1. The electrostatic vector grid was
installed at 2027 thruster hours so that the number of hours on the
grid is less than the thruster operating time by that amount. The
four parameters charted were those most subject to change with
time. As described previously,® other thruster parameters either
remained nearly constant throughout the test or were adjusted to
fixed operating values.

The accelerator drain current shown in Fig. la was about
0.09 ma from 2027 to 8000 thruster hours. From 8000 to 9500 hr
the drain current remained at about 0.10 ma then suddenly
increased to more than 0.20 ma. Details of the final 270 hr of
the test when numerous grid shorts occurred will be shown later.

The cathode keeper voltage (Fig. 1b) was constant to the end of
‘he test at a value which prevailed from about 4000 hr.® Actually,
the cathode keeper voltage first attained an operating level of
12-13 v as early as 400 hr into the test. The voltage subsequently
rose to about 15 vand gradually dropped to 12.5 v by 4000 hr. No
heater power was applied to the cathode except during startups.
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Fig. 1 History of test.

The neutralizer keeper voltage and floating potential plotted in
Figs. 1c and 1d gradually rose with time. The irregular variations
in these parameters were induced primarily by the changes in
neutralizer heater power made during the test to stabilize
neutralizer operation. Continuous strip chart records of
neutralizer parameters to be presented later will show the
nature of some neutralizer transients.

A consistent trend associated with neutralizer heater power
can be seen in Fig. 1c. Increasing heater power decreased the
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Fig.2 Terminal history of test.
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keeper voltage and floating potential. The decrease was followed
by a gradual rise at approximately the same rate as the over-all
average rise with time.® This rise rate was about 1 v per 1000 hr
of operation, and it occurred even in the early hours of the test
when heater power was 3 w or less. The conclusion is that the
mechanism causing the rise in keeper voltage was not entirely
dependent on heater power and neutralizer temperature.

Noted on the test history are four types of recurrent
abnormal events. Neutralizer outage precluded beam current
operation because of highly negative neutralizer floating
potential, but the protective control system shut off only the ion
chamber discharge and the accelerating potentials. The cathode
was permitted to continue operating in order to facilitate restarts.

High neutralizer floating potential also occurred without a
neutralizer outage. This abnormal condition was rare in the first
7000 hr of test. It was especially numerous between 7100 and 7800
hr but nonexistent thereafter. The cause of these occurrences is
not known. An excerpt from the continuous strip chart record of
neutralizer parameters will be presented later to show details of
this abnormal condition.

Shorting between vector grid elements occurred four times
between 8000 and 9000 hr. This type of short occurred twice
between 6000 and 7000 hr but was nonexistent prior to that
period.

Screen to accelerator shorts were less numerous although one
had occurred as early as 5000 hr into the test. In all instances, the
shorts were cleared successfully either by application of vectoring
voltage or by a capacitor discharge. A capacitor discharge
usually quenched the neutralizer (in a manner similar to events
early in the test” before installation of inductive ballasts in the
high voltage circuits).

Terminal history

A history of the final segment of the durability test is shown
in Fig. 2 to an expanded time scale. An uneventful 110-hr
segment between 9580 and 9690 hr has been omitted for brevity.

The drain current, neutralizer keeper current, and neutralizer
floating potential only are shown because no long-term trends in
ion chamber parameters were discernible in this short time span.
Thruster shutdowns occurred in close succession at 9518, 9526,
and 9534 hr because of screen-accelerator shorts. The accelerator
drain current (Fig. 2a) increased about 0.05 ma after each of the
first two events. After the third screen-accelerator short was
cleared, the drain-current dropped 0.07 ma. It is believed that
flakes of sputtered metal shed from ion chamber surfaces were
defocusing the ions passing through partially blocked screen
apertures. At worst, the first of grid element failures may have
occurred at this point in the test. During the final 181 hr of the
test, only one neutralizer-outage event occurred. The accelerator
drain current continued to fluctuate with a gradual decline in the
mean level. The test ended when a vector grid element cut through
by a defocused beamlet dropped against the ground screen mask
to cause a permanent short.

