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Abstract

The historicalbackgroundand characteristics of
the experimentalflights of ion propulsion
systemsand the majorground-basedechnology
demonstrations were reviewed. The results of the
first successful ion engine flight in 1968ERT

| which demonstrated ion beam neutralization, are
discussecalong with the extendedoperation of
SERT Il starting in 1970. These resuitgjether
with the technologyemployed on the early
cesium engindlights, the ATS seriesand the
ground-test demonstrations, hayeovided the
evolutionary path for thelevelopment of xenon
ion thruster component technologiespntrol
systems,andpower circuitimplementations. In
the 1997-1999 period, the communication
satellite flights using ion engine systerssd the
Deep Space 1flight confirmed that these
auxiliary and primary propulsion systembave
advanced to a high-level of flight-readiness.

Acronyms and Abbreviations

ASTRA 2A A communication satellite
built by Hughes for SES

ATS Applications Technology
Satellite

BBPPU Breadboard Power Processing
Unit

DARPA Defense Advanced Research
Projects Agency

DCIU Digital Control and Interface
Unit

DS1 Deep Space 1

EM Engineering Model

EMI Electromagnetic Interference

EOS Electro Optical Systems

EWSK East-West Stationkeeping

g Acceleration due to Earth's
gravity, 9.807 mf

GRC Glenn Research Center
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GSFC
HS
Hughes

HV
IAPS

IPS
JPL
LeRC
NSSK
NSTAR

PAS
PPU

rms

RPM
SATMEX
S/IC
SCATHA

SEPS
SEPST
SES
SERT
SIT
SNAP

SNAPSHOT

SPIBS

ST4
USAF
XIPS

Goddard Space Flight Center
Hughes Spacecraft

Hughes Space and
Communications Company
High Voltage

lon Auxiliary Propulsion
System

lon Propulsion System

Jet Propulsion Laboratory
Lewis Research Center
North-South Stationkeeping
NASA Solar Electric
PropulsionTechnology
ApplicationsReadiness
PanAmsSat Corporation
Power Processing Unit

root mean square
Revolutions Per Minute
Satmex of Mexico Company
Spacecraft

Spacecraft Charging at High
Altitude

Solar Electric Propulsion
System

Solar Electric Propulsion
System Technology

Societe Europeenne des
Satellites of Luxembourg
Space Electric Rocket Test
Structurally Integrated Thruster
Systems for Nuclear Auxiliary
Power

Spacecraft carrying the SNAP
10A nuclear power supply and
a cesium ion propulsion
system

Satellite Positive-lon-Beam
System

Space Technology 4

United States Air Force
Xenon lon Propulsion System



Introduction

Kilowatt-class ion propulsion system&ave
found applications for spacecraft North-South
stationkeeping, orbit insertionand primary
propulsion fordeepspacemissions'? The first
successfulion propulsion flight system was
demonstrated i 964 during the course of the
SERT | flight® Later on sevenmore ion
propulsion systemsnd one ion source system
wereflown asspaceexperiments usingnercury,
cesium, or xenon expellants. A total of six
successful, operational flights &S arenow in
use forNSSK or primary propulsion. Articles
on the origins of ion propulsiocan be found in
References 4 and 5.

Surveys of the history oklectric propulsion

systemshave catalogedthe evolution of IPS
technologyand generally describedmany of the
experimentaland operational flights®®  The

purpose of thispaper is to providenore detail

related to the IPS flights and major ground

demonstrations of the technologyBackground
on systemperformanceand in-space operation
will be summarized, and the evolution of
electron-bombardmenion thruster development
in the United States will be discussed.

Experimental Flights of lon
Propulsions Systems

The experimentalflights of ion propulsion
systems developed inthe United States are
summarized. Some of the results indicated in the
Tables 1a and 1hre expanded, antajor results
are described. Although theweere major ground
test and development programassociatedwith
each of the experimental flights, neady of the
synopsizedresults reported here are associated
with the end product which is the flight test.

Program 661A, Test Code A

In November 0f1961, Electro-Optical Systems
was awarded a contract by the U. At Force to
develop a 8.9 mN, cesium contact ion propulsion
system forthree sub-orbital flight tests. The
Electric Propulsion Space Tests were called
Program 661Aand were managed bthe Air
Force Space Systems Command in Los
Angeles'®*?
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The cesium contact enginéncorporated an
ionizer array of 84 porous tungsten buttons. The
power level, thrust, and specific impulse were
0.77 kw, 8.9 mN,and 7400 s, respectively in
this engine which had a beam extractdameter

of about 7 cm. Theneutralizer was a wire
filament which was notimmersed inthe ion
beam. Power to the PPU waspplied by 56 V
batteries. The longegground test was 1230
hours.

The first sub-orbital flight test walkunched on
December18, 1962. When the high-voltage
power supplieswerefirst turned-on,intermittent
high-voltagebreakdowns occurreénd the beam
power supply becameinoperative. Post-flight
examination of thegower supply indicated the
high-voltage breakdowns wergrobably caused
by pressure buildup in the PPU due to gasted
from the spacecrafbatteries. The PPUhigh-
voltage section was not adequately ventetieep
the pressurdow enough. Engine thrusting was
not accomplished in this test.

