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Operating Characteristics of a 15-cm dia. lon Engine for
Small Planctary Spacecraft

John R Brophy,* .ewis C. Pless,** Juergen Mucller,” ** and John
Jet Propulsion Laboratory
California Institute of Technology
Pasadena, California

A 15-cm diameter, scaled-down version of the NASA light-weight 30-cm jon engine has been
developed for potential application to very small planetary spacecraft. This engine has an active
beam diameter of 150 mm, an outer ground screen diameter of 200 mam, and is 260 mm long. The
engine mass is approximately 2.4 kg. This engine may be used as a stand-alone 15-cm engine, or
it may in integrated into a segmented engine configuration to produce a 30-cm equivalent engine,
1t will also be used as a test bed for the development of advanced jon accelerator systems. The
engine has been tested with two 3-grid accelerator systems, one with the electrodes fabricated
from 0.38-mm thick molybdenum and the other fabricated from 0.51-mm thick graphite.
Operation over an input power range of 380 to 1250 W and & specific impulse range of 2500 to
4000 s has been demonstrated.  Preliminary measurements indicate that the performance is
slightly better than projected over this specific impulse range. Operation with a negatively blased
decelerator grid is shown to enable operation at net-to-total voltage ratios as high as 0.94.

Introduction

Fuoture planctary missions will require consideration of
the entire life cycle mission costs including the cost of the
launch vehicle.  ‘This has motivated program planners (o
consider mcans by which smaller, less expensive launch
vehicles can be used to accomplish solar system exploration
missions of interest.  Solar electric propulsion with xenon
jon engines provides enormous leverage (o download
planctary spacceraft to smaller launch vehicles through the
large propellant mass  savings characteristics  of  this
tecchnology. This trend to smaller launch vehicles is also
accompanicd by the planned development of smaller, fess
expensive, planclary spacccraft.>2  Total spacectaft dry
masses of 300 kg (including the science instruments) or less
are planncd??.  As the size of planctary spacecraft is
decreased in order to get on smaller launch vehicles, the dry
mass and physical size of ion propulsion systems to be used
on these spacecraft must also decrease. ‘The high efficiency,
light-weight 30-cm diameter ion cngine currently under
development by NASA? may be larger than optimum for
very small spacecraft under consideration .
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This paper describes the first steps in the development
of a 15-cm diameter xenon ion source. 'This source is being
developed for three primary purposes.  First, it may be
useful in an ion propulsion system for a small spacecrafl as a
stand-alone, 15-cm xenon ion engine with a maximum input
power (to the power processing unit) of 1.25 kW. Second, it
may be integrated together with three other identical ion
sources 10 produce a 4x15-cm segmented ion enginc? with a
maximun input power of 5.0 kW. Third, it may be used as
a test bed for the development of advanced ion accelerator
systems.

Thruster Design

The 15-cm ion source represents essentially a scaled-
down version of the NASA light-weight, 30-cm engine.?
‘I'he two main discharge chamber components are fabricated
from 1.6-mm thick 6061 aluminum sheets through the use of
a spinning process.  One component of the  ground sereen,
which also serves as the structural support and engine mount
is also spun from 6061 aluminum. The use of aluminum to
minimize the mass of the ion source was first demonstrated
by Patterson.?

‘The discharge chamber magnetic circuit is comprised of
two rings of samarium-cobalt magnets, onc positioned at the
upstream cnd of the source near the cathode, and the other
ncar the accelerator system. ‘The magnet rings are attached
to retaining rings machined from mild steel.  The use of
steel for these parts significantly simplifics assembly of the
jon source without adding appreciably to the mass.

'The main discharpe chamber cathode  design was



similar to thattested for 5,000 hours® with the exception that
the cartridge heater was replaced with i swaged heater. An
cnclosed keeper configuration was employed in the 15-Clil
ion source because it lends itsell easily toa rugged structural
design. The keeper electrode was fabricated from graphite
to minimize fabrication costs and improve resistance (o
sputtering,

‘The accelerator system mounting ring is mounted (o the
downstream f a ¢ e of the magnet retaining ring at the
downstream end of the discharge chamber. This was done
to minimize (he. outside dimensions of the ion source. With
this configuration, the outside diameter of the ion source
pround screen is only 2000 mm, while the diameter of the
active grid arca is 150 mm. This physically compact design
has asignificant effcct on the overall size of the segmented
ion engine configuration deseribed in the next section. A
schematic of the discharge chamber configuration is given
Fig. 1.

