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ABSTRACT

The National Aeronautics and Space Administraton’s New Millennium Program (NMP) is a spare
flight technology demonstration prograintlia: wil 1validate the technologics neededto carry out
the Earth and spare science missions NAS A cnvidons forthe 21st century, The program is
employing an mnovative decision- makiug process 1o select the specific technologies that will be
flight validated. First, NM]" hasarticulastcd NASA’s vision of science exploration for the next
centary, thenit hasdefined the capabilitics ne « ded to exccute thatvision, and finaly it will select
and demonstrate the revolutionary technolog es thut provide those capabilitics, thus enabling the

science vision.

The sclection criteria for the technologicsinciudaafour level process before the technologies arc
cvaluated for flight acceptance. ‘1 hesc founrstcps arcassesstnent of the technology value, assessment
of the probability of its readiness, dcterminstionof its expected value, and afinal stage of selection
whereby the optimum ix of techniolopicsis chosen for flight by the program manager before
being recommiended to NASA 1 deadquaias  Atier NASA HQapprovalof atechnology for flight,
further classification takes placerclegating tedhino ogics into an essential, fundamental, or enhancing
category. The technologies must also passithron, hthrec readiness checkpointsto ensure they will

be ready for flight.

The first NMP deep space mission seleciedis a comet/asteroid flyby, and a suite of 12 to 15

breakthrough tcchnologics has beenselectedfortlight validat ion onthismission. The mission plan
for this first of the New Millennium Progar’s techinology demonstration missions, 1) S 1, will be
presented. It will show the planned validation of 1 broad spectram of technologies critical to future

planctary exploration as well as the detsils of this mission’s use of solar clectric propulsion (SE])).

This type of propulsion has been selected for validation on the firstimission because, once validated,
SEP technology will allow future planctarymmissonsto be conductedinshorter trip times while
using staller launch vehicles, thereby reducing Tie cost of solar system exploration. In this paper,
the plan to vahdate ion propulsion technology vill be sunnnarized and the status of the activities
implementing that plan will be deseribed,

The evolution of SEP technology will syraprove t 1o pet fortnance and reduce the cost of future
planetary missions, whether dirccicdtowardthanner solarsysten or toward such outer planets as
Uranus and Pluto. The path of such cvolution vill be described. Inaddition, the propulsion

technologics being investigated for such demanding missions as examining the Kuiper Beltand the




Oort Cloud will be described, providig ancnsipht into the future evolution of solar system

exploration.

INTRODUCTION

The NASA visionof space and Farthiscicn cimine 21st century encomipasses frequent,  affordable
missions with highly focused objcitivey  TrndNow Millenmum Program will enable this vision of
scientific exploration by identifying shoriconnng.in current technology that prevent its realization.
NMP has foried a science working group (W) representing the range of NASA'S scientific
endeavors to articulate these high- priority capabihity needs, and breakthrough technologices
providing aflordable solutions will be soughtfronathe tech nology connmunity  through the
formation of integrated product developmentte s (IP1YTs) comprising representatives from
industry, universitics, non-profits, and othd pove rnment agencies. ‘] ‘echnologices that arc found to
most significantly contribute to achicving thepoilof frequentlaunches of exciting, affordable space
and Earth science missions will bescleciedachiph priority candidates for development and flight
validation.

NMP will emphasize those technologics thatsigihicantly contribute to reducing, the costs,
increasing the frequency, and enhaucing the sacrinfic value of future scicnce missions. It will
sponsor revolutionary technology advances thatofier significant jyew opportunitics for future
missions, but that have traditionally been dfhicalito incorporate into scicnce. missions because of
the inhcrently high risk associated witlithea tirstuse inspac €. “1'0 validate thesetechnologics,
NMTwill fly a series of validation fhghts s. rving as testbeds to demonstrate their performancein
operational mode. Thus, the vision determines thotechnologics that arc selected for flight, the
technologies define the nature of the validerionfights, the flights validate the technologics, and the