SERT |

The SERT Ispacecraftwas launchedJuly 20,
1964 using a Scout vehiclé® This flight
experimenthad a 8 cmdiametercesium contact
ion engine and a 10 cm mercury electron
bombardmention engine and was the first
successfuflight test of ion propulsion. The
cesium engine was designed to operat@.@tkw
and provide 5.6 mN of thrustand a specific
impulse of 8050 s. The cesium flow was
controlled by aboiler andthe porous tungsten
ionizer electrode. The 10 cmdiameter mercury
engineprovidedflow control via a boilerand a
porous stainless steel plug. A hot tantalwire
was used asthe discharge cathode. Beam and
acceleratopower supply voltagesvere 2500 V
and 2000 V, respectively. The enginad a 1.4
kW power levelwith 28 mN of thrust at a
specificimpulse of about 4900 s. loheam
neutralization waprovided by a heatentalum
filament.

The early part ofthe flight was dedicated to
attempts tooperatethe cesium engine. The
cesium engineould not bestarted because of a
high-voltage electrical short circuit. Thmeercury
engine wasstartedabout 14 minutes into the
flight. The IPS wassuccessfullyoperated for



31 minutes with 53 high-voltagecycle events
which were handled byhe PPU faultprotection
system. Each of the recycle events is only a few
secondsduration. Major results from the test
werethe first demonstration of dfPS in space,
effective ion beam neutralization, no EMiffects
on other spacecraft systems, and effective
recovery from electrical breakdowng hrust was
measuredusing three independent measuring
systems, and there were no major differences
between in-space and ground test performance.

Program 661A, Test Code B

Test Code B was the second in the seriethree
suborbital flight tests of the Electr@ptical
Systems' 8.9 mN, cesium ionengine
systems®* A Scout vehiclelaunched the
payload onAugust 29, 1964. Théunch was
designed tgprovide about 30 minutesabove an
altitude of 370km. After 7 minutes into the
flight, the engine wasoperatedwith ion beam
extraction. Fullbeam current of 94 mA was
achievedabout 10 minutes later. During the
course of engineoperation, anelectric field
strength meter wagsed toinfer payloadfloating
potential relative to spaceSpacecraftpotential
was about 1000 V negativduring most of the
engine operation with the filamemteutralizer.
The absolute value opayload potential was
about ten times higher than anticipatedd it is
suspected that there wemdequateneutralization
of the ion beam. The contact ion engoperated
for approximately 19 minutes untipacecraft re-
entry into the atmosphere.

In addition to withstanding the environmental
rigors of space flight, the IPS demonstrated
electromagnetic compatibility — with  other

spacecrafsubsystemsandthe ability to regulate

and control a desired thrust level.

Program 661A, Test Code C

The third and final IPS payload of the Air Force's
Program 661A wagaunched on December 21,
19641 In this test, anadditional wire
neutralizer was incorporated angsimmersed in
the ion beam tgrovide ahigher probability of
adequateneutralization. The contadbn engine
only achieved about 20% of full-thrubefore re-
entry into the atmosphere. The short test time
was due to avery short burn of theScout

NASA/TM—1999-209439 3

vehicle's thirdstage. The high voltage was
applied tothe engine 7 minutes into the flight
when the altitude was 490 km. Engiogeration
ended after 4 minutes whéine altitude wa®nly
80 km.

SNAPSHOT

On April 3, 1965 a SNAP 10Awuclearpower
system was launched into a 1300 km orbit with a
cesium ion engine as secondarypayload>*
The ion beampower supply was operated at
4500 V and 80 mA tgroduce ahrust of about
8.5 mN. Theneutralizerwas a barium-oxide
coatedwire filament. The ion engine was to be
operated off batteries for about one hour, and then
the batteries were to be charged for approximately
15 hours using 0.1 kW of the nominal 0.5 kW
SNAP system as theowersupply. TheSNAP
power system operated successfully for about
43 days, but the ion engirgperatedfor a period

of less than 1 houpeforebeingcommanded off
permanently. Analysis of flightata indicated a
significant number of high-voltagéreakdowns
which apparently caused sufficient EMI irauce
false horizon sensarignals whichcreated severe
attitude perturbations of thepacecraft. Ground
tests indicated that the enginearcing produced
conducted and radiateHMI significantly above
design levels. It was concluded that low
frequency, < IMHz, conductedEMI caused the
slewing of the spacecraft.

ATS-4

Two cesium contacton engineswere launched
aboard the ATS-4 spacecraft on August 1968.
Flight test objectivesvere tomeasurehrust and
to examine electromagneticompatibility with
other spacecraftsubsystem&®'® The 5 cm
diameter thrusterswere designed tooperate at
0.02 kW and provide about 8N thrust at about
6700 s specific impulse.  Thrustershad the
capability tooperate at Setpoints from 18N
to 89 uN. Thrusterswere configured sahey
could be usedfor East-West stationkeeping.
Prior to launch, a 5 cm cesium thruster Wes
tested for 2245 hours at the 6R thrust levef°

During the launch process the Centaur stage did
not achieve a secontlurn, and the spacecraft
remained attached to the Centaur i218 km by
760 km orbit. It wasstimatedhat thepressure



at these altitudes wametween 1 x 10 Torr and
1x 10° Torr®. Each ofthe two engines was
tested on ateast two occasiongach over the
throttling range. Combined test time of the two
engines was about 10 hours over ada§ period.
The spacecraft re-enterethe atmosphere on
October 17, 1968.

The ATS-4 flight was the first successfubital

test of an ion engineTherewas noevidence of
IPS electromagnetic interferencerelated to
spacecraft subsystems. Measured values of
neutralizer emission curremtere much lessthan

the ion beam current implying inadequate
neutralization. = Thespacecraft potential was
about -132 V which was mudtfifferentthan the
anticipated value of about -40%¥.

