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Abstract

The characteristics of power processors, which
are defined by thruster and spacecraft requirements,
strongly impact the overall performance ana cost of
electric propulsion systems. This paper presents
the results of tests and analyses conducted to eval-
vate simplified power processing. A two grid 30-cm
diameter mercury ion thruster was operated, with
only six power supplies, over the baseline J-series
thruster power throttle range with negligible impact
on thruster performance. An analysis of the Func-
tional Mode) Power Processor showed that the compo-
nent mass and parts count could be readuced consider-
ably and the electrical efficiency increased slight-
1y by only replacing power supplies with relays.

The 1nput power, output thrust, and specific impulse
of the thruster were then extended, still using six
supplies, from 2660 watts, 0.13 newtons, and

2980 seconds (maximum baseline values) to

9130 watts, 0.37 newtons, anc 3820 seconds, respec-
tively. Increases in thrust and power density will
enable reductions in the number of thrusters and
power processors required for most missions,
Preliminary assessments of the impact of thruster
operation at incresed thrust anc power density on
the cischarge characteristics, performance, anc
Tifetime of tne thruster were also mace.

Introduction

The 30-cm diameter mercury (Hg) ion thruster,
proposec for solar electric propulsion, has evolvec
to a state of technology reaciness.is Functiore!
mode) power processors (FMPP) have been built3,é
anc are presently being encurance testec with base-
line J-series, thrusters.® The major purpose of
the FMPP 15 to conaition the unregulatec solar array
power 1nto the varigus regulatec voltages anc cur-
rerts neeaec to satisfy the thruster operating re-
quirements, Tne FMPF was oesigned to meet the re-
quirements of 30 cm thrusters as they were percelvec
wn 1972, Those requirerents were specified to
accommodate @ very broac spectrum of solar electric
propulsion mrgsions which inclucec p1anelary° ana
Eartn orbita)’ missions, The resultant FMPP
allows great flexiprlrty n thruster operatior but
at the cost of power processor complexity, AS Shown
in Fig. 1, the FMEF has 10 power supply outputs
which provide the power required by the thruster.

Reference € presentec 1mitial resulits of a pro-
gram to evaluate reductions of the thruster-power
processor interface requirements anc thereby recuce
the mass and cost, anc ncrease the efficrency anc
reliability of proposec thrust subsystems. This
paper preserts the results of furtner tests ang
analyses conducted to evaluate the wmpact of power
processor symplifications on thruster performance
ang FMPP properties over baseline concitions.

The payloac capability of any soler electric
propulsion mission 18 enhanced wher the propulsion
system mass 1S reducec without COMpromising Opera-
tional Iifetime, One wdy of reducing the propulsion
system mass 1§ to reduce the number of thrusters anc

power processors by increasing the thrust and power
per thruster-power processor combination. This
paper also presents the results of tests in which
the thruster was operated, with six power supplies,
and characterized over an extended range of thrust
and input power,

Apparatus

Thruster

A 30-cm diameter laboratory thruster, func-
tionally equivalent to the baseline Engineering
Model J-series thruster,< was used for the tests
presented herein. One major difference was the use
of electromagnets, rather than permanent magrets, to
provide the magnetic fiela in the discharge cham-
ber. Except as noted, the magnetic field was held
fixed at a configuration fully equivalent to that of
the J-series thruster. With the exception of a few
tests, which are specified in the text, the magne-
tic baffle coil and mounting tube were eliminated.
Non-magnetic physical baffles of various diameters
were mounted from the downstream end of the cathoce
pole-piece.

Power Supplies

A1l of the cata were obtainec from 60 hertz,
laboratory power supplies. The screen and accelera-
tor hign-voltage supplies were of a high-capacity,
three-phase, full-wave brioge rectifier design. The
discharge, magnetic baffle, electromagnets, main anc
neutralizer keeper supplies were single-phase, full-
wave, rectifiec sources. The resistive heaters were
powerec with si1x alternating current supplies.
Because the electromagnetic fielc 15 usually pro-
V10€C by pernanent magnets, the two macgnet supplies
were not counted 1r. power supply tallies.

Facility

The tests were corcuctec ir a (.9-m crareter
bel)l jar of the 7.6-m drameter by 2l.4-n long vacuun
tank at Lew)s Research (enter., Thne facrlity pres-
sure was about 52¢3x10-6 torr for all tests.