Initial testing of the ion source was performed vsing
high pressure propellant jeolators.  Viscojets were used (o
drop the propellant pressure 4 ownstream of the isolators (o
the level requited by the main discharge chamberand
hollow cathode. These components were packagedat (I c
rear 01 the jon SOt ce resulting in an overall source fength of
260 (front ground screen to rear ground screen).
Propellant flow rate control was achieved through the usc of
micrometer valves positioned outside of the  vacuum
chamber.  1his test configuration pr’[wed capable of
standing-off the applicd high voltages, but resultedina very
stow temporal response to changes in the micrometer valve
settingsin order to change the flow rate. ‘T'his slow re sponse
is aresult of the volume of propellant gas between the
micrometer valves and the viscojets. Since the pressure of
the pas inthis volume is 2. (0 4 orders of magnitude highei
thanina low pressure feed syslem, (lic quantity of "trapped”
propellant is substantial.

Subsequent testing was performed with a low pressure
feed systemto improve the response time. In this case high
voltage isolation was provide through the usc of 250-mm
long picces of clastomer tubing. ‘Three picces of 6-mm long,
boron nitride cylinders with 0.33 anm diameter holes drilled
down the center were added (o cach length of tubing to
prevent electr ical breakdowns,

‘The neutralizer used for the tests o date consists only of
.+ laboratory design originally used with a 30-cm thruster.
Noeffort was made to minimize its mass o1 volume or o
adj ust its thermal characteristics for operation at the mucl
lower emission currents required to neutralize the ion beam
of” the15-cm engine. A compact, lightweight neutralizer has
been designed by NASA 1eRCA with a mass of (rely 115 ¢,
sothere was no need to duplicate this work.

T'he 1 S5-cmion source, including a three grid accelerator
systeny, the ground screen and structural attach iment points,
but not including the neutralizer asseinbly, has a mass o f

m m

2.25 Kkg.1'his mass includes a 480-mm long wire harness.
Adding to this 115 g for the ncutralizer assembly of Ref. |3
1esults in a total mass of 2.36 kg if this ion source were to be
used as a stand-alone, 1 5-cnvion engine.

Testhbed for Advanced 1o Optics

‘The key to improving jon cngine endurance, reliability
and performance is contained largely in the technology o f
the 1on accelerator system, 1 ‘or this reason a variety of
advanced grid technologices are being investigated including:
the 3-grid SAND accelerator system,® carbon-carbon grids,"
dished graphite grids, and grids fabricated from diamond
films.® The 15-ClI} ionsource will be used as atest bed for
the eval pation of these candidate technologies. This should
facilitate 1apid, cost-cffective accelerator system evaluation
since it is casicr and less expensive to fabricate grids in a
15-cinsize as opposed tothe30-cm sire.  Promising
candidates, such as the carbon-carbon grids will be
fabricated and tested in a 30-cm size for possible application
(0 the NASA lightweight 30-cmengine.

A s of this writing the 15-cm engine has been tested with
two accelerator systems with the characteristics given in
Table 1. The "3-grid molybdenum” system consists of 3
molybdenum grids which were cut from the centers of the 3-
gt id accelerator system tested in Ref [6]. ‘1 hese elect rodes
were isolated from cach other through the usc of 0.5 1-mm
thick picces of mica.  The resulting assembly was held
together and attached to the discharge chamber body with
paper clips. ~ .:)[,:3{)