ATS-5

A flight IPS, identical to the one flown on ATS-
4, was launched on ATS-5 on Augus?, 1969.
The purpose of this flight was tdemonstrate
NSSK of a geosynchronousatellite??> Once
in geosynchronous orbit thepacecraft could not
be despun as plannednd thus the spacecraft
gravity gradient stabilization could not be
implemented. The spacecraft spin rates about
76 revolutionsper minute, and this caused an
effective 4g acceleration orthe cesium feed
system. The higly-loading onthe cesiumfeed
system caused flooding of tliischarge chamber,
and normal operation of the thruster with ion
beam extraction couldot be performed. The
IPS wasable to beoperated as aeutral plasma
source, without high-voltage ionextraction,
along with the wire neutralizer to examine
spacecraftharging effects. Thaeeutralizer was
also operated by itself to provide electron
injection for the spacecraft charging experiments.

SERT 1l

The SERT Il development program whistarted
in 1966 included thruster ground tests of
6742 hours and 5169 hours duration. A
prototype version of the SERT dpacecraft was
ground-tested for a period @400 hours with an
operating ion engine. Thespacecraft was
launchedinto a 1000 km high polar orbit on
February 3,1970% In addition to diagnostic
equipment and related IPS hardware, the
spacecrafthad two identical 15 cm diameter,
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mercury ion enginesand two PPUs. Flight
objectives included in-space operation fqregiod

of 6 months, measurement ofthrust, and
demonstration of electromagnettmmpatibility.
The thruster maximum power level was
0.85 kW, and this provided operation at a 28 mN
thrust level at 4200 specificimpulse. Flight
data wereobtainedfrom 1970 to 1981 with an
ion engine operating intermittently in one of
three different modes, namely, HV ion extraction,
discharge chamberoperation only, or just
neutralizer operation.

Major results were that two mercury engines
thrusted for periods of3781 hours and
2011 hours. Test duration waslimited due to
shorts in the ion optical system. Thrust
measured in spacand on the ground agreed
within the measurement uncertainties. Up to
300 thruster restartwere demonstrated. A PPU
accumulated nearlyl7,900 hoursduring the
course of the mission. Additionally, the IPS was
electromagnetically compatiblevith all other
spacecraft systems.

ATS-6

The purpose of the ATS-6 flight experiment was
to demonstrateNSSK of a geosynchronous
satellite using two cesium ion engine
systemg?22425  Thruster developmentests
included alifetest of 2614 hoursnd471 cycles.
Thruster input power was 0.15 kW which
resulted in athrust of 4.5 mN at aspecific
impulse of 2500 s. The ATS-6 wésinched on
May 30, 1974. One of thien enginesoperated
for about one hourand the other for 92hours.
Both of the enginedailed to providethrust on
the restartsdue to discharge chambecesium
flooding. Thefeed system flooding problem
causedoverloading of the dischargeand high
voltage power supplies. Thfailure mechanism
was verified through a series of ground té3ts.

The IPS operationdemonstrated an absence of
EMI related to spacecrafsystems, verified
predictions ofspacecrafipotential with engines
operating,and demonstrateccompatibility with
the S/Cstar tracker. It wagound that the ion
engines or just theneutralizer coulddischarge
large negativespacecrafipotentials at alltimes.
Further, testsndicatedthat "differential charging
was reduced bythe neutralizer wheroperated in



spot mode and eliminated by operation of the ion
engine.®

SCATHA, P78-2

The SCATHA spacecraft had twehargedparticle
injection systems one of which was the Satellite
Positive-lon-BeamSystem (SPIBS¥?” This
was a xenon iorsource whichincludedsome of
the technologiesised inthrusters; however, the
discharge chamberwas not performance
optimized as wasdone with ion engines.
Maximum operatingpower was0.045 kW, and
the ion source couldproduce athrust of about
0.14 mN at aspecificimpulse of 350 s. lons
could beejected at 1keV or 2 keV. Neutral-
ization was accomplished by a tantalum filament.
The specific impulse is low because there was no
attempt to optimize the propellargfficiency.
The SPIBS system was ground-tested faeaod

of 600 hours. The SCATHAspacecraft was
launchedJanuary30, 1979and placed in aear
geosynchronous orbit. lon beam operatioese
performed intermittently over a 247 day period.

The SCATHA flight demonstrated that tharged
spacecraft, anthe dielectric surfaces oit, could
be safelydischarged byemitting a very low
energy (<50 eV) neutral plasma--in effect
"shorting" thespacecraft tathe ambient plasma
before dangerouscharging levels could be
reached?® The SPIBS ionsourcedischarged the
SCATHA spacecraft from a potential of -3000 V
using as little as 6A of ion beam current.

Major Ground-based Demonstrations
of IPS

Table 2 contains brief descriptions of the major
ion propulsionground-test demonstrations in the
United States. The projectdescribed inthis
section involve ion propulsion systems thare
never flown, or in the case of the XIPS-25re-
flight development programthat is ongoing.
Only those systems thatcluded astructurally
integratedthruster or an engineering modgass
thruster and an advanced PPU are described here.

SEPST

The objective of the Solar Electrieropulsion
System Technologyprogram atJPL was to
demonstrate a completbreadboardIPS that
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would be applicable to an interplanetary
spacecraft®*® The focus of thisprogram was
directed toward thruster performance improve-
ments, PPUand control technologyand power
matchingandswitching. Most of theprogram
efforts were conducted in thate 1960sand early
1970s. The 20 crdiameter mercuryon engine
first employed athermally heatedoxide cathode
andlater-onused ahollow cathode. Maximum
thruster power was2.5 kW which enabled
thrusting at 88 mNand a specific impulse of
about 3600 s. Three basic servo-loopswere
demonstrated, and they were similar in concept to
the two loopsused inthe SERT Il technology.
Servo-loopsincluded anion beam current to
main vaporizer loop, a discharge voltage to
cathode vaporizeloop, and aneutralizerkeeper
voltage to neutralizer vaporizer loop. Ttlesed-
loops, to firstorder, maintainedhe thrust level,
the propellant efficiency, and the floating
potential fromneutralizercommon to facility or
spacecraft ground.