Results anc Discussior

R 30 cm drameter Hg 1on thruster was testec
with a recuced number of power Supplies over ar
extencec range of thrust anc input power. The re-
sults of those tests are presentec below anc are
separatec 1nto two sections. The first gescribes
thruster operation over the baseline range of rput
power (0.7-2.7 kw) with a reocuced number of pome!
supplies tor single point anc variable 1nput fime
operation., A preliminary assessment of the wnpact
of recucing the number of power supplies i1n the FMFG
15 mace. The second section describes thne results
of thruster operatiorn when the Ynput pPOmer rarce wee
extended upwarc to more than 9.1 kw. The throster
power sucgiy interface characteristics of sut-
assemblies such as the cathoce poule prece, Ciscrerce
chamber, 10n OptICcs, anc neutralizer are alsc
gescribec.



Baseline Operating Range

Reduced number of power supplies. Figure 1
shows the ir.crconnection diagram for the baseline
30-cm thruster and FMPP. Twelve power suppiies pro-
vide the necessary voltage and currents to provide
propellant flow control, ion proguction, ion accel-
eration, and beam neutralization. For single point
steady-state thruster operation (constant propellant
flow rates) only the five power supplies shown in
Fig. 2 are required.8 The heater and cathode
keeper power supplies are required only during
startup. Vacuum relays were uted, as shown in
Fig. 2, to allow the startup functions of those four
supplies to be provided by the five steady state
supplies., In addition, the magnetic baffle coil and
power supply were eliminated and the three Hg vapor-
izers were ope-ated in parallel from one supply.
Fixed adjustable resistors, in seriec with the
vaporizers (Fig. 2) were used to obtain the neces-
sary currents to the vaporizers. To start the
thruster, vacuum relays S1 through S4 were closed
(Fig. 2) to provide power to the appropriate resis-
tive isolator and cathoce heaters. After sufficient
*preheat” time had elapsed, the vaporizer power was
applied. When the propellant flow rates from the
cathode anc¢ neutralizer vaporizes were about 100 and
50 equivalent milliamperes, respectively, switches
S1, S2, anc S4 were actuatec. This applied the open
circuit gischarge voltage to the cathooe keeper and
anode and the open circuit neutralizer keeper volt-
age 0 the neutralizer keeper electrode. The cath-
ode keeper discharge was established almost imme-
¢rately and woulc couple to the anoce within 10 sec-
oncs. The neutralizer discharge was usually estab-
lishec within 10 seconas of switch actuation.

Tne high voltages coulc now be appliec as usual
to extract the ‘on beam, Relay S3, which replaced
the cathode keeper supply, coulc be openec before or
after bear extraction, with no differences in thrus-
ter performance notec at any operating point over
the throttle range or guring the high-voltage re-
cycle seguence. Accitional information on thruster
“start up" with a swmilar configuration may be found
in Ref. B. The use of doudle-endec 1solator or
cathoce heaters woulc permit the eliminatior of Sl
or S2.

For single poirt operatior the experimental
thryuster was Started witn the three vaporizers con-
nected in parallel as shown in Fig, 2. The vapor-
1zer supply output power was controllec via a feec-
back loop from the beam current. The variable re-
$15t0rs were acjusted to vary the cathoce flow rate
n order to set the discharge voltage anc also to
acjust the neutralizer flow rate to about &0 eq.
ma. The thruster coulc then be shut down, restarted
without adjusting the resistors, and be controllec
at the original beam current anc discharge voltage.
This procecure was gemonstratec, for single point
operation, at several values of bear current from
0.75 to 2.0 A. If gesirec for lifetime considera-
tions, small variations in the discharge voltage
(<1 V) coule be correctec by acjusting tne cischarge
current (<! A

As explainec in Ref. B, the range of efficient
and stable operation 1s limiteg when the cathoce ang
main Hg flow rates are not ingependently cor-
trollec. It 1s cesirable to operate thrusters of
this design at near constant cathode anc neutralizer
propellant flow rates. Large variations of beam
current requive large variations n mawn flow rate
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and thus, separate control of the main vaporizer.
Therefore, a sixth power supply will be necessary
when mission considerations require large variations
of beam current.

As an alternative method of power throttling,
Ref. 8 showed that the use of three-grid ion optics
would allow about a 3.7:1 variation of beam power at
a constant beam current of 2.0 amp. This approach
would only rcquire the five supplies shown in Fig. 2.