The neutralizer keeper current and floating potential are shown
in Figs. 2b and 2¢. The thruster shutdown at 9518 hr was preceded
by two hours of unsteady neutralizer operation. The continuous
strip chart record showed that at 9516 hr, the neutralizer keeper
current dropped to 0.2 amp and the vaporizer temperature
dropped 17°C. The neutralizer keeper voltage and floating
potential increased about 10 v and contained fluctuations vary-
ing in amplitude from I to 5 v. There was no apparent connection
between the neutralizer disturbances and the thruster shutdown
at 9518 hr. Subsequent shutdowns caused by screen-accelerator
shorts occurred during normal neutralizer operation. A
neutralizer outage occurred at 9555 hr. From that point to the
end of test the neutralizer operated at nearly constant conditions
without interruption.

Neutralizer transients

A selected portion of the continuous strip chart recording of
neutralizer parameters is shown in Flg 3. Bach division along the
paper travel corresponds to 3.75 min. The four channels from



562 S. NAKANISHI AND R. C. FINKE
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Fig. 3 Strip chart record of neutralizer parameters.

left to right are neutralizer floating potential x 0.1 v, neutralizer
keeper voltage x 0.1 v, peutralizer keeper current x 10 amp, and
neutralizer vaporizer temperature (chromel-alumel thermo-
couple, Mv above 65.6°C). The operating time in hours is
noted along the left margin.

The abnormal condition which occurred at about 7666 hr
was a series of high floating potential spikes which did not persist
long enough to activate the protective control circuit. The
relative time positions of the four pens which are staggered to
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Fig.4 Effects of varying cathode keeper current at 25 ma beam current
and no heater power.
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permit cross over along the chart width are marked on each
channel. At the chart speed used, however, the parameter leading
the change cannot be resolved.

It is of interest to consider the power and thermal balance
during this disturbance. From the initial steady-state conditions,
the neutralizer keeper voltage decreased an average of 4 v and the
keeper current increased 0.03 amp for a net decrease of 0.83 w in
neutralizer discharge power. The beam current and vaporizer
heater power were constant throughout the transient. Neglecting
the effects of change in neutralizer floating potential, the 0.8 w
decrease in neutralizer discharge power appears too small to
justify a 13°C drop in vaporizer temperature. Similar transients
in which the floating potential varied only 5 v nevertheless
showed the same amount of waporizer temperature drop.
Intentional variations in neutralizer heater power of the order of
3 w with small variations in keeper voltage at constant keeper
current and constant vaporizer power changed the vaporizer
temperature only about 1°C. It appears that the relatively large
change in vaporizer temperature observed in Fig. 3 was caused by
mechanisms other than the changes in externally supplied power.
Also, sudden changes in both keeper voltage and floating
potential occurred and then corrected themselves spontaneously.

Performance Map

The durability test was run at a fixed operating point and
normally didnot permit an examination of thruster characteristics
off the set point. Limited mapping of thruster characteristics was
performed at approximately 1000 hr intervals to observe any
changes in these characteristics with operating time. The results
of performance mapping at 6130 and 9030 hr are presented
herein. An earlier mapping at 4250 hr is reported in Ref. §

Cathode keeper current

The effects of varying the cathode keeper current while
maintaining a constant beam current of 25 ma is shown in Fig. 4.
The levels and trends in keeper voltage (Fig. 4a) and the ion
chamber discharge current (Fig. 4b) at 6130 and 9030 hr were
similar. The cathode keeper voltage reached a maximum at a
keeper current between 0.35 and 0.4 amp. A corresponding
minimum in the discharge current occurred at a slightly lower
value of keeper current.

The discharge voltage shown in Fig. 4c was generally lower at
the 9030 hr point. Because discharge voltage was inversely very
sensitive to propellant flow rate, it is apparent that the flow was
higher at the later time. At both times, however, the trends in
discharge voltage as a function of keeper current were similar.
The maxima in the discharge voltage corresponded to the minima
in the discharge current. Because the beam current was held
constant, it follows that the minimum discharge current was
required where the discharge voltage, and hence the ionization,
was a maximum.