‘The "3-grid graphite” system consisls of” 3 dished
graphite clectrodes fabricated ﬁ'mng\'IXXXX graphite. The
spherically dished shaped grid was machined from a thick
picce of graphite using a numerically controlled mill. ‘The
apertures in all three grids were mechanically drilled. The
brittle nature of graphitec made it impossible to fabricate the
screen grid with the s a m e open area fraction as the
molybdenum sceeen grid. Consequently, the graphite screen
erid was fabricated with a hole diameter of 1.78 mm rather
than 1.9 1 mmn, but with the same center-to-center hole
spacing.  ‘The graphile grids were also made thickerto
improve their mechanicalsteength. “The dish depth was the
same for both the molybdenum and graphite electrodes since
the cocfhicient of thermal expansion for the graphite is very
similar to that of mmolybdenum. A photograph of the dished
graphite accelerator system is given in Fig. 2. 'The entire
praphite accelerator system mass, including the grids, the
mounting ring, insulators, sciews and washers, is only 156 g,
The gridto gridseparation was 0.5 1111111 forboththe screen-
to-accelerator and accelerator-1o- gecelerator g1 ids for the
molybdenum clectrodes.  The screen-to-accele rator grid
separation was 0.61 nin and the accelerator -to-decelerator
gnd gap was 0.51 mm for the graphite electrodes.




Table 1 Grid Geometries

Paramcter

3-Girid Molybdenum
Accelerator System

3-Girid Graphite
Accelerator System

Screen Grid ‘Thickness (mm)

Screen Grid 1 fole Diameter (inm)

Screen (hid Open Area Fraction
Screen-Accelerator Grid Separ ation (inm)
Accelerator Grid 'Thickness (inm)
Accclerator Grid 110ic Diameter (mm)
Accelerator (hid Open Area Praction
Accelerator-Decelerator (irid Separation (1nin)
Decelerator (hid Thickness (mm)
Decelerator Grid 1 lole Diameter (inmy)
Decelerator (hid (pen Arca l ‘raction

0.381 0.508
1.91 1.78
0.6/ 0.58
0.51 0.61

0.381 0.508
1.14 1.50
0.24 0.41
0.51

0.381 0.508
1.52 1,(4)

0.4/

Preliminary Performance

Preliminary measurements of the total engine efficicncy
as a function of specific impuolse were obtained over the
range of specific impulses from 2500 10 4000 s. These data
were obtained w it h both the molybdenum and graphite
accelerator systems.  The total engine efficiency includes
the neutializer flow rale and keeper power. It dots not,
however, include approximately S0 w of heater power used
to keep the ncutralizer cathode sufficiently hol.  As
mentioned carlicr, this ncutralizer was originally used in
tests with a 30-cm diameter thruster and was, therefore,
sized (o operate at higher cinission currents than required for
operation with the 1 5-cm thruster.  'The healer power was
notincluded ia the overall efficicncy determination because
with the propet thermal design the neutralizer cathode could
easily bemadetobe self-hcatiag.

‘1 ‘he thruster efficiency was calculated from the
appropriate clectrical parameters mcasured dunng thruster
operation. No direct thrust measurements were made. An
approximate correctionto the thrust calculation for beam
divergence aud multiply charged ions was applicd by
assuming the product of the corresponding thrust loss factors
for these cffccts has a value of 0.95. Since Ibis is a very
approximate procedure, the resutling uncertainty in thr ust
and speci [ic impulse is relativel y large. A correction for
back-ingestion of propellant from the vacuum facility was
also applied 1o the calculations of specific impulse and total
efficiency. 1 the performance curves for beam ion
production cost versus propellant efficiency, the propellant
cfficiency is also corccted for back -ingestion of propellant,
butnot for corrected for multiply charged ions.

The preliminary  measurements f o r total engine
efficiency arc given in Fig. 3 for operation with both the
molybdenum and graphite accelerator systems. The engine
performance with the molybdenum grids is superior to that
witli the graphite grids as a result of the higher physical
open area of t he mol ybdenum sereen grid. 1 he solid line in
the figw ¢ represents the performance projected for the

ehgine made several months before the engine was first
tested.  These performance projections were used inthe
mission analyses performed at J)], (o compliment (lc NASA
SEP TFechnology  Applications  Readiness  (NSTAR)
program.?  ‘The actual engine performance w it h the
molybdenum giids is seento be slightly better than the
projected per formance.  These performance data were
obtaincd with a variety of total propellant flow rates and
input powers, and a dischar g¢ voltage of 30 v. 'The
projected per formance, however, assuimed operation al a
constantflow rate aud beam curient {of 5(KI 1nA).