The experimental thruster has been operated at
fixed conditions with only five power suplies and
over the baseline power throttle range with six
power supplies.

l?act on 5.‘5' Erocessor gr?gerties. An
analysis was made o e impact of reducing the num-
ber of power supplies (and associated components) in
the FMPP to that shown in Fig, 2. Parameters of the
FMPP which were compared were component mass, parts
count, and electrical efficiency. Table 1 lists the
values of these parameters for FMPP and the percent-
age change for the five and six supply power pro-
cessors. For single point operation the anticipated
reduction in mass and parts count are 14 and 37 per-
cent, respectively, while the electrical efficiency
was estimated to increase by 1.6 percent. The neec
for a separate main vaporizer to dllow beam current
variatio.. woula slightly negate some of these im-
provements. Use of a new circuit design, such as
that gescribec in Ref. 10, for the vaporizer ancd
neutralizer keeper power supplies would permit total
reductions of component mass and parts count of 20
and 50 percent, respectively, from that of the pre-
sent FMPP, In adcition, the large reduction in the
number of parts would be expectec to permit 2 reduc-
tion in the reguired structure.

Impact on thruster and power processor perfor-
mance. The performance of the experimental tnrus-
ter, operated with a tantalun non-magnetic baffle,
was compared with tnat of the baseline J-series
thruster. Decreasing the paffle ciameter from 5.6
to 5.1 cm, to allow nominal thruster operating
parameters at the maximum power point of the
J-series power throttle profile, was the only
attempt at optimizing the thrus®er performance.

As the thruster was power throttieéc Qownmarc
from the 2 to 1 amp beam current points, at a cor-
stant adischarge voltage of 32 v, the cathoce flow
rate remained nearly constant. J-series thnrusters
normally operate over this range with a nearly con-
stant magnetic baffle current anag catnode fliow
rate. Operation of the J-series thruster at lower
values of beam current results in oischarge in-
stabilities unless the magnetic taffle currert in-
creasec to raise the gischarge impedance anc thered,
cause an increase the cathode flow rate. Operation
of the experimental thruster at values of beam cur-
rent less than 1 ampere was attainec by lowering the
agischarge voltage set point from 32 to 30 volts anc
raising the oischarge current to maintar values cf
discharge power per beam ampere equal to those of
the J-series throttle profile. Table !l shows tnat
over the baseline power throttie profile, the mea-
sured propellant utili1zation efficiency was Detween
2 ang 2.8 percent lower than that of presernt
J-series tnrusters. However, optical spectrometer
measurements incicatec a 14 percent recuctior r the
ratic of coubly to singly chargec ions, which Sug-
gest that the correctec propellant utilrzation effi-
ciency was only about ] percent lower thar tnat of



the J-series thruster, Over the throttle un?e. the
electrical efficiency of the thruster varied from
0.2 to 1.3 percent greater than that of the J-series
thruster because there were no power losses for the
cathode keeper or magnetic baffle. When thruster
efficiency variations are combined with expected
power processor efficiency gains (Table I) the total
efficiency of the thruster and power processor is
increased slightly (<1 percent) over that of the
J-series thruster and the present FMPP,

Extended Operating Range

Power supply requirements. The experimental
thruster was operatec with six power supplies over a
range of thruster input power which was varied from
0.7 to 9.1 kW. The beam current was varied from
0.75 to 5.0 amp. With respect tc the FMPP, the dis-
charge current capability was increasec from 14 to
about 50 amperes. The beam voltage anc current
capabilities were increased from 1100 volts to
2.1 amp to 1600 volts at 5.2 amp. The accelerator
grid voltage capability was also increasec from 500
to 1000 volts. The supply used for operating the
three vaporizers in parallel had a current capabil-
ity of 5 amperes. The neutralizer keeper current
capability was increased from 3.0 to 4.3 amp to heat
the neutralizer cathoce. The main vaporizer supply
was unchanged.

Impact on thruster performance. The experi-
mental thrusier was operated with values of input
power up to 9133 watts as the beam current was in-
creased to 5 amp. The total accelerating voltage
wds increasec only as needec to satisfy the per-
veance regquirements. The net-to-total accelerating
voltage ratio was helo nearly constant (0.7520.03)
to minimize the beam divergence of the two-grio
optics. A justment of the beam voltage in this man-
ner lec to near minmimum values of specific impulse
anc near maximum values of the thrust to power
ratic. Figures 3 anc & present the thrust anc
thruster efficiency as functions of input power ana
specific impulse, respectively. Tadles Il anc Il
115t the values of thruster parameters usec to cal-
culate the thruster performances shown n Figs. 3
anc &. For comparison, typical cata for the base-
Tine J-series thruster are alsc presentec., For val-
ues of inpul power up to 2660 watts the output