Discharge current

The effects of varying discharge current are shown in Fig. 5.
The cathode keeper current was maintained at 0.3 amp. No
cathode heater power was used. The beam current characteristic_
curves (Fig. 5a) at 6130 and 9030 hr were almost identical except
for a more rapid falloff in the later curve at discharge currents
below 0.4 amps.

The accelerator drain current shown in Fig. 5b decreased
with increasing discharge current. This effect is attributable to
less charge exchange ions as beam current and propellant
utilization efficiency increased. The higher drain current at
9030 hr was probably due to a slightly higher propellant flow rate.

The discharge voltage shown in Fig. 5¢ was about 1.5 v lower
at the 9030 hr point because of the higher propellant flow rate.
At discharge currents less than 0.4 amp, the drop in discharge
voltage below 37 v and the loss in ionization probably caused the
rapid falloff in beam current (Fig. 5a). In contrast, the discharge
voltage at the 6130 hr point was 37 v or higher for discharge
currents as low as 0.25 amps.
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Fig. 5 Effects of varying ion chamber discharge current. Cathode
keeper current, 0.3 amp.

Accelerating potentials

The variations in discharge parameters and accelerator drain
current with changes in the net accelerating voltage (i.e., changes
in specific impulse) and the accelerator potential were relatively
minor and consistent with trends reported previously. As ion
extraction improved with increasing total accelerating potential
difference, the discharge current and voltage required to maintain
the design beam current decreased slightly. Accelerator drain
current remained nearly constant or increased slightly with
increases in either the net accelerating or accelerator potentials.

Neutralizer keeper current

The gradual rise with time in keeper voltage and neutralizer
floating potential for fixed point operation has been shown in the
test history (Fig. 1). The effects of varying neutralizer keeper
current are shown in Fig. 6. The keeper voltage generally
decreased as keeper current was increased (Fig. 6a). Increasing
the heater power also reduced the keeper voltage, but the effects
were dependent on the number of operating hours. At 6130 hr,
the neutralizer could be operated with no heater power. At 9030
hr, this was no longer possible. At 7100 hr, 10 w of heater power
reduced the keeper voltage below the 6130 hr values. With 10 w
of heater power at 9030 hr the keeper voltage was still higher than
at 6130 hr with no heater power.

It is interesting to note that at 9030 hr the neutralizer could
be operated at a given level of keeper voltage if the 5 w reduction
in heater power were compensated by a comparable increase in
keeper discharge power. This balance indicates that some
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minimal temperature is required for neutralizér operation at a
given keeper voltage but that the required temperature varies
with operating time.

Hollow cathode design details such as aperture size, tip
contour, and insert were identical for the thruster cathode and
the neutralizer. The thruster cathode showed essentially no
change with time (Fig. 1), and it was operable throughout the
test with no heater power. The one major difference between
the neutralizer and the cathode was the level of mercury flow rate.
The cathode operated in the region of 33-35 ma equijvalent; the
neutralizer, in the region of 1.7-2.5 ma.

The corresponding variations in neutralizer floating potential
are shown in Fig. 6b. The floating potential increased rapidly
as keeper current was reduced below a critical “knee” value.
The ““knee” value of keeper current was also dependent on heater
power level and operating time. Higher heater power moved the
knee to lower values of keeper current. For most of the test, the
keeper current was held at 0.45 amp which was well above
the critical value for all conditions. In general, the combination of
heater power level and operating time which affected keeper
voltage had similar effects upon the floating potential.

Performance Profile

Performance profiles and thruster operating parameters at
4250, 6130, 9030, and 9700 hr are given in Table 1. The relatively
constant thruster operation indicated by the test history is re-
flected in the power values. Beam power, discharge power,
accelerator drain, and total cathode power were nearly constant
throughout the test.