PPU development centered aroundthe beam

power supply. Thebeam powersupply had 8

invertersand had arefficiency of 89% to 90%
over abus voltagerangefrom about 53 V to
80 V3 The PPU wasintegrated with the

thruster, 2:1power throttling with closed-loop
control was demonstrated,and HV recycle
algorithms were developed. Initial BBPPU

efficiencies were about 84%-86%nd subsequent
experimental BBPPU#ad efficiencies of 88%-
90%. TheexperimentabreadboardPPUs, which

provided 2.5 kW, had a specific mass of
5.4 kg/kW. Later work in the 197tscused on
the SEPSprogram whichdeveloped a 30 cm
mercury enginesystem which isdescribed in a
subsequent section.

SIT-5

A 5 cm diameter mercuripn engine,called SIT-
5, wasdevelopectirca 1970 for attitude control
and NSSK of geosynchronous satellite®. The
thruster input power was0.072 kW, and it
provided a thrust of 2.1 mN at a specificpulse
of 3000 s. Electrostatic thrust vectorimgids
with a =10 degreevectoring capability were
baselined. The engine was successfrdiydom
vibration tested at19.9g rms. The mass of the
thruster and mercury storaged feed system was
2.2 kg. The propellant systeroould store



6.8 kg of mercury which coulgdrovide operation
at full-power for approximately30,000 hours.
The envelope was about 31 dong by 12 cm
diameter. The SIT-5 development program
focused on the thruster and feed system
development; there was n®PU technology
effort.

Hollow cathode component testsdemonstrated
over 2800 simulated duty cycles. s&paratdest
of the SIT-5 thruster wasconducted for
9715 hours at @eam voltage of 1300 V, a
thrust of 1.8 mN,and aspecific impulse of
2500 s**3° During the initial 2023 hours, the
thruster wasoperatedwith a translatingscreen
grid thrust vector systenandthe thrustethad an
electrostatic thrust vector system for the
remainder ofthe test. Theelectrostaticheam
vector gridswere operated at 5 degrees deflection
for about 120 hourand ateither 2 degrees or
4 degrees deflection for 1770 hourSherewere
an number ofyrid shorts thatwere successfully
cleared bythe application of 200 V to 400 V at
currents from 6 mA to 70 mA.Thesetestswere
helpful in the later definition ofrid-clearcircuits
for the IAPS, XIPS, and NSTAR thrusters.

The SIT-5 mercury propellant system was
successfullytested for geriod 0f5400 hours in
an independent test.

SEPS

The Solar Electric Propulsion Stage program was
started in the early 1970s with a goal to provide a
primary ion propulsion systemcapable of
operating at afixed power for Earth orbital
applications or over a wide power profgeich as
would be encountered inplanetary missions.
One of the potentiaplanetary targets was an
encountemwith the cometEnke®*?*” The SEPS
program included the development of 25 kwW
solar arrays,PPUs, thermal control systems,
gimbals, throttleable/long-life 30 cndiameter
ion thrusters, and mercury propellant storage and
distributions systems. This multi-Center, multi-
Contractor effort was ongoing for about §€ars
with a NASA investment of approximately $30
million dollars. Because ofunding limitations,

a planetaryflight program wasnot carried out;
rather, aground-basedechnology demonstration
was pursued.
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The thrust subsystem was a bi-module consisting
of two thrusters, two PPUs, a propellayistem,

a gimbal system, thermal control, and supporting
structure®*®  This module would be a basic
building-block of a electricstage with simple
interfaces. The 30 cm thruster wdesigned for
2.6 kW inputpowerwith 128 mN thrustand a
specific impulse of about 3000 %° The
thruster/PPU wasapable ofthrottling down to
1.1 kW. More detailed references related to the
developmentand test of the SEPShi-module
hardware can be found in Reference 37.

One of the early engineering model thrusters was
tested for10,000 hoursover an input power
range of 0.8 kW to 2.4 kW. Endurancdests of
these 30 cm ion enginesnfirmed the need for
spalling control of sputter-depositeddischarge
chambercoatings’®** and for the need of low
sputter-yield materials for theladding of pole-
piecesand baffles* Other testsindicated that
very small concentrations of nitrogen in the
vacuum facility could significantly reduce wear
on the upstreamsurface of the screen grid
compared to that expected in sp&ce.

Subsequent to these EM thruster tests, a total of
sevenadvancedengineering model thrustergere
tested insegments including 3,940 hours and
5,070 hours and a total test time of
14,541 houré? Ninety five percent ofthe test
was implementedusing either breadboard or
brassboardPPUs which were of the series-
resonant inverter desigh?®

IAPS

The lon Auxiliary Propulsion System project and
other preflight technology work took place in the
1974 to 1983 timefram®. Flight test objectives
were to verify in spacethe thrust duration,
cycling, anddual thruster operationsequired for
stationkeeping, drag makeup, station change, and
attitude control. This implied demonstration of
overall thrusting times of,000 hoursand2500
on/off cycles. The 8 cndiameter, mercury ion
engine input power was 0.13 kVdndthe thrust
was 5.1 mN at apecificimpulse of 2500 s.
The masses of the flightthruster-gimbal-
beamshield unit, the PPU, and the digital
controllerwere3.77 kg, 6.85 kgand 4.31 kg,
respectively’* The system stored 8.63 kg of



mercury, and the propellant storagend feed
system weighed 1.56 kg. The 1ARBccessfully
completedall flight qualification tests and was
installed on an Air Force technology satelfite.
The flight of the Teal Ruby spacecraft was
canceled by the Air Force due to lack of funding.

