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1. SUMMARY

The purpose of the ion engine auxiliary propulsion study was to realis-
tically assess the benefits to be derived from application of the NASA-LeRC
8-cm mercury electron-bombardment ion thruster, Ion engines offer signifi-
cant advantages when used for certain spacecraft auxiliary propulsion applica-
tions because of two inherent characteristics. The first is high specific
impulse, over 2500 seconds, which is an order of magnitude higher than
current standards. The second is low thrust level, in the millipound range,
This is a great advantage in minimizing spacecraft attitude disturbance torques,

but may be a handicap if maneuvers have to be performed rapidly,

Two specific spacecraft missions were studied. In addition, a thruster
was tested to provide additional inforrnation on its efflux characteristics and
interactive effects. A Users Manual was then prepared describing how to

integrate the thruster for auxiliary propulsion on geosynchronous satellites,

Ion engines afford a large payload increase when compared with hydra-
zine propulsion for missions requiring large added velocity (Av)., This usually
means that some form of orbit correction is needed. Propulsive functions to
achieve large Av include north-south stationkeeping, low earth orbit drag
makeup, and orbit maneuvers. Once ion thrusters have been selected for
these functions, they may then be available for other applications, such as
east-west stationkeeping, attitude control, momentum dumping, and station
changing. In this manner, ion propulsion can complement, or even completely

¥
replace hydrazine propulsion subsystems, for certain missions.

The low disturbance torques introduced by ion engines permit accurate
spacecraft pointing with the payload in operation during thrusting periods.
Constraints on spacecraft design to minimize solar disturbance torques are
alleviated by the engine's high specific impulse., The weight penalty to overcome
torques from. oifset reflectors or positioning solar arrays all on cne side of

the spacecraft is greatly reduced.

With these advantages in mind, the first mission selected for detailed

study was an advanced communications satellite that has the same housekeeping



requirements as Intelsat V but is slightly larger. By incorporating ion
engines, the weight available for added payload increases by about 82 kg
{181 1b) for this 1000 kg {2200 1b) satellite which otherwise uses electro-

thermal hydrazine.

The second mission was a high performance propulsion module that is
compatible with the standard NASA Multimission Modular Spacecraft (MMS)
and can be used for both geosynchronous and low earth orbit applications.
The above mentioned advantages for ion propulsion are incorporated into the

maodule design.

The study shows that the 8-cm ion thruster can be integrated on all
types of geosynchronous spacecraft: siﬁtln stabilized; three-axis sta,b:ilized,
symmetrical spacecraft (deploying symmetrical solar arrays about the
spacecraft central body) with body mounted or solar array mounted thrusters;
and three-axis stabilized, asymmetric spacecraft. The most difficult case,
the three-axis stabilized symmetrical spacecraft with body mounted thrusters,
is typified by the advanced communictions satellite studied. Thruster integra-
tion requires lateral separation of the thrusters from the solar array axis,
canting with respect to this axis, and the addition of a sputter shield on the
thruster. The shield is not requiréd for the high performance propulsion
module on MMS,

Thruster efflux measurements were taken with and without the shield
installed. Charged particle and neutral particle determinations.were made.
Thruster optical radiation measurements showed very low power densities,
thereby demonstrating compatibility with current sun sensor attitude control
systems. Sensitive star tracker systems are also probably ‘compa.tible with
the thruster. Thruster magnetic field measurements showed that the thruster
can be characterized as a magnetic dipole, and is compatible with all but very

sensitive scientific spacecraft.

A final program task investigated the neutralization of differentially
charged spacecraft surfaces by using the thruster's neutralizer assembly as
a source of low energy ions. The feasibility of this concept was verified in

the laboratory experiment performed.,



2, INTRODUCTION

The Lewis Research Center has a strong program in both in-house .
research and development dnd contractual activities to produce an 8-cm mer-
curcy ion thruster specifically designed for auxiliary propulsion (ref, 1),
This thruster is a second generation device taking advantage of the design
improvements incorporated as a result of extensive 5-cm thruster testing
(ref. 2). The laboratory model 8-cm thruster has completed over
15, 000 hours of endurance testing (ref. 3), thereby demonstrating that

.previously identified wearout mechanisms are now under control.