technologies in turn enable the vision, acilas fat, dinhgare 1

Vage 2- 4/16/96 - 1AA, Turin, Italy, June 23, 1996



VISION

TECHNCOLOGIES

% VALIDATION
FLIGHTS

,, GO/A}

1 iguie 1.NMP Progiam Process




Pi:OGRAMPROCESS

hpm

wal

HGURYE 1
TECHNOLOGY SELECTION 1'1<(1( 1:$S

Technologies validated on New Milleunia i flights will be determined ina three-pl)asc proms:

Phasc 1. Identification of candidate te Imologies
Phase 11 Sclection of technologics for fiight developiment
Phasc 111 Delivery of technologics for fhght

L the initial phase of technology sclection, abrodsuite Of breakthrough technologies will be
identified and incorporated within the tec 1 aolog . plans, of road maps, of the Integrated Product
Development Tecams (IP1Ts). These tedmalogns will be chosen for their potentialin enabling the
low-cost, frequent science missions that NASA Givisions for the 21t century. Concurrently, the
Architecture Development Tearn (Al ) 1) veill paicrate potential validation flights to serve as

testbeds for these key areas of technology.

In the sccond phase, specific techuologics recomnended by the 111 >0s for flight validation will be
subjected to amore rigorous sclectios process  (ritenaused to assess the inherent technical value
of the proposcd technologics will i tude 1onp t¢ mimpactonscience return and cost, the
revolutionary nature of the technologics, and the degree of risk reduction oflered by flight
vaidation. TheProgram Officcand AT, with viput from the Flight Team(s) and SWG, will
consider the combined technical valucof siites ot PIY TS proposed technologies appropriate for
validation on AlY 1 -proposcd flightsalong wihtticoverall science valucto bereturned, and other
programmatic and fiscal issues, inordertodentify andrecommend to NASA J 1Q a set of

validation flights and assoc. iatedtcchnologycomplements.
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After NASA } 1Q approva to proceed withtheselected flights and technologics, a Flight Lead will
be chosen, a Hight Team assembled, and asciof 1eadiness checkpoints will be set up to ensure
timely delivery of technologics to micctthcfliphtschedules. Thisrisk managemient approaches

designed to produce the best balance between atichnologry- rich mission and launches cm schedule

within cost. Iy this third phasc, thosc technologics which successfull y pass these checkpoints will

be integrated into and validated on the NMP fliphs,
PHASE 11: Selection of Technologicsfortlight Development

Four individual evaluations take placenithepnoc s of identifying technologics for development for

validation flights, as describedin the followmy:

1. Assessment of Technology Valug

Once the 11'11'1's have identified asct <.>fu‘\0Tuti(r;.arytcchn()logics, the question asto whichof
them should be space-flight validated st Iaad fressed. Thie following criteria have been

established and will be applied relative to cach technology to assess its value for incorporation into
NMP validation flights:

A. impact on 21st centuty sciencCimssions
B. Revolutionary nature of breakihirong h
C. Risk reduction by flight velichationi) the combined Expected Vaue of the

technologies and theircoOmPatibylity forintegm ation into candidate  validation

platforms.

In the not too distant future, spacc journeys using electric propulsion will be commonplace.
These electric propulsion systems will be pow cre. | by Jarge nuclear power gencrators to enable
journcys  for beyond  the bounds  of our systen Justhow fat in the future this will happen is
hard to predict today, hut it will happen. The solar clectric propulsion systein to be flown on the
NMP spacecraft is the first step inopening up the door (o eectric propulsion, be it solar or nuclear.
This will be a small step in this dis cction st L o the fist flight of the Kitty Flawk. Who would
have predictecy that through suchi 4 sinall sStp of | owered flight today’s aviation would grow. The
Kitty Hawk’s Jight was shorter than the v ing: span 0 f today’s 747 jumbo jet. Similarly, his
modest solar electric propulsion systein flight wil pave the way toward unimaginable eectric