thrust of both thrusters are seer (Fig. 3} to be
nearly equal. From 2660 tc 9130 watts of input
power tne output thrust increasec less than linearly

from 0.13 to 0.37 N. Tne thrust-to-power ratio ce-
creased with increasing 1nput power becausc the beam
voltage had to be increasec (to satisfy the perven-
ance relationship! as the bear current was in-
creased. The thruster efficiencres (Frg. 4) of botn
thrusters were nearly the same for values of speci-
fic impulse up to about 300C sec. As the beam cur-
rent and 1nput power of the experimental thruster
were increasec the thruster efficiency increased
witn the specific wmpulse but at a slowcr rate.

This occurrec because tne thrust loss factor de-
crease more thar offset the power ang propellant
efficiency increases. It shoula be notec that this
thruster was only optimized for operation at lower
power so that some gains in efficiency, especially
the propellant utilization efficiency, woulc be
expected with minor etfort,

During thruster operation over the 13:1 power
throttle range of Figs. 3 anc 4, the neutralizer
vapori ¢ temperature variec less than 20° C as the
beam c. ent was reduced from 5 to 0.75 amp. Al

three vaporizers received thermal input from their
respective heaters as well as radiation and conduc-
tion from the thruster discharge chamber. As the
thruster was throttied down in beam and discharge
power the radiated and conducted contributions de-
creased, In fact, the main vaporizer heater power
remained nearly constant and the power to the cath-
ode and neutralizer vaporizers had to be increased
as the beam current was decreased. This behavior is
also typical of J-series thrusters,

Thruster subassembly characteristics. Several
properties of four thruster subassemblies and their
sel;sinvities to propellant flow rates are discussed
below.

Cathode pole piece: The cathode pole piece
assembly consists of: the hollow cathode; the cath-
ode keeper electrode; the 7.6 cm diameter by 2.5 cm
long magnetic cyiinder which shapes the upstream end
of the main discharge magnetic field; ano the baffle
which physically anc electrically separates the
cathode discharge from the main discharge. The
degree of separation depends on the baffle diameter
and essentially determines the cathode propellant
flow rate at any given thruster operating point.
Whern a magnetic baffle is used to provide a variable
magnetic field in the baffle-pole piece opening in-
dependent iontrol of the cathoce flow rate 1s
achieved. 11,12 Normal values of cathode flow rate
in J-series thrusters are between 80 anc 10C eq.
ma. Values less than 60 eq. ma leac to discharge
instability while values greater than 100 eq. ma can
leac to bistable operation.l3 [n adaition,

Ref. 1Z has shown tnat the propellant utilization
efficiency decreases about 2 percent for every
100 eq. ma above the normal range.

Figure 5 shows the variations in cathode flow
rate obtained when the experimental thruster was
operatec without a magnetic baffle over a range of
beam current from 0.75 to 5.0 amp at values of cis-
charge veltage of 28, 30, and 32 velts. A1l of the
eapermental thruster data of Figs. 3 anc 4 arc
Tables 11 anc 1] were obtaines at pcints shown Ir
Fig. 5. In gereral, at a givern value of discharge
voltage, there was little variation in cathoce flow
rate as the bea~ current was gecreasec from avout
5.0 tC ¢.5 amp.  however, there was consiceratle
variation in cathode flow rate as the bear current
was decreasec from 2.5 amp. The physical baffl
diameter was selected to give normal cathooe flow
rates at a gischarge voltage of 32 volts cver most
of the baseline power throttle range. A decrease 1n
baff le diameter woulc be expectec to permit thruster
operation at values of bean current above ¢ arp,
gischarge voltage of 28 volits, anc near constart
normal values of cathode flow rate., This optimiza-
tion technique should lead to propellant utilization
efficiency increases of about 4 percent. However,
1t would probacly preclude operation at lower values
of beam current at gischarge voltages of {8 volts or
more.