T'he data of Yig. 3 forthe molybdenum gi ids is repeated
intig. 4 with crior bars included to indicate the uncertainty
in these quantities.  As mentioned above the unceriaintics
are rather large, primarily as a tesull of the approximate
thrust cor rections for beam diver gence and multiply charged
ions. 1 heerror bars in 1 fg. 4 probable over estimate the
uncerlainty, but without a direct throst measorement o r
measurements of the beam diveigence aud multiply charged
ions it itinpossible to reduce the uncertainty. The ability to
preform dircel thrust measurements is currently being
implimented.

Molybdenum Grids

Data obtained for operation al a fixed beam current of
5000 mA with the molybdenum accelerator system is given
Fig. 5. 'Thesc data were oblained b y fixing the total
propellant f1ow rate and varying the screen g1 id and
accelerator grid voltages to vary the specific impulse, Slight
adjustments (0.2 A) to the discharge cutient were made to
keep the beam curient constant as the total voltage between
the screen aud accelerator grids was varied. 'The decelerator
grid bias was sctto- 100 v relative to neulralizer common
potential. The discharge voltage was constant (within 1%)
at 30.3 v for these data. 'The solid line again gives the
performance projected for the engine.

These data indicate that the engine can be operated over
the range of input powers from S00 to 900w at a constant




beam current of S0 mA. At specific impulses grcaterthan
2900 s the accelerator prid VOMAES was maintained al -100
V. Below 2000 s greater negative voltages were required on
the screen prid in order 10 extract the beam cutteny, The
variation of accelerator and decelerator grid currents versus
total voltage is given in Fig. 6, indicating that direct ion
impingement on the grids increases rapidly below a total
voltage of 1040 v for a beamn cuntent of S00 mA. At the
minimum input powes pointof 5(N) w, the specific impulse
was 2670 s corresponding 1o a net acceler ating voltage of
750 V. A1 this operating point the magnitude of the
accelerator grid voltage reached it maximum value (3(X) v).

The discharge chamber performance is givenin Vig. 7
for the operation with the molybdenum aad graphite grid
systems ata constant discharge voltage of 30 v and a
constanttolal discharge chamber propellant flow rate
(including back-ingestion) of approximately 0.66 mg/s.
(The cathode flow rale w a s adjusted (0 maintain the
discharge voltage constant over the performance curve,
resulting in a slight variation in discharge chamber total
flow rate). Again, the performance with the molybdenum
grids is significantly better than that with the graphite due to
the higher open arca fraction fos the molybdenum grids, 1 (
i s clear from these data that t h e discharge propeliant
utilization has not been corrected for multiply charged ions
as evident from the Valyes of this parameter which approach
unity.

1 ischarge chamber performance for operation at - a
discharge voltage of 28 v and a total discharge chamber
propeliant flow rate of approximately 0.79 mg/s is given in
1ig. 8.1 hesce data indicate acceptable discharge chamber
performance evenata discharge voltage of 28 v with the
molybdenum grids.

Graphite Grids

“1 he discharge chamber pet formance foj operation with
the graphite accelerator system is given in Fig. 9 for two
different discharge chamber propeliant flow rates.  'The
cftect of increasing flow rale has the expected effect of
reducing the beam ion production costfor a given propellant
efficiency. 1V

The perveance characteristics of the graphite grids is
giveninlkig. 1() for a beam current of 400 mA."These data
indicate that a total voltage of approximately 12(M) v is
required to extract the beam current of 400 mA. This is in
contrast to the molybdenum grids whete a beam cutrent of
500 mA could be extracted with a total volltape as low as
1040 v. 'The superior perveance of the molybdenum grids is
most likely ductothe smaller grid separation used with
these prids (see Table 1),