propelled flights throughout out universe

The Appeal of Electric Propulsion
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Electric propulsion is a relatively sitnple concept  Inone of avaricty of ways electrical cnergy is
used to accelerate a propellant to anexhauvstvelolity greater than that possible using only the
chemical cnergy available in the molecularbonds of the propellant. Tt is this higher exhaust
velocity that provides the benefits of clectr e propulsion by increasing the impulse imparted to the
spacecraft by each gram of propcllant expendad (icasured by specific impulse, Isp). nut this
increased exhaust velocity comesataprice  Asconbescenfrom]igurcb- 1, electric propulsion
requires, inadditionto the propcllantsupply systanand the thrust producing device needed by
chemical propulsion systems, a soutce of ¢l ctricpowetand a power processor to produce the
controlled voltages and currents nceded by the thraster. These additional functions inercasc the dry
mass of an electric propulsion systc inabove thatof achemical propulsionsystem. “1'bus, the
impulse requited by a space missionnust be aboy ¢ a threshold value before electric propulsion
oflers anadvantage; and the greater the propulio requitement, the greater the advantage electric

propulsion provides.

Formany such missions electric propulsion ofictsthe opportunity to reduce the launch mass of the
spacecraft to a degree thata smallerlaunchvchicl s required than that needed were chemical
propulsion ecmployed. Alternatively, ths sun ¢ advantage could be usc(l to increase the functional
capability of the spacecraft. Thus, clecuicpropu don offers spacecraft and mission designers a
spectrum of choices from reduced Jaunch velindde | osts to more capable spaceerafl than would be
available were chemical propulsionused for the mnssion, Thisattributeis illustrated intigure E-2,
which shows that for a spectrum of comnctrender vous missions electrostatic ion propulsion carr
incrcase the payload of a given lavnch vehidde by »s muoc hras afactor oft wo, or it canreduce the

sizc of the launch vehicle required.
NASA’s Program To Validate Ton Propuldion Technology

Electric propulsion can take several for 1. Ar oncend of the spectr um are resistojets and arcjets,
which use electrical energy to hcataworking fluid to a high temperature thereby obtaining specific
impulses as high as 1,000 s, thoughmore commonly inthe range of 400 s to 600 s. At the high Isp
end of the electric propulsion spectram are ol ros tatic 1on thrusters, which jonize a propellant and
accelerate the ions through alarge voltage difivrence t high exhaust velocities. Gridded ion
thrusters, frequently called Kaufmen thyustons andHall effect throsters are examnples of this class of
electric propulsion. Hall effect devicesrequine sinpler power processing thangridded ion  thrusters
but have not demonstrated adequate Yifetunie ats)ecificimpulses of interest to planctary  missions.
Gridded ion thrusters have shown anlsp w11 o ess of that optimal for planctary missions

(3,000 see) and lifctimes approaching thaty ~cded for planctary missions.
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Since ion thrusters ofler the opportumty forala g, (lass of planctary missions (0 be accomplished in
less time while using smaller launch vehicdles, INASA decided to undertake the validation Of ion
propulsion technology. The NSTAR (INASA SEI” Lechmology Application Readiness) Program

was started in Fiscal Year 1993 (1 Y93) withithe following objectives:

. To obtain the data necessary to allow aprojcctmanager to bascline ion propulsion on a

spacecraft
.“1'0 stimulate commercial sotnces forand cenmmercialuses of ion propulsion technology

Beginning in FY93 the NSTAR prograin has undertaken to validate ion propulsion technology

using an approach with three principal clements:

. Identification of pertinent validation rcauire ments by involving usets in the process by which

requircments are generated;
¢ Validation of lifetime, performance, <l intepgration with a ground test program

» Mecasurcment of the interactions between the jon propulsion systern and the spacecraft,

including the space plasma, by peiforming experiments in space.