The experimental thruster was operatec with &
5.1 cm grameter two-prece baffle for £74 nours at &
average beam current of about 2.4 amp ((0.75 (¢
5 amp), discharge voltages between 26 arc 30 volts,
anc an average cathode flow rate of about 750 eq.
ma. wear rates of the uypstream ang OOwnstrear
preces of the baffle, calculatec from measured
weight Tosses ana thickness measurements were (ol
anc 7 angstroms per hour, respectively, References
14 anc 15 show that the erosiun rale of the domr-



stream side of the baffle decreases a the discharge
voltage is decreased, which is consistent with the
low erosion rate measured here, They also indicate
that the erosion rate of the upstream sice of the
baffle is relatively insensitive to discharge volt-
age. However, the high erosion rate measured here
was unexpected and was apparently the result of a
nonlinear combination of increased beam current,
discharge current, and cathode flow rate.

Operation of 30 cm thrusters at a beam current
of 5 amp, low discharge voltage, and values of dis-
charge power per beam ampere of about 200 requires
cathode emission currents of about 40 amp. A
J-series design cathode (0.75 mm diameter orifice)
was operated for 950 hours at emission currents up
to 42 amp (20 amp average) with no measurable ero-
sion or change in orifice dimensions. Reference 16
presents the results of tests in which three cath-
odes with different orifice diameters (120.25 mr)
were tested for 500 hours at 40 amp emission cur-
rent. Mantenieksl’ nas tested a 1.9 mm diameter
orifice cathode at a 40 amp emission current for
more than 5000 hours with no measurable erosion.
Based on these results there does not appear to be
any problem in designing and fabricating long life
high current cathoages.

The cathode to keeper electrode discharge was
always initiated with keeper potentials of 40 volts
or less for nearly 100 thruster starts. When the
circuit of Fig. 2 was used, tne discharge supply
open circuit voltage of 40 volts was appliec to the
keeper. The ballast resistor limitec the keeper
current to values of about 1 ampere. When the low
work functiorn surface ¢f the cathoge was properly
conditioned, ignition always occurred with only 40 V
appliec to the keeper electrode, at cathode flow
rates of 80220 eq. ma. For some tests a separate
keeper supply was usec. It was foung, as expected,
that the keeper voltage required for ignition de-
creased with increasing cathoge flow rate: The
catnhooe discharge couplec to tne anooce (4C V oper
circuit voltage! when the cathoce flow rate reachec
about 120220 eq. ma. The main flow rate for these
tests was constant at apout 350 eq. ma., which 13
representative of tne value at tne enc of preheat
with nc main vaporizer power appliec. At higher
values of mair flom rate ignition and coupling
occurred at nearly the same t°

Thus, it has been shown t the thruster may
be operatec efficiently at values of beam current
from 2.5 to 5 ampere without the neec for a variatle
magnetic baffle. This occurs because the cathode
flow rate requirec remains nearly constant., The
value of cathode flow note requirec for a given
value of discharge voltage may be determined by the
selection of size of the physical baffle. The keep-
er voltage requirec for reliable initiation of the
cathode-keeper discharge does not neec to be higher
than the open circuit voltage of the discharge sup-
ply thereby eliminating the neec for a cathode keep-
er supply. There do not appear to be any lifetime
or operational problems with cathodes required to
provide the emission current necessary for operation
at high beam current. But, an unexpectecly high
erosion rate of the upstream sice of the pnysical
baffle was experiencec when the thruster was oper-
atec at values of cathoce flow rate, emission cur-
rent, and beam current greater than those of the
baseline tnruster. Determination of the ceuse and
elimination of this erosion is requirec for long
1ife operation at nigh values of beam current,
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Discharge chamber: The primary purpose of the
discharge power supply is to provide power to the
discharge plasma. Thruster requirements include the
need for operation at 32 volts or less {greater val-
ves of discharge voltage cause larger fractions of
multiply charged ions which lead to inﬁrelses in
discharge chamber component erosion9:18) and the
ability to handle an anode current about 8 times the
beam current. The voltage/current characteristics
of the main discharge are strong functions of the
magnetic fields in the cathode pole piece-baffle
aperature and main discharge chamber as wel! as the
cathode and main propelliant flow rates. Figure 6
shows the discharge voltage-current relationships
for the experimental thruster operated with and
without the magnetic baffle. With the magnetic baf-
fle the thruster was operated at constant cathode
and main propellant flow rates for four values of
magnetic baffle current (equivalent to four differ-
ent fixed baffle diameters). Propellant utilization
efficiencies of 0.8 or more occur on the portion of
each curve to the right of the minimum discharge
voltage. The minimum discharge voltage increases
with increasing magnetic baffle current as does the
plasma impedance. For any value of magnetic baffle
current, the plasma impedance decreases with in-
creasing discharge current. For comparison, Fig. 6
also shows the discharge characteristic for the same
thruster operated without a magnetic baffle. with 2
physical baffle diameter of 5.7 cm, the cathoce flow
rate at the nominal operating point was 208 eq. ma.
In the normal efficient region of thruster opera-
tion, the trends of the discharge volt-amp charac-
teristics are symlar with and without the use of
the magnetic baffle.