. As the thruster was proceeding into engineering model development,
together wi‘th its associated gimbal assembly, propellant reservoir, and
power processor {ref. 4), it was appropriate to identify near-term applica-
tions for this equipment and to examine its integration on typical spacecraft
in more detail. Thus, the ion engine auxiliary propulsion applications and

integration study was organized into four major tasks:

Task 1 Mission Applications
Task‘ II Thruster Interfaces

Task IiI Users Application Manual
Task IV Reporting

The objective of Task I was to study application of the NASA-LeRC
mercury ion thruster subsystem to two specific geosynchronous spacecraft,
The study assessed thruster subsystem applicability, advantages, and inter-
face requirements imposed on the subsystem for each spacecraft mission,
The study developed spacecraft layout drawings, subsystem descriptions and
design analyses, and comparisons with other subsystems for performing the

same auxiliary propulsion functions.

The Task Il objective was to review the Goveranment-furnished Inter-
face Specifications Document for the thruster subsystem, and to document
additional interface data necessary for Tasks I and III. The effort involved
testing of an 8-cm electron bombardment mercury ion thruster to verify per-
formancﬁe, measure efflux characteristics with and without a sputter shield,

and measure electric and magnetic fields and optical radiation, Tests were



also conducted to evaluate the ability of the thruster to neutralize differentially

charged ‘surfa\::es.

Task I utilized the data contained in the Government-furnished Inter-
face Specifications Document, and the results from the Task I applications
study and Task II interfaces investigation, to comprise the essentials of a
Users Application Manual to be published at the completion of the technical
effort. The manual expands on the two specific spacecraft studied in Task I
to treat the more general case of mercury ion thruster integration for auxil-

iary propulsion on geosynchronous spacecraft.

Task IV reports included monthly technical progress narratives,
financial management reports, this final technical report, and the Users

. Application Manual,

Prior W'ork on ion propulsion for geosynchronous applications (ref. 5)
examined north-south stationkeeping of communications satellites, The pres-
ent study narrowed the investigation to the 8-cm thruster subsystem, but
expanded it fo include other propulsive functions as well, The 8-cm thruster
subsystem is currently scheduled to be space flight tested on a joint NASA /Air

Force experiment.

Thruster testing during the program was conducted in a 5 x 10 foot
(1.5 x 3 meter) vacuum test facility that had previously been employed for
30-cm thruster testing (ref 6). Much of the instrumentation from the prior

effort was retained and used again with the 8-cm thruster.



3. MISSION APPLICATIONS

In order to identify near-term missions that could benefit from ion
auxiliary propulsion, and to select two representative missions for further
study, all of the available unclassified NASA, commercial, foreign, and DOD
data sources have been examined. The two specific missions selected for
detailed study -are:

e Mission 1 — Advanced Communications Satellite, A geosynchro-

nous mission that has the same housekeeping requirements as
Intelsat V, but is slightly larger and has a much larger payload.

e Mission 2 — High Performance Propulsion Module. A module
that is compatible with the standard NASA Multimission Modular
Spacecraft and can be used for both geosynchronous and low
earth orbit applications.
Detailed examination of these missions shows that the 8-cm ion engine

affords large improvements for selected auxiliary propulsion functions.

The key spacecraft integfation issues for ion propulsion are (1) the
source of electric power, (2) the electrical interface between the propulsion
subsystem and the spacecraft power bus, and (3) the impact on the spacecraft
attitude and velocity control subsystem. Xach of these issues is examined in
some detail. Other important considerations that are discussed include

efflux compatibility, thermal control, structural requirements and reliability.
3.1 SELECTION OF CANDIDATE MISSIONS

In order to demonstrate the advantages and disadvantages of ion a.uxil-‘
jary propulsion, it was necessary to select two satellite missions for detailed
study. These candidate missions were to not only be ones where there is a
payoff with ion propulsion, but ones which were likely new starts. This sec-
tion describes the method by which the two candidate missions have been

selected.