The ion thruster selected for validstion by the NNTAR program is a 30-cm gridded ion thruster
that operates wit Xenon propellant and wes desicned at the Lewis Rescarch Center (LeRC) to
operate for 10,000 hours at 5 kW with a spocific mnpulse of 3,200 s and an efficiency of 60%. Since
the ion engine had never been tested (o110,000 Lours, it was decided to “derate” the 1on engine
and under-lake to validate it to have ascrvice hife of 8,000 hours a a maximuminput power of 2.3
kW (corresponding to 83 kg throughputo! Xenen) and aspecificimpulse of 3,200 s and an
efliciency of 60%. With this derating, the NS AR system o flers the potential of providing in the
future a specific mass (kg/kW) twice thatof the systemi being validated sirnply by validating it for
its designed operation. A schematic of therorthraster is shownin Figure E-3.1t can be seen to
consist of a cylindrical/conical discharpe chanbenn which Xenon is ionized by electrons emitted
by a main cathodec located on the centerline of U thruster, a its martowest end. The  discharge
chamber is closed by two grids: anupstreansa reon grid and an aceelerator grid. An external
hollow cathode, called the ncutralizer, provides ine clectrons thatinaintain the eectrica neutrality

of the plasma exiting the thruster.

The NSTAR program is jointly sponsored by NASA’s Oflice of Space Science and Office of Space
Access and Technology and is manaped by the Loter. The NSTAR project is managed by NASA’s
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jet Propulsion 1aboratory (JPL), and is cxe0ted jomdy by 1P1, which is responsible for the Xenon
propellant storage and control systeimandsystien diagnostics, and by NASA’s 1.ewis Research

Center (LeRC), which is responsible for theonthrusterand power processing unit.

The NSTAR program began by convening worlshops to determine the per forinance and
attributes identified by users as being ipo ta it for anaon propulsion system. This information
was assessed using a QFD processto prionte thiscattributes and the functional parameters
associated with their realization. Once potentialasers hadidentificdtheattributes they  considered
mostimportant, and the QFD processhad operared o identify the technical parameters associated
with these attributes, the NSTAR prograni devehpedaset of specific validation requircients
intended to demonstrate the ability of ionjropulaon to provide theidentified  attributes. These
highest priority validation requircinentszrcshownin*l able 1i-1. The datancededto satisfy these
validation requirements arc obtained from the tv principal activities of the NSTAR program: 1)
ground-based testing to validate lifetime wnd performance and 2) in- space measurements to
characterize the interactions between the spacecr A including its nearby space plasma, and the ion
propulsion system. Equipment for the in«pacc portion of the NSTAR validation program, the ion
thrusters, power processors, andthc Xcnor storay and control system is being provided by

industry contractors.

The ground-based testing portion of th¢ NSTAR program began with a 2,000-hour test of an
engincering model thruster (EM'1), desipn. ted BRI T -1, with the purpose of identifying life-
limiting mechanisms present during, operation an 3 of quantifying the rates associated with these
processes. Following this test, severallife- notinganechanisms were identified which resultedin
engincering modifications being niade to the design of the main cathode, the screen grid electrical

circuit, and the surface of the discharge chenber

Then the reworked yersion of the fiust EMT, (i(mgnat('(WM'J “1b, was subjected to a 1,000-hour,
full-power test to determine the efbcacy of theenpineering change s At the conclusion of this test
it was determined that the lifedlill~itillp ratis obsirvedinthe earlier, 2,000 hour test had been

reduced to negligible levels.