During the course of the technologpd preflight
programs therevere anumber ofenduranceest
performed. A laboratory-type 8 crengine was
tested forl5,040 hoursand 460 cycles at the
0.14 kW level® An engineering moddiAPS
engine and PPU were successfullytested for
9,489 hoursand652 cycles® The thruster and
PPU were located irthe same vacuurshamber
during this test. Inanothertest, anengineering
model thruster wasoperated atfull-thrust for
7112 hoursand had2571 restart® Therewere
no major changes in thruster performararg] no
life-limiting degradation effects were observed. A
single PPU wasised torun two testsand had
operated for 14,000 hours without malfunction.

XIPS-25 (1.3 kW)

This XIPS-25 programgconducted byHughes
Research Laboratories,developed thrusters,
BBPPUs, and a feed system pressure regulator for
possible NSSK of 2500 kg class communication
satellites> The 25 cmdiameter, 3-grid, xenon
ion engine input power was 1.3 kW with a thrust
level of 63 mN and a specific impulse of 2800 s.
Three thruster typeswvere developednamely, a
laboratory-type, amdvancedievelopment model,
and anengineering model. Performancetests
indicatedthat the later modelmherited virtually
identical performance. A BBPPWith greatly
reducedparts count,over SEPS designs, was
built and tested. OverallPPU efficiency was
90%, andthe flight packagedspecific mass was
estimated to be 8 kg/kw. A 15 montteartest
was conducted using the laboratory model
thruster, a BBPPUand aflight-type regulator.
The hardware successfully comple®&850 hours

of testing and 3850 cycles which égjuivalent to
about 10 years of NSSK. The Hughes Space and
Communications Company subsequently
pursued development &fIPS-13 (0.44kW) and
XIPS-25 (4.2kW) systems,instead ofthe 1.3
kW XIPS-25 system,for NSSK and orbit
insertion applications.
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XIPS-25 (4.2 kW)

A 25 cm diametekenon engine system is being
developed by the Hughes Space and
Communications Company fadSSK, EWSK,
attitude controlandmomentum dumping for its
HS 702 spacecraft® The ion thrustergrovide
stationkeeping at a cost of only 5 kgr year.
Additionally, the IPS will be capable of boosting
the communication satellite's 14,500 krarigee
of the initial elliptical orbit to a circular
geosynchronous orbit. Chemicapropellant
savingscould be asmuch as 450 kg. It is
plannedthat the HS 702spacecraftuse four
XIPS-25 enginesandtwo PPUs. Only two of
the four thrustersare required to perform the
stationkeeping and momentum control functions.
Hughes has not yetaunched the HS 702
spacecraft witlthe XIPS-25. Thespacecraft has
an end-of-life solar array power capability of
about 15 kW.

Each thruster has an inppower of4.2 kW and
provides 165 mN thrust at 3800 sspecific
impulse. XIPS hardware is currently under
extended tests at the Hughes-Torrance, A m
diameter by 12.2 m long vacuum facility.

Evolution of Electron-Bombardment

lon Thruster Development in the
United States

Figure 1 shows droadmap" ofthe history of
electron-bombardmenion thruster development
in the United States from the first tests of a 10
cm engin& to the first operational flights in
1997/1998** Much of the history of thearly
development of mercury ion engines was outlined
in Reference 5. The following remarks only
focus on the insertion of component
improvements to themercury and xenon ion
engines. In theearly 1960s thewire-grids were
replaced bymultiaperture grid$® Later, in the
mid-1960s engine life extension wamade
possible by the incorporation of hollogathodes
for the neutralizerand main discharge”® The
SERT Il flight was the major in-space
demonstration of these technologis. Major
technology improvements in the 197@sre the
development of high-perveancejshed grids°,
methods to control spalling of sputter deposited



material in thedischargechambef, andmethods

to provide deep-throttling. Mercury engines
were developed with diameters ranging from 5 cm
to 150 cm. Endurancetests of theseengines
extended from about 4,000 hours to
15,000 hours.

In the 1980timeframe it wasdecided toreplace
the mercury engines with xenon engitesause
xenon was less contaminating tepacecraft
surfacesand ground-test operationaere greatly
simplified. In the 1980sand 1990s ring-cusp
discharge chamber¥-®> were used instead of
divergent-field chambersvhose pole-pieces, in
the vicinity of the discharge chamber cathode,
suffered severe ion erosion.  Thering-cusp
chambers donot require pole-pieces in the
vicinity of the hollow cathode andthe boundary
magneticfield devicereduces the ion losses to
the chamberwalls®®  Additionally, long-life,
xenon hollow cathodetechnology wasenhanced
by developments irthe SpaceStation Plasma
Contactor program whiclocused on defining
reliable processing, handlingnd test procedures
for the cathode¥. Ground tests of 13 crand 30
cm diameterxenon enginesdlemonstrated more
than 8,000 hours afkeliable operatior:*®® The
communication satelliteand deepspacetests of
these engines, starting in 199@pnfirmed the
thrusters and PPUs are a very mature technology.