The major change in total input power with time was due to
the increase in neutralizer heater power required to permit
unattended stable operation of the neutralizer. Because of
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Table 1 Performance profile

Test hours 4250 6130 9030 9700
Net accelerating potential, v 1300 1300 1300 1300
Accelerator potential, v —900 —900 —900 —900
Beam current, ma 25 25 25 25
Cathode flow rate, maequiv =~ 34.0 32.1 33.0 334
Neutralizer flow rate, ma
equiv 2.2 2.2 2.2 2.4
Beam power, w 32.5 32.5 32.5 32.5
Discharge power, w 13.8 15.9 16.6 16.3
Component power
Accelerator drain, w 0.2 0.18 0.2 0.28
Cathode
Heater, w 0 0 0 0
Keeper discharge, w 4.03 4.37 3.76 3.78
Vaporizer, w 5.87 5.53 5.16 5.76

Total cathode power, w 9.90 9.90 8.92 9.54
Neutralizer

Heater, w 2.20 2.40 9.90 9.90

Keeper discharge, w 8.17 8.90 10.90 9.98

Vaporizer, w 2.13 1.16 0.32 0.42

Total neutralizer

power, w 12.50 12.46 21.12 20.30

Total input power, w 68.9 70.9 79.3 78.9
Power efficiency, % 47.2 459 41.0 41.2
Utilization efficiency, % 69.0 73.0 71.1 69.8
Over-all efficiency, % 32.6 335 28.1 28.8
Thrust, mN : 1.83 1.83 1.83 1.83
Specific impulse, sec 2480 2630 2560 2515
P/T ratio, w/mN 37.8 39.0 43.4 43.1

thermal feedback to the vaporizer, higher heater power was
partially offset by a lower vaporizer power requirement to
maintain a constant temperature. Total input power thus
increased about 10 w by the end of test to cause a 59, drop in
power and over-all efficiency. Specific impulse varied slightly
because of differences in total propellant utilization efficiency.
Power to thrust ratio increased by about 5 w/mN.

Postshutdown Inspection
Electrostatic vector grid

The thruster was examined in a vertical position immediately
after retraction from the vacuum test facility. The broken vector
grid element which caused the decision to terminate the test was
in contact with the opening in the ground screen mask. The

Fig. 7 Electrostatic vector grid after test showing metal flakes on
screen electrode.

J. SPACECRAFT

3 \
OUND SCREEN MASK =Y
- SPUTTER SHIELD

= ERQSION. DEFECTOR

| KEEPER

Fig. 8 Neutralizer after test.

ground screen and adjacent outside structures were remarkably
clean and free of any loose metallic deposits.

A photograph of the vector grid taken from the screen or ion
chamber side is shown in Fig. 7. Care was taken to remove the
grid assembly in a vertical position to minimize jarring and
disturbing the flakes. Flakes can be seen lying in the peripheral
regions of the screen grid and the magnetic pole piece.

A comparison of the flake locations and the eroded vector
grid elements indicated that anomalous erosion was caused by
flake-diverted beam ions. A more gradual type of erosion was
caused by highly divergent ions from each beamlet hole and
particularly from the 12 outermost holes.

Detailed examination of the vector grid showed that five
grid elements were eroded through, but only one element
dropped completely out of position. The others were either
restrained from falling by the charge-exchange protective shields
or held by the orthogonal elements lying crosswise below them.

Numerous darkened areas outside the hole pattern were
seen on the tace ot the screen grid. These were arc sites formed
where capacitor discharges were used to clear a short between
the screen and accelerator. Sputtered metal, probably from the
neutralizer, was deposited in those regions not shielded by the
ground mask.

Neutralizer

A close-up photograph of the neutralizer taken after the test is
shown in Fig. 8. The double layer of 0.0127 mm thick tantalum
foil used as an erosion rate detector marks the approximate
boundary of the intercepted ion beam. The boundary lay on a
45°line drawn.from the trailing edge of the outermost beam hole
grid element. The tantalum foil eroded at a rate of only 13 u per
500-600 hr of undeflected beam operation. The maximum depth
of erosion on the neutralizer keeper cap is estimated to be 250—
300 pat the corner which projected most deeply into the ion beam.

Examination of the neutralizer hollow cathode showed
significant erosion of the aperture and the chamfered.surface of
the tip. An enlarged drawing of the tip disk sectioned along a
diameter is shown in Fig. 9. The dotted outline shows the aperture
size and the chamfered surface when new. During 9715 hr of
operation the aperture eroded from 0.254 to 0.549 mm at the
neck.