A new EMT (Figure E-4), designated EMIT-2 ) vas fabricated for useinan 8,000 hour, fLII-power

life demonstration test, which also us eda Lrcad Loard power processing, unit (BB PPU), shown in
Figure 1-5. Both the EMT's and the BB PUT vee re fabricated by 1.eRC. This test was intended
to demonstrate the life capability of the o thruver, as well as to demonstrate the ability ofa sclf-

contained PPU to control the thrusterate Tpoveerlevelsand to automatically place the systemin a

safe state in the event ofa malfunction
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Two additional tests are planned for the N&'TAR ground-test program, Onc is intended to
demonstrate empirically the ability of the svsteimn o provide the required performance over the
entire scrvice lifetime, with a margin of 5075 onlie while operating for extended periods at
throttled conditions, as would aspaccaafltonaphnctary nission.  Therequired lifetime is 8,000
hours a full power, which translates toa X cnonthroughputof 83kg. A 50% margin requirement
increases this throughput to 125 kg Lifetiues tueninterpreted to incan aservice life equivalent
to a throughput of 83 kg, regardlessof  throttic Ieeel, withvasiimilarinterpretation for margin.
Thus, the earliest test will demonstrate life atfullpower conditions, which arc thought to be the
most stressful for the ion thruster. 1he nextrestto be performed, the Throtted Thruster Test, will
validate lifetime with extended operationzithrotded conditions. Justasthe earlier 8,000-hour test
is using anion thruster fabricated by the US. government, athruster functionally identical to the
flight units, and a government- supphed powe prozessor, the subsequent T hrotded Thruster Test
will employ aflight ion thruster andafliphi 1’PUL 1 his test will be followed by another, the
Thruster Cycling Test, which will also use afiighition thruster and PPU and will demonstrate the

on-o |-cycling life of the NSTAR systein

Thein- space clementof the NSTAR Progian v s Hlconsistof anion thruster, a power processing
unit, a digital controlinterface unit,z X oo propellant storage and control unit, and a diagnostics
system. The NSrI’Al<-provided cquipnentwall srovide the propulsion for the first technology
demonstration mission of the New Millcinuin | 'rogram, 1281, enabling the spacecraft to perform
flybys ¢ both anastcroid and a comet followmg s launch in the summer of 1998, A simplified
block diagram of the NSTAR flight systen for 128 1isshownin L igure }.- 6. Thepower from the
spacecraft, provided by the B MD(O’s SCARIE iincar concentrator solar array, is used to supply
high voltage (80 V to 160 V) andrcpulatcd 28 V' to the 1 igital ControlInterface Unit (DCIU)
and the Power Processing Unit (1)]'(1). *J ne | OO maintains the conmnand and telemectry
interface with the spacecraft (using: a 1553 (1 oto. ol), receiving and decoding commands from  the
spacecraft and providing telemetr y data to b downlinked to the ground by the spacecraft. The
power processing unit reccives commiands from the DCIU thattarn the jon thruster on and off and
set the operating power level establishied by the sacearaft. 1The PPU converts the input power
from the spacecraft into the voltapes and corrent commanded by the 12CU for the ion thruster
based on the opcrating power level €COMnmded iy the spacecraft. TheDCIUalso controls: the
flow control systemin the XEnOL Py onellan: Storage and Control Systern (PSCS) to ensure that
the flow rates for each of the ioncipine’siwo corhodes and that of themain flow arc appropriate
for the power level commanded by tticspaciraft The Xenon PSCS stores Xenon in a super-

critical state and distributes it to theion thruster

Page 8 —— 4/16/96 - 1AA, Turin, Italy, June 23, 1996




The final clement of the NSTAR flight systernis the diagnostics system (1 igure ii-7), which
consists of two multi-sensor units and a1 Nigital Scisor Electronics Unit (1)SEU). The DSEU
distribute 28 V power from the spacccraftio cacliof the multi-sensor units and provides data to
the spacecraft for transmission to the ground using a 1553 protocol  Each of the multi-sensor units
consists ofa Langmuir probe, arctarding, potentia’ @nalyzer, and a contatnination monitor that uses
a quartz. crystal microbalance and an optical scusor NSTARs diagnostics system is based on JP1 s
successful SAM MIES distributed scnsing: systeinandis provided, through a contract with JP1., by
Scientific, inc. (’'S1).