Operational Flights of lon Propulsion
Systems

In 1997/1998, anew era ofion propulsion for
spacecraft began with the deployment of
communication satellites using an IPS with
0.44 kW thrusters for auxiliary propulsiand a
deep spacemission using a 2.3 kW thruster.
Thesewerethe first operational uses ¢PS by
United States industry and government.

PAS-5, Galaxy VIII-i,
SATMEX 5, PAS B

ASTRA-2A,

As shown in Table 3, the Hughe&pace and
Communications Company hdaunched five
operational communications satelliteseach
employing four-0.44 kW xenon ion thrusters for
NSSK?>>**  The high specific impulse IPS
reduces the propellant requirements, versus
chemicalsystems, by 300 kg to 400 kg, thus
allowing incorporation of more communications
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hardware aboardhe spacecraft or reduction in
launch sizeandcost. The IPS consists of two
fully redundantstrings each consisting of two
thrustersand one PPU. Two daily "burns" of

5 hours each are generally required for K&SK
function. Typical spacecraftlifetime is about
15 years.

Approximate masses for a thrustand PPU are
5.0 kgand6.8 kg, respectivell. Overall IPS
dry mass for thespacecraft isabout 68 kg. The
PPU containsseven power modules for the
beam, accelerator, discharge,two keepers
discharges,and two heaters. Overall PPU
efficiency of a BBPPU was 88%.

PanAmSat was Hughes' first customer for the
XIPS-13 propulsion system on PAS-5. This
was the first successful, operationgbacecraft
employing IPSand was launched August 27,
1997 from Kazakhstan on &Russian Proton
rocket. Since then, four morspacecraft are
operational using the XIPS-13 system namely,
Galaxy VII-i, ASTRA-2A, SATMEX 5, and
PAS 6B.

Deep Space 1

The NSTAR progranprovided asingle string,
primary IPS to the Deep Space 1 spacecraft. The
30 cm ion thrusteoperates over 8.5 kW to
2.3 kW input power range providing thrusbm

19 mN to 92 mN. Thepecificimpulse ranges
from 1900 s at 0.5 kW to 3100 s at 2.3 kW.
The flight thrusterand PPU design requirements
were derived with the aid of about 50
developmenttests and aseries of wear-tests at
NASA LeRC and JPL of 2000 hours, 1000
hours,and8193 hours usingngineeringmodel
thruster®  The flight-set masses for the
thruster, PPU, and DCIU were 8.2 kg, 14.77 kg,
and 2.51 kg, respectivély About 1.7 kg mass
was added tothe PPU top plate to satisfy the
DS1 micrometeoroid requirements.  Tipewer
cable betweenthe thruster and PPU was
comprised of two segments which wexnnected
at a fieldjunction. The thrustecablemass was
0.95 kg,andthe PPUcablemass was 0.77 kg.
The xenon storage arided systemdry mass was
about 20.5 kg. A total of 82 kg of xenon was
loadedfor the flight. Thrustersand PPUs were
manufactured byHughes, and the DCIU was
built by Spectrum Astro, Inc. Thfeed system



developmentwas a collaborativeffort between
JPL and Moog, In&

As of April 27, 1999, the primary thrusting of
the NSTAR engine systemequired toencounter
the asteroid 1992KD was completed. The
thrusting time at theend of April was 1764
hours. Thrustemput power levels were varied
from 0.48 kW to 1.94 kW. A total of 11.6 kg
of xenon wasxpended. Ashown in Table 4,
the NSTAR enginalreadyhasdemonstrated the
largest propellant throughput inspace as
compared to a&SERT Il engine thatexpended
about 9 kg of mercury. Propellant throughput is
a signature of total impulse capabilityNearly
70 kg of xenon remains on the DSsfpacecraft
for a possiblemission extension. It isntended
that the DS 1spacecraftvill pass within 10 km
of the asteroid1992KD in July 1999. If an
extended mission is approved, DS 1 will
encounter comets Wilson-Harrington aBdrrelly

in the year 2001.

Next Generation lon Propulsion
Technologies

Over the next decade, it is expected that thele

be many communicationspacecraftemploying
the XIPS-13and XIPS-25 propulsion systems.
Additionally, the Space Technology gpacecraft
will be developed byJPL for a flight to the
comet Tempel 1, and a small vehicle will be sent
to the comesurfacefor scientific measurements.
The ST4 spacecrafwill use three NSTAR ion
engine/PPU subsystems for primary propulsion.

In the next few years, nel?S technologiesvill

be developed bNASA for higher thrusidensity
30 cm ion enginesand sub-kilowatt, smaller
engines both of whichhave application to
planetaryand Earth-orbital spacecraft.Some of
the near-term work, shown in Figure 2, involves
development ofitanium and carbon-carbon ion
optics which will provide significant lifetime
improvements compared to the baseline
molybdenum grid systemd.ow-power and low-
flowrate neutralizersare also neededfor a wide
class of thrusters whicloperate atlow power
levels orarethrottled over avide range ofinput
power. Designapproachesand manufacturing
technologies whichprovide reducedion engine
andPPU massandcostarereceiving significant
attention inorder toenable or enhance planetary
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and small-body missions usingrelatively small
launch vehicles.