Figure 7 shows the discharge voltage anc bean
current as functions of the discharge current for
the experimental thruster operated with propellant
flow rates required for a nominal beam current cof
3 amp, The shapes of the curves are typical of
those for otner values of beam current. The cur-
rent, energizing the main magnetic fielc, was variec
for twc ratios of cathode to main propeliant flow
rates. As before, efficient thruster operation
occurs to the right of the minimum discharge volt-
age. From Fig. 7(a), the plasma impecance decreases
from about 2 to 1 ohms, with increasing gischarge
current or decreasing magnet current, In the region
of efficient operation, anc for the same magnet cur-
rent, the discharge voltage is lower anc less sersi-
tive to gischarge current variations wher the cath-
oce flow rate is high, In all cases the apparert
discharge chamber performance improves with increzs-
ing magnet current, primarily due to an increase 1in
the discharge voltage. But, increases in the cis-
charge vcltage reduces thruster lifetime as mer-
tioned earlier, Trends of reduced discharge Compo-
nent erosion with decreasing discharge voltage, even
at incceasing beam current, were indicated spectros-
copically anc were nearly identical to tnose re-
portec in Ref. 9, However, as in Ref, 9, the mini-
mun discharge voltage attainable, which gave statle
efyicient thruster operation, was about 26 volts.
Comparec to the maximum screen grid erosion rate of
the J-series thruster operated at a beam current of
2.0 amp, 9 the spectroscopic results indicate 2bout
a factor of two increase for 2 thruster operatec at
2 beam current of 5 amp and a discharge voltace of
28 volts. This wmplies a screen grig lifetire of
about 15 000 hours.

An attempt tc operate efficiently at lower vel-
ues of discharge voltage hy flowing all of the pro-



pellant through the cathode, as done in Ref. 19, was
unsuccessful, It appears that long life, efficient
operation of a 30 cm diameter Hg thruster at high
values of beam current will require mudification of
the discharge chamber. The most likely areas of
regesign are thu shape and strength of the main mag-
netic field. Current progress in these areas are
described in Refs. 16, 20, 21, and 22.

lon optics: A1l of the data presented herein
were obtained with a set of two-grid optics of the
J-series thruster design. The minimum total accel-
erating voltage, Vym, for a given beam current,
Jg, may be calculated from the following empirical
perveance relationship for close-spaced (=0.5 mm)
30 cm diameter dished grids:

Jg = 1.4x10-6 vZpy

where the beam current is in amperes and the minimum
total voltage is in volts.

Normal operation, asay from the minimum voltage
limit, requires approximately an additional 200
volts. With close spaced optics, the maximum total
voltage s limited by electrical breakdown to about
2500 volts. The normal range of the net-to-total
accelerating voltage ratic for two-grid optics is
0.6 to 0.6. Values lower than 0.6 cause severe beam
defocusing and accelerator grid 1on impingement
while values greater than about 0.8 allow external
electrons to backstream into the discharge chamber.

Thruster operation at the maximum ratic of out-
put thrust to input power implies operation at the
minimym possible beam voltage anc maximum team cur-
rent. Thus, the baseline thruster 1S power throt-
tled near the perveance limit, In the present FMPP
operation, the screen grid voltage is linearly re-
duced with the bear current and the accelerator grid
voltage 1s regulatea to a constant 300 volts, If it
were advantageous to the power processor design,
both voltages coulc be reducec during power throt-
tling as long as the perveance, focusing, anc back-
streaming limits were satisfiea. Furthermore, the
use of three-grid optics, which extenc the range of
the net-to-total voltage ratio aown to about 0.2,
may allow sufficient power throttling at a constant
beam current, Th:is wouic simpl ¥y the oischarge
requirement but require separate regulation of the
screen anc accelerator gric voltages.®

Neutralizer: A 60 nertz, full wave rectified
laboratory power supply was usec with a current
regulator ang vacuum relay, S4, for the neutralizer
heater anc keeper discharge functions as shown 1n
Fig. 2. Open circurt voltages of 35 volts or less
were used to initiate the neutralizer gischarge.
The neutralizer keeper discharge startec when the
neutralizer flow rate was at least 50 eg. ma. The
neutralizer keeper current was then set to 2.1 amp
and the flow rate controlled to give a keeper volt-
age of 12 to 13 volts., No data were taken without
beam extraction,