The experien ce gained during fabrication of the } MTs and 2 BB PPU by LelRC| and the results of
the long- duration and development tests inwhich these units were used provided essential data for
Hughes Elcctron Dynamics Division (FH1HD D) the contract or selected tor provide the flight ion
thrusters, PPUs | and DCIUs. HEDD, i tur, sefected Spectrume Astro to provide the DCIU

under a subcontract. T'his contractis miznaged byLeRC

Moog, Inc., Space Products Division a1 5 J1°l ente1ed into an agreement to develop and provide a
qualified Xenon propellant storage and controlsystem This system (Figare E-8) controls the flow
rates of Xcnonto the ion thruster’s discharye chz nber as well as to the two hollow cathodes with
high flow resistance flow restrictors. Fheinput p cssure to these restric tors is sensed by pressure
transducers monitored by the DCIU, which operates solenoid valves to maintain these pressures at
a level consistent with the thruster’s operatimg power level as determined by a preprogrammed
table and algorithms. The Xenon i stored i a b gh-pressure, filament- wound tank capable of

holding 83 kg of Xcnon at super- critical coudhitions.

At this writing, the NSTAR systemn iwell vnderway. ‘1 he ground test program has completed
full-power tests with the EMTs that laved 2,000 hours and 1,000 hours, and 1s now conducting an
8,000 -hour, full power test withanbENMTindal sBPPU. Priorto the startof the 8,000-hour test,
a comprchensive review of al available daataka) fromtests of the thrusterindicated wear-out

rates consistent with a thrustet life wellinoxcess of the planned 8,000- hour duration.

HEDD and Moog, inc. arc ncaring complitonof the designs for the flight equipment. The
schedule for Critical Design Reviews and tor thedelivery of flighthardware to the NMP 1X-1
spacecraft arc shownin Table 1:..11, Iudicaiedin | able 1] arc the planncd test programs for each of
the contractor-provided units. Acceptancetests  onsistof functional tests and a series of
environmental tests designed to verify perfonnance and workmanship, Protoflight tests consist of
cnvironmental tests to demonstrate the magmn dative to the predicted flight experience. The

Thruster Throttling Testand the Cycling ‘1 estconstitute the remainder of the gt-outl~-test
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program. The Thruster Throtthing Vestic alony duration test using the hardware elements shown
inTable E-11 | andis designed to validate the full service lifetime and Xenon throughput at reduced
power levels. The Cycling test is desipned to validate system operation a full power while

providing a scrvice cycle life of 5,000 on/off cycles

The il)-space portion of the NSTAR propranisdirected at measuting the interaction between the
ion propulsion system and the spacecraft including, eflects on the surrounding space plasia. The

NSTAR diagnostics package will dircctlymecasurcthe contamination and plasmacffects at critical
points on the spacecraft and EMI. In addicion, spccialized experiments will measure the effects of
ion propulsion on comimunications  (sroundtes:ing hasindicated that the effects of ion propulsion

onh communications are negligible; these in spacaincasurements ate expected to verify these data

Electrical parameters from the ion thrasterand PPUI measored on the spacecraft during ion thruster
operation will be transmitted to the grounc In, onjunction with datataken from navigation and
tracking mcasurcments, these data will bevsed to compare petformance data taken during ground
testing with in-flight experience. ‘1 he 0bicetive of this compatison is the validation of ground
testing as ether a “good” simulation of wi-pice operanon of anionthruster or as a conservative
onc. If ground testing isshown to be i, arnscr vative, thenan attempt to assess the degree of

consctvatistin will be made.