3.1.1 Potential Uses for Ion Engine Auxiliary Propulsion

‘IF'he two: fundamentally unique characteristics of ion propulsion are
(1) very high specific impulse, and (2) very low thrust levels. There are
two general cases for which these characteristics are ideally suited. These

are: (l) missions where there are requirements for a very large total



impulse to provide a significant amount of added velocity (Av) or torque; and
(2} missions where there is a2 requirement for minimum disturbance forques
during propulsion maneuvers. Some auxiliary propulsion applications which

fit these cases are shown in Table' 1.

3.1.2 Comparison with Mission Models

'fhe search for candidate payloads that can use ion engines is shown
graphically in Figure 1. The latest editions of the NASA, foreign and com-
merical automated payload mission models were obtained from references 7

and 8 and various military documents.

In an initial search of at least 82 candidate payloads, 35 were identified
that fit one or both of the cases discussed in the last section. These candi-
dates could be divided into two groups: 15 geosynchronous orbit missions

and 20 other missions with large propellent requirements.

The geosynchronous payload candidates, shown in Table 2, were further
screened for technical and practical considerations. These considerations
included the need for north-south stationkeeping, no need for rapid station
changes (this eliminated most of the military missions), and the likelihood of
being a new start. Six candidate payloads passed this screening, five body-

" stabilized and one spin-stabilized spacecraft.

The other missions were screened for such technical considerations as
tolerating very low thrust levels and the likelihood of being a new start. Nine

candidates passed this screening and are shown in Table 3,

The most likely mission candidates for ion propulsion from this screen-

ing process are:

International Telecommunications Satellite (Intelsat)
Tracking and Data Relay Satellites (TDRS)
Advanced Domestic Satellite (U.S. Domsats)

Storm Satellite (Stormsat)

Landsat

The program status and fundamental requirements for these missions are

summarized in Table 4,



Table 1. Possible Auxiliary Propulsion Applications for Ion Engines

A, Provide Added Velocity {Av}) for:

Requirement

Possible
Muoss Savings

Other Advantages

Potential Problems

North-south stationkeeping

Orbil sustenance {(low
carth orbit)

Tnitial station positioning

Change of station

l

East-west stationkeeping

Very large (100 kg
or mote}

Larpge

Large. if apogee
motor errors arc
significant

Modcrale

Slight

Low disturbances permit
tight pointing during
cperation

Fermils tight pointin
during operation

Can completely replace
hydrazine

Can completely replace
hydrazinc

Permits tight peinting.
Can completely replace
hydrazine .

Conlamipation must be
minimized

Array for addiiional
clectric power increcases”
drag

Requires many hours

Time to perflorm stlation
change may be oxcessive

B, Provide Allitude ‘Control

Torques for:

Attitude control duving
Av maneuvers

Acquisilion

Monientum dump

Moderate

Moderate

Moderate

Can completely replace
hydrazine

Can completely replace
hydrazine

Kliminates need of
geparaic momentum
dump mechanism (i.e.,
magnetic)., Small gim-

_balled engines permit

tight pointing during
payload operation

Two thrusters musi
operate together

Acquisition mancuver
may require change

May réguire changes in
altitude control subsys-
tem design
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Figure 1. Search for Candidate Payloads that can Benefit
from Ion Engines

3.1.3 Selection of Two Candidate Missions

Two candidate missions have been selected to represent the payloads
shown in Table 4. Mission 1 is a geosynchronous communications satellite,
called the Advanced Communications Satellite for this study. Mission 1is
representative of the class of satellite planned to provide active repeaters
which relay data between fixed earth-based stations. The mission is typi-
fied by the need to provide a fixed satellite location with respect to the earth
to eliminate the need for gimballed earth-based transponders {hence the need
for geosynchronous orbit with both north-south and east-west stationkeeping).
The satellite pointing requirements are moderate and are sized by the beam-
widths of the antenna subsystem, Cost considerations dictate long orbital
lives (7-10 years). There are military (DSCS-III), international commercial

(Intelsat V and Aerosat) and purely na.tional* (Advanced AT&T, Western

*Galled U.S. DOMSAT in Table 2.
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Table 2. Upcoming Synchronous Orbit Payloads (from Summarized
NASA Payload Descriptions - 1975) '