The effect of decelerator grid voltage on electron back
streaming is givenin Fig. 11 forthe graphite grids. With 110
deceleraton grid voltage (i.e.., the decelerator grid at
ncutralizer commonpotential) the magnitude 01° the negative
accelerator prid voltage must be at least 260 v o preven

clectron back streaming. ‘The magnitude of (he accelerator
grid YOIUEE required to prevent clectron back strcaming is
reduce to appr oximately 200 v when the decelerator ghd is
biased 10 -50 v. With-104 v on the dcceletaton grid, the
accelerator grid voltage could be reduced to -104 v oand still
prevent electron back streaming.  The magnitude of the
accelerator  grid  voltage  was not reduced  below  the
magnitude of the decelerator grid voltage.

I ‘or thiese data the n cutralizer coupling voltape was
approximately 30 v. ‘Therefore, with - 100 v applied to both
the accelerator and decelerator grids, the maximum incident
chat ge exchange 1on energy is 130 ¢V. 'The sputter yield of
graphite for incident xenon ions with 130 ¢V of cnergy is
apptoximately 0.01 atomsfion.!!  ‘The nominal 2.3 kW
operating point for the 30-cin jon enginc to be used inthe
NSTAR technology validation program, the accelerator grid
voltage is -1 50 V [Patterson?-19931. Assuming a ncutralizes
coupling voltage of 20 v, the maximum cnergy of charge
exchange ions striking the accelerator grid is 170 ¢V. The
sputter yield forxenon on molybdenum! ' at this encrgy is
approximalely 0.2 72, which is more than a factor of 20
greater than the sputter yield for the graphite at 130 eV. 'The
significance of this will be discussed inthe following,
section on the segmented ion engine.

Segmented lon ingine

The segmented jon engine configuration described in
Ref. |4] divides alarge engineinto several identical smaller
ion sources configured to have the same active grid arca as
the original larger ion source. Pot example, a 5-kW, 30-cin
diamcter ion engine may be replaced by a seginented ion
engine consisting, of four15-cm diameter ion sources in the
mannct shown in 1 dg. 1 2 . ‘these four ion sources (or
scgments) arc operated from a single power conditioning
unit in as suggested in Vi g 13, The chief” advantage or
doing this results from the rc.quirc.meal that the engine must
opcrate over a large input powes variation and that it must
be capable of operating for typically 8, () (M) hours if this
engine is used inan SEP system for a planctary spacecraft.
‘The segmented engine is throttled primarily by shutting off
the individual 1 5-cm ion source ssegments.  Power s
1emoved from a segment and that segment js electrically
isolated fromthe high voltage power supplies throughthe
usc of solid state switches. Propellant flow to (hat segment is
also halted by closing the appropriate valve in the propellant
feed system.lorthe scgmented ion engine consisting o f
fourl5-cm diameterion sources, throttling the engine in [his
way cnables a 4 10 1 input power variation, Iiner throttling,
conttol is achicved by varying the net accelerating vollage
at constant beam curient as showninlig. s fora single ion
source. Thisresultsinan overall throttling range as great as
710 1 forthe 4x 15-cm segmented ion engine with constant
propellant flow rate o cach operating scgment,

‘The major advantage in throttling the segmented ion
enging in this manner is that the segments which have been




shut-off arc no Jonger subjectto wear. This results in a
substantial reduction in the required service life of the ion
source components for missions of interest such as comet
and main belt asteroid rendezvous.

4x 15-cm Segmented lon Engine

Lot the segmented ion engine comprised of fourl 5-cm
ion soutces and shown schematically in 1 ‘g, 12 the four ion
sources arc arranged in a square configuration with a single
neutralizer cathode In the center. All of the ion sources are
enclosed within a common ground screen. The sum of the
fourion sources results in a totalactive beam area of” 7017
cm? which is 13 % Yarget than the 30-cm engine? (which
hasan active beam diameter of 28.2 cm). Thisis packaged
to fitwithin a frontal area which is ncarly identicalto that of
the 30-cmengine as illustrated inlig. 12 Packaging the
4x1 5-cm segmented engine into file samc foolprint as the
30-cin engine required that the ratio of outer diameler to
active beam diameter for each individual15-cm source be
maintained equal 1o that of the 30-cm engine.  'This
challenge was met by mounting the accelerator system "on
top of” the downstream Magact ring, rather than adjacent to
it as inconventional designs.  ‘I'he basic 1 S-cmn discharge
chamber without the ground screen, and wiring harness
weighs less than 1.5 kg, The 4x15 -cm segmented engine is
currently b e i n g fabricated and is cxpected 1o weigh
approximately 8 kg when completed,