Further, the experience of integrating atiion proj ulsion system onto the DS- 1 spacecrafi and
operating 1t during the mussion flyby to 2 suer 0 1 andacometwillbeused to estimate the effect
of incorporating anion propulsion syst cinonthe DT (design, developmentand test) and

operations costs of a planctary mission

When completed, the NSTAR program wilthave validated t he pet formance of a2.5 kW ion
propulsion system capable of operation overaninput power range of 0.5 kWto 2.5 kW, having a
service life equivalent to a throughputof 83 kp of Xenon (egardless of power level)and having a
fu]l-power Isp of 3,100 s and overall (([1, ichoy of »5%. This validation will also have shown the
relationship between ground testing results wnd those obtained inspace. Furthar, the effect of
opcrating an jon propulsion systcrnonaplanctar! spacect aft will have beenassessed. Importantly,
industrial sources for ion propulsion, flightcaumpmant will have been putinplace (1 TEDID for ion

thrusters, PPUs, and DCIUs and Moog, Indfor M enon propellant storape and  control — systems).

Future Electric Propulsion Systeins

Theion propulsion system validated tHy thie NS TAT prograinrepresents the lowest level of the

performance of which high-perfonnance decticpropulsion is capable. 1 he performance of electric
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propulsion systems is often characterized by itesp. cific mass tertned “a”, thatis the ratio of the
mass of the electric propulsion systeintothe maxinum power that system processes. The a of the
NSTAR flight system for 1> S-1is approxinnately 50kg/kW, which includes propellant but not the
mass of the solar array. For systems that use morcthan one thruster and power processing unit, the
a for NSTAR could be expected to drop toavalvie of 30 kp/kW to 40 kp/kW. Relatively
straightforward 1mprovements to the NN TAR deagn, such as carbon- catbon grids to incrcase the
power handling capability of theionthrusterandio extend its lifctime by a factor of two, could be
expected to reduce the NSTAR aby afstcnof 2t o4, Further improvernents would be effected
by reducing the mass of the componcntsus: d forXenon propellantstorage and control, and by
designing the solar array so that the voltapesncecd by the clectric thr uster are provided by the
solar array directly, thereby replacing the PirUwithadevice to configurc the cells of the solar array
electrically. Such a solar array configurationis fic.yuently referred to as “direct drive”. Such
technology advances arc expectedtoleadulti-natily toanaof 2 to 5 for atclectric propulsion
system. A sunmnary of the cffect of these tichimolbgy advanc ements onmission performance 1s

shown in Figure E-9.

These improvements apply dircetly, Jikcth ¢ NS1TAR systen, to planctary spacecraft having a mass
greater than 25 to 50 kg, not including thatot tf]: clec t ric propulsion systenm. For smaller
spacecraft, a major technology challenpcwould b to keep the fraction of the spacecraft’s launch
mass associated with the electric propulionsystcn (or a chemical propulsion system) constant. To
do so would require the mass of the propellant steorageandcontrol systein’s cotnponents, of the
PPUs, and of the thrusters themselves to diogs proportionally with the reduction in the mass of the
spacecraft. Such a reduction implhics the application of technology advancements not being pursued

today.
Summary

The NSTAR program will vahidate porform uee 1d lifetime of low -power ion propulsion

technology for planetary mission applicanon:

The NSTAR program is on schedule 1o secomplish its objectives and provide a flight ion

propulsion system for the 1“)S 1 spucceirafi 01 the NASA New Millenniuim Program.
Future technology advancements for cleciricprolusion are to be directed at:

* Reducing the specific mass of ion propulson systerns
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* Maintaining, or reducing, the fraction of spacecraft Taunch mass devoted to electric

propulsion as the launch mass of planctary spacecraft is reduced below 25 kg,

Figures
E-1
E-2
E-3

E-4

E-9
‘1 ‘ables

E-1
E-11

Four clements of clectric propulsion
Capture diagrams for CRAE nnssions

lon Thruster cartoon

Photo of EMI-2 Co,
Photo of BB PPV S

Block Diagram of NSTAR flight system
Diagnostics System Block Dhagram - Jep

PSCS Schematic

Electric propulsion techuolopy 5 Curve

Validation Requirements

CDR, Delivery Date, Test Surmimay Fable
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Comparison of SEP and Chemical Propulsion
Asteroid and Comet Rendezvous Missions
Laqnched by Deltall (7925)
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- NSTAR Xenon Propellant Stor age and Control §ystem