APPROX.  APPROX.
INITIAL  LAUNCH

PAYLOAD DEVELOPMENT LAUNCH MASS * STABILIZATION
NUMBER NAME AGENCY DATE {KG) MODE SPECIAL REQUIREMENTS
AS-05-A Advanced Radio Astronomy NASA 1983 596 3-axis ¢ Long (225m) bogms
Explorer
E0-09-A  Synchronous Earth Obser- NASA 1983 3300 3-axis ¢ Large (1.5m}
vatory Sateilite (SEQS) . telescope
*ED-15-A  Storm Satelilite NASA 1982 910 3-axis o Uses multimission
spacecraft
E0-57-A  Foreign Synchronous - Forejign 1982 _ 286 Spin » Return & refurhish
Meteorological Satellite {100 rpm} ¢ similar to GOES
(FSMs)
EO-58-A  Geosynchronous QOperational  NOAA 1982 286 Spin R » Operational version
’ Environmental Satellite (100 rpm) of SMS
{GOES)
¥CN~51-A  International Tele- COMSAT 1983 1&72 3-axis o Study had ion
communications Satellite Corp. thrusters
#(CN-52-A  U.S. DOMSAT-A NASA/FCC 1979 £59 Spin ¢ Despun antenna
{10 rpm) o Modified ANIK
WCN-53-A  U.5. DOMSAT-B FCC 1982 1472 3-axis # Study had ion
thrusters
*CN-54-A Disaster Warning Satellite  NASA/NOAA 1982 £83 3-axis # Study had ion
th_rusters
(N-55-A  Traffic Management MARAD/FAA 1982 298 3-axis
Satellite
CN-56-A Foreign Communications  Foreign 1982 308 3-axis
Satellite-A
®*CN-58-A .S, Tracking and Data NASA 1983 2100 3-axis # Shared mission
ReTay Satellite-C will require
north-south
CN-59-A Communication R&D/ ?(U.5.) 1983 1438 3-axis stationkeeping
Prototype Satellite ’
Military Defense Satellite Com- USAF 1982 1600 3-axis
munications System
(DSCS-IIT}
Military Others USAF 1982 1200 to  3-axis
3200 .

* Candidate payloads for ion engine auxiTiary propulsion

Union or RCA satellites) applications. Although each application tends to
have its unique requirements which dictate design variations, the require-
ments are sufficiently similar to provide a repreéentative example., The

sample selected for this study is a generalized, advanced Intelsat V.

Two of the missions shown in Table 4 will ugse the Multimission Modular
Spacecraft (MMS), NASA's standardized modular spacecraft that will be
adapted to various types of missions ranging from near-earth orbit to geo-

synchronous. The standard propulsion module for this spaceéraft uses
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Table 3. Upcoming Payloads Requiring Orbit Sustenance and Maneuvering

(from Summarized NASA Payload Descriptions, 1975)

APPROY. | ADDED APPROX.
ORBIVAL | LAUNCH | VELOCITY INITIAL
PAYLOAD ALTITUDE | Mass REQUIREMENT | LAUNCH
NUMBER PAYLOAD NAME {km) (kg) {ms) DATE COMMENTS
HE-01-A LARGE X-RAY TELESCOPE 463x463 | 11869 93 1982+
FACILITY
HE-03-A EXTENDED X-RAY SURVEY 370x370 8011 93 1982 +
HE-07-A SMALL HIGH ENERGY I71x371 595 103 1982+
SATELLITE
HE-08-A LARGE HIGH ENERGY 371x37 8700 93 1982 MAY BE HEAD-C REFLIGHT
OBSERVATORY A
{GAMMA RAY}
HE-09-A LARGE HIGH ENERGY 371x371 6591 93 1982 +
OBSERVATORY 8
{MAGNETIC SPECTRO-
METER)
HE-11-A LARGE HIGH ENERGY 463x463 67N 93 1982 +
OBSERVATORY D {1.2m
X-RAY TELESCOPE
E0-08-A LANDSAT-D {E0S-D) 700x700 1787 150 kg* 1979 | ORBIT ADJUST, ORBIT
TRANSFER AND ACS
MANEUVERS
E0-12-A TIR0S O 833x833 1636 178 kg* 1983 | ORBIT ADJUST, ORBIT
TRANSFER AND ACS
MANEUVERS
0P-04-A GRAVITY FIELD 300x300 1000 300 kg* 1981 "SURFACE FORCE
SATELLITE COMPENSATION"