Preliminary data taken by A. Weigand of NASA Lewis
Research Center has indicated that neutralizer tip erosion can
be a strong function of neutralizer flow rate. Simulation of total
depletion of the insert’s emissive coating by operating cathodes
without any insert or emissive coating has shown that erosion of
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Fig. 9 Cross section of neutralizer tip disk.

the tip will take place at the flow rates used during this endurance
test. Weigand’s data has indicated that for 5 cm neutralizer flow
rates at or above 6.9 ma the tip erosion rate is reduced by over
2 orders of magnitude even if the insert has been totally depleted.
Thus neutralizer operation at slightly higher flow rates, with a
small penalty on propellant utilization efficiency, appears to be an
attractive operating mode to prevent excessive tip erosion.

Neutralizer insert

The neutralizer insert was examined for possible correlation
between neutralizer operation and insert condition. Figure 10 is
aphotograph of the insert after it was unrolled and stretched out.
Parts of the downstream edge (nearest the neutralizer tip) of the
insert appeared to have reached high enough temperatures to
cause embrittlement and erosion. These regions were either
sintered layer-to-layer or so brittle that crumbling occurred. The
upstream portion of the insert remained intact and springy. A
small rod was required to keep the insert from recoiling.

Both the upstream and downstream regions of the insert were
examined with an optical microscope and an electron scanning
microscope with elemental identification by an energy dispersive
analyzer. Barium was detected generally in the upstream region,
but the downstream edges were practically devoid of barium
except in small isolated or sheltered regions. The conclusion is
that an ample amount of the barium emissive mixture was left in
the insert, but it was not available or present in localized areas
where required for good neutralizer operation.

Cathode pole assembly and thruster back plate

The cathode pole assembly and thruster back plate which were
exposed to the ion chamber plasma were examined for changes
from their initial condition.

After 9715 hr, all but 0.009 g of the nut (original estimated
weight, 0.099 g) was eroded. Only two threads of the 0-80 stain-
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Fig. 10 Unrolled neutralizer insert after 9715 hr.
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less steel screw remained above the baffle. The baffle itself was
only slightly eroded at the downstream peripheral edge.

Slight erosion was found on the thruster back plate. Four
radial traverses were made with a surface analyzer to determine
the depth of surface erosion. Although not axially symmetrical
the maximum erosion was about 8 y at a radius of about 2 cm.

J. Power and E. Wintucky of NASA Lewis Research Center
have proposed the use of pyrolytic graphite coatings over cathode
potential surfaces to reduce the sputtering of these components.
The low sputter yield of carbon should greatly reduce the
material loss rates from cathode potential surfaces. Tests of
pyrolytic graphite baffles and thruster back plates are currently
being performed to evaluate these sputter resistant components.

Anode

The anode showed no sign of erosion. Peeling of sputtered
metal which formed the flakes was evident around most of the
upstream end of the anode. It is believed that the main source of
sputtered metal was the baffle assembly and the thruster back
plate. The flakes which peeled off were typically 0.021 mm thick
and magnetic.

The exact cause of peeling is not known. Thermal cycling
because of thruster shutdowns, the mismatch of expansion
coefficients, exposure to atmospheric moisture at 2027 hr, and the
mechanical stability limit of sputtered material probably all
contributed to the loosening of an already weakly bonded layer.

It has been proposed that an opaque finely woven screen
‘anode would retard the peeling off of sputter deposited material
on the anode. Conceptually, the sputter deposited films would
have thickness variations around each wire of the woven anode.
At points where two wires cross or contact each other the film
thickness should be near zero. As a result of the woven anode
structure, all sputtered film patches are surrounded by near zero
thickness films. Thus, even if a sputter deposited film cracks
or peels in the region of thickest deposition, the flakes should
remain attached at the places where the film is thin and strongly
adherent. If the screen anode is finely woven the distances
between maximum and minimum film thicknesses are small, thus
reducing the probability of flakes totally detaching from their
thinner surrounding regions. Tests of the screen anode are being
made to determine its effectiveness in the prevention of loose
flakes. The combination of reduction in sputter rate of the
cathode potential surfaces and the peel resistant anode could
prevent formation of loose flakes.