Based on the performance data from 1 ‘g, 5 fora single
15-cm diameter ion source, the performance of the 4x15-cm
scgmented ion engine can be projected by multiplying the
input power, and  thrust by factors of 2, 3, and 4
corresponding 0 operation of 2, 3, and 4 ion sources inthe
segmented engine. The results of doing this are given in
11g. 14, where the projected thrust and specific impulse are
given as functions of the total engine input power. The four
cutves in cach graph refer tothe number of operating
segments.  ‘These data indicate a *1-to-1 input powct
throttling range (500 w to 3500 w). "this was accomplished
with cachindividual scgment operated al a constant beam
current o f SO0 mA.  ‘The power throtding range i s
continuous with the expection of a gap which occurs atinput
proms between 900 and 1000 w. ‘This occurs because the
range for throttling an individual 15-cm ion source at
constant beam current dots not quite cover a 2-10-1 power
vatiation (its actually 1 .8-to-1).

‘The basceline operating point for the 30-cin ion engine
for the NSTAR technology validation PIOEIam is an input
power of 2.3kW with a beam current of 1.8 A and a thrust
fevelof Y5 mN ata specific impulse of” 3300 s, The
projected performance of the 4x] S-cm segmented engine al
aninputpowet of 2.4 kW and a beam curientof 2.0 A is a
thrust or 95mNat  a  specific  impulse of 3000 s.
1 ‘urthermore, Ibis performance can be achicved using the 3-
grid san 16 accelerator system configurat ion, which enables
opcration with an accelerator grid voltage of only -100 V.

I ‘urthermore, with (tic use of carbon-carbon clectrodes
cut rently under fabrication® the expected sputter yield for
charge-exchange ions may be more than a factor or 20 less
than for a molybdenum accelerator g1 id operated at 150 V .
‘This would completely remove accelerator grid crosion as a
potential life-lirniting mechanism for the ion engine.

Conclusions

A 15-cn diameter, scaled-dmvil version of the NASA
light-weight 30-cm i o n engine has been developed for
potential application to very small planctary spacecraft. As
a stand alonc 15-cm e ngine, the cngine mass is
approximalely 2.4 kg, the aclive beam diameter is 150 mm
and the outer diameter of the screen grid is only 200 mm,
The engine hias been operated over a specific impulse and
input power 1ange of 2500 to 4000 s and 380 to 1250 w,
respectively. At a constant beam current of 500 mA, engine
operation over an input power range 01 50X to 890 w
(corresponding 10 & specific inpulse range of 2700 10 3900
s) was demonstrated. Applying a negative bias of” =100V (o
the decelerator grid of a 3-grid acceleratorsystem enabled
operation at accelerator grid votlages as low as - 100 v for
applied screen grid voltages 017 1500 v (giving a net-tcj-tolal
voltage ratio of 0.94). ‘I'he use of carbon g rnds (carbon-
carbon, dished graphite, o 1 doped diamond filins) at an
accelerator 81 id voltgac of -100 V is expected to completel y
climinate accclerator grid crosion a s a significant life-
limiting mechanism,

Intcgration of the t 5-cm ion source IO 4x15-CllI
scgmented  engine  configuration  results  in a  30-cm
cquivalent engine which can be throttied over a 7-(0-1 input
powet variation with a constant beam current in each of the
four segments. Throttling the segmented engine by turning
off individual scgments canresultin a significant dectease
in the required service life (and qualification requircinents)
of theion source components.
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