* EXPENDABLE MASS

Table 4. Possible Payloads for lon Engines

~t L
& © = 2 J— £
= = = =~ a e
=3 o i~ = =
PAYLOAD - s & &) 82 G g S lwsfefd s [3
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hydrazine, using as much as 1000 1b (454 kg) of propellant in some

applications.

Mission 2 for this study is a l:ligh performanceé propulsion module for
the MMS. Two payloads are examined that represent two quite different uses
for this module. A geosynchronous mission (e.g., Stormsat) with north-south
stationkeeping is quite similar to Mission 1 but uses the MMS hardware. A
low earth orbit mission (e.g., standard Landsat) uses the ion engines for

orbit maneuvers and drag make-up.

3,1,3.1 Mission 1 Summary

The Mission 1l satellite is based on an advanced version of the Intelsat V
communications satellite. The mission and ground rules used to design the

ion engine auxiliary propulsion subsystem are shown in Table 5.

The spacecraft mass of 1000 kg represents the Atlas-Centaur launch
vehicle capability within a few years or the Space Shuttle with a spinning solid

upper stage. The rest of the parameters are directly from Intelsat V.

A sketch of the Intelsat V spacecraft with ion thrusters is shown in Fig-
ure 2 and details are shown in Figure 3. This represents the simplest form
of the Advanced dommunications Satellite mission. The spacecraift in geo-
synchronous orbit has its solar arrays deployed along the north-south axis.
The central body rotates once an orbit to continuously point at the earth while

the solar arrays maintain a sun-pointing attitude.

The ion engines are shown on the east-west faces of the central space-
craft body. They are pointed in the north and south directions and tilted out-

ward to minimize potential contamination of the solar arrays.

3.1.3.2 Mission 2 Summary

Mission 2 is a high-performance propulsion module for the MMS which
is the standardized spacecraft bus intended for a range of missions in the
Space Shuttle era. It is described in detail in reference 9. New projects can
be adapted to the capabilities of the MMS without going through a costly space-
craft design and development effort. NASA Goddard Space Flight Center
(GSF'C) is the technical manager for the MMS.

11



Table 5. Mission 1:

Advanced Communications Satellite

Payoff with ion propulsion

Orbit

Spacecraft mass
{(beginning of life})

Mission life

Total north-south
stationkeeping

Av requirement
North-south stationkeeping
Attitude control mode

Required pointing accuracy

Spacecraft power load
{end of life)

Bus voltage

Spacecraft power sources

20% more payload mass than
Intelsat V

Geosynchronous

1000 kg
7vyr

350 m/s

+0.1 deg

Body-stabilized momentum wheels

Roll 0,2 deg
Pitch 0.2 deg
Yaw 0.4 deg
1160 watts

27 to 42.5 volts

(1) Hybrid solar cells

(2) Lightweight nickel-cadmium
batteries

The MMS bus, shown in Figure 4, is composed of a module support

structure with major modules for (1) communications and data handling

(C&DH), (2) electric power, and (3) attitude control.
adapter structures to attach to the payload and launch vehicle and a standard
Tracking and Data Relay Satellite System (TDRSS) antenna. An.optic:nal pro-
pulsion module is used as required by the user mission.
unique subsystem elements which can be added to each module, such as a

tape recorder or additional batteries. Antennas and solar arrays are consid-

ered to be mission-unique,
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In addition, there are

There are mission-
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Figure 2. Advanced Communications Satellite
with Ion Auxiliary Propulsion

There are two propulsion/actuation modules now included in the stan-
dard MMS equipment list. Both use monopropellant hydrazine. The basic
small impulse spacecraft propulsion subsystem (SPS5-I) is sized to provide
orbit adjust and reaction control for a typical spacecraft mission. SPS-I