Conclusions

The historicalbackgroundand characteristics of
the experimentalflights of ion propulsion
systemsand the majorground-basedechnology
demonstrations were reviewed. The results of the
first successful ion engine flight in 1968ERT

| which demonstrated ion beam neutralization, are
discussecalong with the extendedoperation of
SERT Il starting in 1970. These resuitgjether
with the technologyemployed on the early
cesium engindlights, the ATS seriesand the
ground-test demonstrations, hayeovided the
evolutionary path for thelevelopment of xenon
ion thruster component technologiespntrol
systems,andpower circuitimplementations. In
the 1997-1999 period, the communication
satellite flights using ion engine systerssd the
Deep Space 1flight confirmed that these
auxiliary and primary propulsion systembave
advanced to a high-level of flight-readiness.
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Table 1a. Experimental Flights of lon Propulsion Systems

Spacecraft Program SERT | Program 661A, | Program SNAPSHOT
661A, Test Test Code B 661A, Test
Code A Code C

Sponsor USAF NASA LeRC USAF USAF USAF

Builder of IPS EOS LeRC Hugheg EOS EOS EOS

Launch date 12.18.62 07.20.64 08.29.64 12.21.64 04.03.65

Orbit, km Suborbital Suborbital Suborbital Suborbital 700

IPS type Contact Electron Contact Contact Contact Contact
ionization bombard- | ioniza- ionization ionization ionization

ment tion

Propellant Cesium Mercury Cesium Cesium Cesium Cesium

No. of thrusters 1 1 1 1 1 1

Thruster anode ~7 cm 10 cm 8 cm ~7 cm ~7 cm ~5cm

diameter

Type of Wire filament | Tawire Ta wire Wire filament Wire filament Wire

neutralizer in beam filament,

barium
coated

Beam power 5000 V 2500 Vv 4500 V 5000 V 5000 V 4500 V

supply voltage

Power per 0.77 kKW 1.4 kW 0.6 kw 0.77 kW 0.77 kW ~0.4 kKW

thruster

Maximum _thrust 8.9 mN 28 mN 5.6 mN 8.9 mN 8.9 mN ~8.5 mN

Specific impulse 7400 s 4900 s 8050 s 7400 s 7400 s 5100 s

Propellant mass 29 29 29

Maximum in- 0 min. 31 min. 0 min. ~19 min. ~4 min. <60 min.

space operation

time for one

thruster

Longest ground 1230 h

test

Comment HV power IPS and Cesium Stable operation of thg Failed 3rd stage Continuous
supply failed neutraliza- | engine had| IPS. S/C potential burn shortened arcing at HV
due to tion a HV ~1000 V at full thrust.. | operation. terminals
contamination demonstra-| short.. Ref. 14 Obtained ~20% of | induced EMI
from gases tion. Ref. 3| Ref. 3 full thrust.. to the S/IC
vented from Ref. 14 systems.
batteries. Ref. Ref. 16
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Table 1b.

Experimental Flights of lon Propulsion Systems

Spacecraft ATS-4 ATS-5 SERT 1l ATS-6 SCATHA
pP78-2
Sponsor USAF/NASA USAF/NASA NASA LeRC NASA GSFC USAF/NASA
GSFC GSFC GSFC
Builder of IPS EOS EOS NASA LeRC, | EOS Hughes
Westinghouse (ion source)
Launch date 08.10.68 08.12.69 02.03.70 05.30.74 01.30.79
Orbit, km 218x760 36,000 1000 36,000 43,000x27,000
IPS type Contact Contact Electron Electron Electron
ionization ionization bombardment | bombardment | bombardment
Propellant Cesium Cesium Mercury Cesium Xenon
No. of thrusters 2 2 2 2 1
Thruster anode 5cm 5cm 15cm 8cm 3.6 cm
diameter
Type of Ta doped with | Ta doped with | Hollow Cesiated Ta Ta doped witl
neutralizer Yttrium Yttrium cathode Yttrium
Beam power 3000 V 3000 V 3000 V 560 V 1000 V to
supply voltage 2000 V
Power per 0.02 kW 0.02 kW 0.85 kW 0.15 kW 0.03 to 0.04
thruster kw
Maximum thrust 0.089 mN 0.089 mN 28 mN 4.5 mN 0.14 mN
Specific impulse 6700 s 6700 s 4200 s 2500 s 350 s
Propellant mass ~0.05 kg 15 kg 3.6 kg 0.3 kg
Max. in-space ~10 h No operation | ~3781 h 92 h
operation time with a HV
for one thruster beam.
Longest ground 2245 h 6742 h, 2614 h, ~600 h
test(s) 5169 h 471 cycles
S/Cwas in alow| S/Chad a 76 One ion engine | One thruster Operations werg

Comment

altitude parking
orbit due to a
Centaur stage
failure. First
successfull
orbital test of an
ion engine. No
EMI to S/C
subsystems.
Ref. 18

RPM spin=rate.
This produced a
4q field which
compromised thg
cesium feed
system and
precluded
normal
operation.

operated 3781 h
until the
neutralizer tank
was depleted.
The other enging
had a grid short
which limited
operation to
2011 h. Ref. 23

Ref. 21

operated for ~1
hour and the
other for 92
hours. Further
thrusting was
terminated due td
a feed system
"flooding"
problem. No

EMI. Ref. 24

performed
intermittantly
over a 247 day
period. Ref. 26
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Table 2. Major lon Propulsion System Demonstrations

=]

hode

Project SEPST SIT-5 SEPS IAPS XIPS-25 XIPS-25
Name

Sponsor NASA JPL NASA LeRC NASA NASA LeRC INTELSAT Hughes
Builder of JPL Hughes Hughes Hughes Hughes Hughes
thruster

Builder of Hughes/TRW - TRW Hughes Hughes Hughes
PPU

Integrator of | JPL -- LeRC Hughes Hughes Hughes

IPS

Project 1968 to 1972 1969 to 1972 1972 to 198(Q 1974 to 1993 1985 to 1988 Ongoing
duration 1999, preflight
Propellant Mercury Mercury Mercury Mercury Xenon Xenon
Thruater 20 cm 5cm 30 cm 8cm 25cm 25cm
diameter