1L.EGEND
Symbol  Component Description
Q’) Pressure Transducer
g\aj Service Valve
J
EZ }! Xenon Hilter

><S> Solenoid Valve.
><]_> 1 .atch Valve

<, Flex Line
[ - 1ow Restricton
m “l Voltage Isolator

Cathode Neutraliz
Flow Flow
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NSTAR Begins a New Era In Solar
System Transportation

Mission
Performance -

Ships of Space B

A~ywhare 'r Qn'ar

Syetem in 240 & yren

7-Yr Med-Light §
A Sotar an-Alr §

Med.Light MMBAR &

2t 3-Yr Comet § )
Rendezvous §

51to 6-Yr Comet }
Rendezvous §

Thermally
Initiated N2H a

(lsp=2205)

High-Votage Arrays,
TO0-N Thrust, o = 1.5 kg/kW

.
Y

Thin Em firegye, Yigh. ﬁ"-—*——

Frecuency PPUs, i
e = D : 3 5
= 20 Kg/KW \
Zirect-Drive Powar To

Plasma Englines,
o = 10 kg/kW

C-C Grids, Segmented

Engineg, o = 35 kg/kW

NSTAR lon Propuision, \

. = 50 Kg/kW

Advanced Concentrator
Arrays, o = 25 kg/kW

N2H4NMH

Leap Ahead
(lsp=3129)

\

'Hot Rocket'
(Isp =320 s)

CIF; BiProp

MON-10/MMH (flsp= 330 s) °

(Isp =305 s)

Calendar Time




Validate
Life
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Overview of Validation Reguirements

. Demonstrate a throughput of 83 X 1.5 kg of Xenon

Ferformance

e igh = 2 1A gonr

LAV I W 4

» Eff. overall > 55% (max. pwr.)
Mass |

» Total dry mass < 55 kg
Power

* ihrottiegbie from .5 KW fo 2.5 KW

Measure In-Space |nteractions

Direct .

. Contamination, communications, EMI, plasma

Indirect
.GN&C and Mission Operations
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Major NSTAR Program Events

__ Critical Des |qn Rewews

_ Date eview o Location
6/18/96 o lon Thruster HEDD

6 / 1 8/96 PowerProce ssing Unit ~ HEDD h
611 8/96 Diaital Control Interface Unit  HEDD

7/23/96 Propellant Storage and Control Systom - _JPL
8/14//96 Diagnostics vSyatem T JPL
“101596 _ NSTAR = JPL ~

e Flight Deliverables

Delivery
_Date._.. ... ) Deliverableltem
_s8dml9r. Propellant Storage ant{_Control_System
'8/1/97 L Diagnostics System
8/5197 lon Thruqtg_r__ 7 o
8/5/97 o - Power Processing Unit  ©
_8@92 T o IH(;n(leuntrol lnterface Un|t “ o
~Principal Ground Tests
_ Date ~ Test Hardware
11/94 2,000 Hours at fullpower Engincering Model Thruster
e oo e (EMT)
_.10/95__~" 1,000 hours atfullpower “ _ Modificd EpT -
__ 4/96 ~78,000 hours at full pawer - EMT& Bread E30ard PPU
12/97 Cife Margin Testwith  [“light lon Thruster and PF'U
P Throttling ~ Engineering Model PSCS
8/97~ "~ CyclelLife Test Flight lon Thruster and PPU

- . ____Engincering Model PSCS

—_—— e — — ———