The Space Electric Rocket Test 1123 (SERT 11)
used the neutralizer keeper voltage to adjust the
neutralizer flow rate because the keeper voltage was
found to be proportional to the spacecraft potential
or thruster floating potential (neut-alizer common
with respect to facility grouna). The neutralizer
flow rate controls the spacecraft potential or
thruster floating potential. Reference 24 indicated
increasec difficulty with this scheme for larger
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thrusters operated at higher values of beam cur-
rent. For the experimental thruster, the neutral-
izer keeper voltage and the thruster floating poten-
tial {zener diode damped at a maximum value of 60 V)
were measured as functions of neutralizer flow rate
and beam current and are shown in Fig. 8. The keep-
er current was held fixed at 2.1 amp, the value for
the J-series thruster. It can be seen that the
keeper voltage became less sensitive to flow rate
with increasing beam current and is, therefore, less
desirable as a control parameter. However, the
floating potential, which is the actual parameter of
interest to be controlled, varies more gradually as
the beam current is increased and, thus, appears to
be more useful for control purposes, if necessary.
Using neutralizer hardware, which was optimized for
a beam current of 2.0 amp, and laboratory power sup-

plies, the minimum neutralizer flow rate (definec
here as the value at the knee of the flow rate-
floating potential curve) increased from about 40 to
52 €q. ma as the beam current was increased frem

2 to 5 amp, Near the minimum flow rate the floatin
potential decreased about 0.5 V per amp of bear
current.

No extensive recycle data were taken but at
flow rates equal to or greater than the minimum
value, the neutralizer keeper discharge remained
1it, without increasing the keeper current, during a
high voltage recycle as required by the J-series
thruster anc FMPP. Recycle times with the labcra-
tory supplies were about 5 seconds compared to
350 msec for that of the FMPP. The relrability of a
successful thruster recycle increases with neutrai-
12er flow rate and may be tradec for thruster
performance.

Figure 9 shows how the keeper voltage anc
floating potential varieg with keeper current 1.
several values of beam current and neutralizer ' ...
rate. As mentioned earlier, the normal operat‘- .
keeper currant for the J-series thruster was 2.1 a7;
anc was, therefore, the point of departure for thece
tests. When the beam current was 2 amp anc neutral-
12er flow rate was 36 eg. ma., a cecrease of Lne
keeper current of only 0.1 amp woulc have no effect
on the keeper voltage but would cause the floating
potential to decrease rapidly. Increases in tne
keeper current woulo cause the keeper voltage tc
increase anc the floating potential to decrease
slightly., Increasing the flow rate tc 4t anc 73 eq.
ma. permittec reauctions n the keeper current to
1.4 anc 0.75 amp, respectively, before the floatirc
potential rapidly decreasea. The keeper voltage, at
these flow rates, was insensitive to variations ir
keeper current. But, with increasing keeper current
Lhe neeper vcltage became more sensitive 1o varla-
tions of propellant flow rate. These trencs were
similar to those obtained for neutralizer operal 2’
at higher values of beam current (Fig. 9). There-
fore, it appears that some traces can be made be-
tween power supply capability anc neutralizer flow
rate which may provige alternative approaches to
neutralizer operation,

Observation of the neutralizer orifice after
more than 1000 hours at values of beam current up to
S amp revealeg only a slight chamfering of the ori-
fice which 15 typical of J-series haramare

wWhile the J-series neutralizer was capat'e of
proviging ajequate neutralization of ion bears ug
5 amg, the ability to control the neutralizer flom
rate vi2 the keeper voltage decreased with InCreas-

tc



ing beam current. The neutralizer hardware and/or
control philosphy will probably be changed to allow
simple, efficient operation at higher values of beam
current,

Conc luding Remarks

A 30 cm diameter Hg ion thruster, similar in
design to the J-series thruster, was operated at
fixed conditions with only five power supplies and
was throttled over the baseline power range with six
supplies. An analysis of the FMPP showed that the
component mass and parts count would be reduced by
asbout 14 and 35 percent, respectively, and the elec-
trical efficiency would be increased about 1.5 per-
cent by only replacing power supplies with relays.
By introducing new circuit designs additional reduc-
tions in the component mass (6 percent) and parts
(19 percent) and an increase in the electrical effi-
ciency (0.4 percent) would be expected. The impact
on thruster performance of reducing the number of
power supplies was to lower the propellant ytiliza-
tion efficiency about 1.0 percent and raise the
electrical efficiency values from 0.2 to 1.3 percent
over the throttle range. The thruster-power pro-
cessor system efficiency would be expected to in-
crease slightly (4 percent; over that of the base-
line system using J-series thrusters and the FMPP,