Conclusions

A 5-cm-diam mercury bombardment ion thruster has been
life tested for 9715 hr. The test was interrupted once at 2027 hr
to replace the translatable screen thrust vector grid with an
electrostatic type.

During the final 2715 hr of the test, the cathode and ion
chamber discharge characteristics were essentially the same as
those observed earlier in the test. Comparison of thruster per-
formance profiles taken during the life test showed that over-all
efficiency dropped 4%, and power to thrust ratio increased
5 w/mN. The principal cause of these changes was the increase
in neutralizer heater power required for stable operation. Pro-
posed solutions to avoid neutralizer performance changes are
presently being life tested. :

Accelerator drain current increased significantly only after
sputtered metal flakes shed from anode surfaces fell upon the
screen grid of the ion accelerator system. Beam diversion from
partially blocked screen holes increased direct ion impingement
and eventually eroded thrust vectoring grid elements. Electrical
shorting of the grid increased in number and frequency as the
test progressed. All shorts were successfully cleared either by
steady application of power or by a capacitor discharge.

Post-test inspection showed varying degrees of erosion of the
grid elements, neutralizer tip, cathode baffle assembly, and
thruster back plate. Examination of the neutralizer insert showed
depletion of the barium emissive mixture at the downstream

o
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edge nearest the nzutralizer tip. Substantial amounts of barium
were found on all upstream areas of the insert.

Except for the electrostatic type vector grid, no other thruster
component indicated imminent failure at 9715 hr.
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Comparison of Advanced Propulsion Capabilities for Future
Planetary Missions

JoHN C. NIEHOFF* AND ALAN L. FRIEDLANDERT
Science Applications, Inc., Chicago, Ill.

This paper summarizes unmanned planetary performance (payload and trip time) of Shuttle-based advanced
propulsion systems for 1980-90 missions analyzed as part of the recent NASA/AEC Advanced Propulsion
Comparisons Studies. Propulsion system designs and condensed results from over 300 propulsion/mission combina-
tions are discussed. Chemical rocket (CRP), solar electric (SEP), nuclear rocket (NRP), and nuclear electric (NEP)
propulsion systems are all considered. In terms of missions flown, total flight time, and number of Shuttle launches
required, NEP provides the best performance. Relative to NEP, it is shown that NRP, SEP, and CRP degrade
mission performance by 209, 409, and 50%, respectively, at nominal payloads.

Introduction

URING 1972-1973, NASA and the AEC conducted a

comprehensive series of studies on the subject of Advanced
Propulsion Comparisons (APC). The primary purposc of these
studies was to determine the most cost effective upper stage
propulsion which, when combined with the Space Shuttle, would
be capable of meeting space mission demands in the 1980°s. All
basic propulsion modes were considered. Energy sources included
chemical, solar, and nuclear, while flight modes consisted of
ballistic and sustained low thrust. In scope, the studies included
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geocentric, lunar, and planetary missions. To meet the objective
of cost effective comparisons, all aspects of propulsion systems
development and utilization were analyzed, including technology
bases, development schedules, nonrecurring and recurring cost,
performance, payload cost benefits, and an economic impact
analysis for the period 1980-1990.

The authors’ roles in the APC studies were to provide basic
planetary mission performance data, in terms of net payload and
trip time, for a wide range of propulsion configurations which
can be summarized by four classes of propulsion: 1) chemical
rocket propulsion (CRP), 2) solar electric propulsion (SEP), 3)
nuclear rocket propulsion (NRP), and 4) nuclear electric
propulsion (NEP). The planetary mission model used consisted
of 21 missions. It included all planets of the solar system as well
as several satellites, comets, and asteroids. In total, over 300 com-
binations of propulsion configurations and missions were
analyzed. This broad base of planetary performance data was
combined with a concurrent APC study by Jet Propulsion
Lab. (JPL) of planetary spacecraft design requirements to
formulate propulsion dependent mission definitions for other
areas of the APC analysis.

The purpose of this paper is to summarize the planetary
performance results generated by the authors for the NASA/AEC
Advanced Propulsion Comparisons Studies. The data presented