Type of Hollow cathode| Hollow cathodq Hollow cathode Hollow cathode Hollow cathpde Hollow catl
neutralizer

Beam power | 2000 V 1600 V 1100 V 1200 V 750 V ~1400 V
supply

voltage

Power per 2.5 kw 0.072 kW 2.6 kW 0.13 kW 1.3 kW 4.2 kW
thruster

Maximum 88 mN 2.1 mN 128 mN 5.1 mN 63 mN 165 mN
thrust

Specific 3600 s 3000 s 3000 s 2500 s 2800 s 3800 s
impulse

Longest 1300 h 9715 h 10,000 h 15,040 h, 4350 h, 3850 [ Ongoing in
ground test 9489 h, 7112 H cycles 1999
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Table 3. Operational Flights of lon Propulsion Systems

f PAS-5 Galaxy ASTRA- Deep SATMEX PAS 6B

Spacecraft VI-i 2A Space 1 |5

Sponsor PanAmSat PanAmSat SES NASA Satmex PanAmSat

LeRC/JPL

Builder of IPS Hughes Hughes Hughes Hughes Hughes Hughes

Launch date 08.27.97 12.08.97 08.29.98 10.24.98 12.05.99 12.21.9

Orbit, km 36,000 36,000 36,000 Orbits sun | 36,000 36,000

IPS type Electron Electron Electron Electron Electron Electron
bombardm't| bombardm't] bombardm't] bombardm't] bombardm't| bombardm't

Propellant Xenon Xenon Xenon Xenon Xenon Xenon

No. of thrusters 4 4 4 1 4 4

Thruster diameter | 13 cm 13 cm 13 cm 30 cm 13 cm 13 cm

Type of Hollow Hollow Hollow Hollow Hollow Hollow

neutralizer cathode cathode cathode cathode cathode cathode

Beam power 750 V 750 V 750 V 650 V to 750 V 750 V

supply voltage 1100 V

Power per 0.44 kw 0.44 kw 0.44 kW 0.50 kW td 0.44 kW 0.44 kW

thruster 2.3 kW

Maximum thrust 18 mN 18 mN 18 mN 92 mN 18 mN 18 mN

Specific impulse | 2590 s 2590 s 2590 s 1900 s to| 2590 s 2590 s

3100 s

Propellant mass >100 kg >100 kg >100 kg 82 kg >100 kg >100 kg

Maximum in- 1764 h as o

space operation 04.27.99

time for one

thruster

Longest ground >8000 h 8193 h

test
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Table 4. Comparison of the Propellant Throughput Capability of the
SERT Il and Deep Space 1 lon Propulsion Systems

Propellant Throughput

SERT 1l
Propellant type Mercury
Longest ground test ~16 kg

Maximum thruster propellant throughput in-spacg

P Estimated to be ~9 kg

NSTAR/Deep Space 1

Propellant type Xenon
Longest ground test 87.5 kg
Maximum thruster propellant throughput in-spacg¢ 11.6 kg
as of 04.27.99

DS 1 propellant throughput capability for the 82 kg

primary and extended mission
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1960 ->

1964 ->

1966 ->

1970 ->
1972 ->

1973 ->

1976 ->

1980 ->

1981 ->

1988 ->

1997 ->
1998 ->

1999 ->

Figure 1. History of electron-bombardment ion thruster development in the United States.

(All projects were NASA sponsored unless noted otherwise.)

COMPONENT
ADVANCES

DEVELOPMENT
PROGRAMS

10-cm lab thruster

5-cm lab thruster

[ Multi-aperture grids |

20-cm lab thruster |

Vaporizer

Long-life oxide main
cathode

Plasma bridge
neutralizer and
discharge chamber
hollow cathode

SERT Il EM thruster
(15-cm)

50-cm lab thruster

150-cm lab thruster

LONG TESTS

ELIGHTS

[ SERTT (10-cm)

HV, propellant
isolator (Hughes)

SERT Il thruster & PPU
ground-tested 6742 h

15-cm SERT Il
flight system

20-cm SEPST EM
system

5-cm EM thruster

Dished grids

8-cm lab thruster

Grid erosion control

30-cm lab thruster

30 cm EM
Development Contract
at Hughes

15,000 h test-8 cm

SEPS development
program

10,000 h test - 30 cm
EM

8-cm EM thruster

5070 h test-30 cm EM

Control of spalled
flakes in discharge
chamber

Test facility effects on
component wear

IAPS development
program (8-cm, Hg)

Change Hg -> Xe

Ring-cusp chamber

30-cm thruster (Xe)

25-cm thruster (Xe)
(INTELSAT/Hughes)

9489 h test of the 8-cm
EM mercury thruster

13-cm lab thruster (Xe
(Hughes)

Develop reliable Xe
hollow cathode via
Space Station plasma
contactor program
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XIPS-13 for comsat
NSSK (Hughes)

>8000 h test of
XIPS-13 (Hughes)

8193 h test of the
NSTAR thruster

NSTAR 30-cm for
Deep Space 1

XIPS-25 for comsat
orbit insertion and
NSSK (Hughes)

Extended testing of the
XIPS-25 (Hughes)

Initiate development of
subkilowatt and 5 kW
IPS for Earth-orbital
and deep space S/C

Extended ground-
testing of the NSTAR
flight spare thruster,
PPU, and DCIU

18



Figure 2. Ion propulsion technology roadmap for Earth-orbital and planetary applications
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