The same experimental thruster was also charac-
terizec over ranges of input power, output thrust,
and specific impulse of 690 to 9130 watts, 0.037 to
0.374 newtons, anc 1850 to 3820 seconcs, respective-
1y, using only six power supplies. In particular,
the cathode pole piece, discharge champer, ion
optics, and neutralizer subassembly operating char-
acteri1stics were documented. [n summary, the thrus-
ter could be operatec efficiency over a 13:1 range
of input power, which inc luded values of beam cur-
rent from 5 amp to 0.75 amp, without a variable mag-
netic baffle. Both the cathode-keeper and the
neutralizer-keeper discharges could be initiated n
a normal manner with open circuit keeper voltages of
30 to 40 volts which eliminatec the neec for the
cathode keeper supply anc the high voltage section
of the neutralizer keeper supply. Neither cathode
showec any abnormal wear from operation at high val-
ves of beam current. Results of spectroscopic ob-
servation of the agischarge chamber ingicatec a
screen grid erosion rate, at a beam current of
5 amps, of about twice that of the J-series thruster
or a Ihfetime of abcut 15 000 hours at the higher
value of beam current. The only thruster component
which showed evigence of limiting the lifetime of a
thruster, operatec at values of beam current up to
5 amp, to less than 15 000 nours was the upstream
side of the physical baffle which separates the
cathode from the discharge chamber,
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TABLE 1. - POWER PROCESSOR CHARACTERISTICS

Power Processor

Component | Parts | Electrical
mnass, count | efficiency,
kg percent
Functional Model 17,2 4000 87.2

(FMPP)

Modification Percent change due to modification
Reduced number of -14 =37 +1.6
power supplies

Fixed point or -13 =31 +1.3

4:1 throttle

New circuit designl0 -6 -19 +0.4
Minimum total change =19 -50 -1.7

TABLE 11, - THRLSTER

PERFURMANCE - BASELINE THROTTLE RANGE

Thruster Beor bear Accelerator | Lischarge ;ucur.cI Measurec Thrust | Tnruster | Thrust, | Specafac | Trroster
current, |voltege, voltege, voltege, | losses propellant loss nput L] wmpulse, | efficiency
"y v v v per bear | utrlization | factor® | power, sec
onpere, |efficiency ]
w/h
J-Series 2.0 1100 7 ks 19¢ 0.940 0.9%% 2060 0.129¢ 29860 0.70%
(J-4, 6 LeR() 1.6 940 33 200 .93 955 1890 L0958 208 Ny |
1.3 60 3l «wy 893 L5l 1400 0729 | 2459 027 |
1.0 0 307 ik 887 907 9t 08¢ | 21%: .57C '
W5 ol kv Y iH .83 .97 69l L0368 1917 eyt !
fxperimenta) 2.0 1108 297 3 19 0.92¢ 0.96C 1K L1303 294¢ .04 '
thryster withe 1.4 86l 297 3 206 .88l Lhed 1549 L0807 240 .63t
out magnetic 08 60C 300 30 iLH I8 974 687 L0364 1850 NN
taffle B
(st imatec values from kef. | anc spectroscopic measurements.
TABLE 111, = THRUSTER PERFORMANCE - EXTENDED TWROTTLE RANGE
Beor Beor Accelerator [Discharge | Discharge | Measurec Tarust | Taruster | Tarust, | Spectifac | Thryster |
current, | voltage, voltage, voltage, | losses propel lant loss 1nput L] mpuise, efficiency
oy ] v ] per beam | utilizatron | factor® | power, »ec
epere, | efficiency [
WA
2.0 1100 300 3 197 0.% 0.900 ot 0.1303 2942 0.70% ,
3.0 1300 400 2% 224 .90 N 1) LI 203 »o0? Jek |
4“0 1450 a0 FL] 220 e é 6773 294 ns a3
5.0 152 600 26 2% 1.0¢ N ra 9133 WA 383 e

SEstmatec values from Ref. 26 anc spectroscopIc measurements.
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