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ABSTRACT

Missionswith plannedlaunchdatesseveral yearsfrom
todayposesignificantdesignchallengesin properlyac-
countingfor technologyadvancesthat may occurin the
timeleadingupto actualspacecraftdesign,build, testand
launch. Conceptualmissionandspacecraftdesignsthat
rely solelyon off theshelf technologywill resultin con-
servativeestimatesthatmaynotbeattractiveor truly rep-
resentative of the missionasit actuallywill bedesigned
andbuilt. This pastsummer, aspart of oneof NASA’s
Vision MissionStudies,a groupof studentsat theLabo-
ratory for SpacecraftandMission Design(LSMD) have
developedandanalyzeddifferentNeptunemissionbase-
lines, and determinedthe benefitsof various assumed
technologyimprovements.Thebaselinemissionusesei-
thera chemicalpropulsionsystemor a solar-electricsys-
tem. Insertioninto orbit aroundNeptuneis achievedby
meansof aerocapture.Neptune’s large moon Triton is
usedasa tourengine.With thesetechnologiesacompre-
hensive Cassini-classinvestigationof the Neptunesys-
temis possible.Technologiesunderinvestigationinclude
the aerocaptureheatshield and thermalprotectionsys-
tem,bothchemicalandsolarelectricpropulsionsystems,
spacecraftpower, andenergy storagesystems.

Key words:Neptune;Triton; Aerocapture;Technology.

1. INTRODUCTION

The aim of this study is to quantify the benefitsof ad-
vancedtechnologyfor a Cassini-classmissionto Nep-
tune. This datawould be useful in guiding a technol-

ogy developmentprogramleadingup to sucha mission.
Given a price tag of almost$3B anda launchdatebe-
ginning in 2017,this missionwould likely have its own
technologydevelopmentprogram.

Therequirementsfor thismissionarethatit costnomore
than$5B, thata nuclearreactornot beused,that it must
be launchableby a Delta IV Heavy or lesserrocket, and
thatthetrip timenot exceed12 years.

Ourmethodologywasto constructabaselinemissionsat-
isfying theserequirements.For eachtechnologyareaun-
der study, the baselinewasreevaluatedassuminga rea-
sonablerangeof improvementin the technology. The
benefitswere quantifiedin terms of launch mass,and
wherepossible,cost.Thecostestimatesdonot,however,
includethecostof developingthetechnologyto thespec-
ified level. This wasbeyondthescopeof our study. Cost
estimatesweremadeusingthe2003JPL(JetPropulsion
Laboratory)CostModel.

1.1. Science Goals

Currentmodelssuggestthat Uranusand Neptunehave
similar compositionsandhistories,andthatexploringei-
theronewill yield usefulinformationabouttheother, and
aboutthe primordial solarsystem.Triton is believed to
beaKuiperbeltobjectcapturedby Neptune.Thusamis-
sionto Neptunewould alsogatherinformationaboutthe
Kuiperbelt. For thisreasonNeptuneis consideredamore
desirabletargetthanUranus,despitethedistance.

TheNeptunesystemhas4 majortargetsof investigation:
theplanet,therings,themagnetosphere,andTriton. The
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I.
�

Neptune 1. Measurethecompositionof Neptune’sdeepatmosphere
2. Measurethethermalstructureof Neptune’sdeepatmosphere
3. Measurethewindsof Neptune’sdeepatmosphere
4. Imagetheentireplanetatvariousspatiallocationsandtimes
5. Spectrallyimagetheplanetin UV to far-IR at variouslocationsandtimes
6. Measurethethree-dimensionalstructureof themagneticfield
7. Measurethethree-dimensionalstructureof thegravitationalfield
8. Measureatmosphericpropertiesof upperatmosphere

II. Triton 1. ImageTriton globallyat high resolution(100m)
2. Imageareasof Triton surfaceat veryhigh resolution(10m)
3. Spectrallyimagesurfacein UV to far-IR for surfacecomposition(100m)
4. Measuremagneticfield of Triton
5. Measuregravitationalfield of Triton
6. Measureatmosphericpropertiesof Triton
7. Examinerelevantgeologicproperties,includingplumesandsurfacefeatures
8. Mapsurfacetemperaturesof Triton

III. Rings 1. Imageringsathigh resolution(100m) anddetermineorbital characteristicsof rings
2. Imageminorsatellitesanddetermineorbital characteristicsof satellites
3. Imagering arcsin UV to far-IR at high resolution(100m)
4. ImageProteus,Larissa,andNereidin UV to far-IR at high resolution(100m)
5. Determinecompositionof largering bodiesandminorsatellites
6. Determinering particlesizeandcomposition
7. Determinecompositionandmassof Proteus,Larissa,andNereid
8. Measuremagneticfieldsproducedby ring bodiesor minor satellites,if any

IV. Magnetosphere 1. Observemagnetosphereat variousspatiallocationsandtimes
2. Determinecomposition,energy, temperature,anddistribution of particlestrappedin mag-

netosphere

Table 1. Measurement objectives

measurementobjectivesof the missionarepresentedin
Table1.

1.2. Model Overview

Themissionis modeledusingICEmaker(IntegratedCon-
current Engineering),a software tool developedat the
LSMD. It is a mediumfidelity model. Thespacecraftis
modeledat thecomponentlevel, with componentsinher-
ited or extrapolatedfor predictedtechnologyadvances.
Componentsaresizedaccordingtofirst principlessubject
to reasonableapproximations. For example, the struc-
turalbusis modeledwith rulesof thumbbasedoncontin-
uousmechanics,not finite elementanalysis.Thethermal
balanceis basedonly onradiativecalculations,with mar-
ginsto accommodateconductionthroughthebus.Orbital
mechanicsaremodeledasaseriesof two-bodyproblems,
but the SEPtrajectory is selectedfrom a set of trajec-
toriesdevelopedat the JetPropulsionLaboratory(JPL)
for NASA’s In SpacePropulsion(ISP) program. Con-
tingency is appliedat the systemlevel, basedon stan-
dardAIAA missionclasses.Aerocaptureis not modeled
computationally. Aerocaptureparameterswereestimated
basedmainlyon [3], [4], and[15].

2. BASELINE OVERVIEW

The baselinemissionconsistsof four modules:a Nep-
tuneorbiter, an atmosphericprobe,a Triton lander, and
a SEP(SolarElectric Propulsion)carrier. The total wet
masswithout contingency is 4224kg. This is launched
into a 10.26yeartrajectorywith a 4 yearsciencetour at
NeptuneandTriton. Insertionis accomplishedby aero-
capture. Furtherdetailsof the baselineare coveredby
subsystembelow.

2.1. Mission Design

A BoeingDeltaIV launchvehiclelifts thespacecraftto a
C3of 18436000m� /s� . Themissionthenusessolarelec-
tric propulsionwith a VJGA (VenusJupiterGravity As-
sist) to reachNeptunein 10.26years. The SEPengines
areshutoff at 3 AU (AstronomicalUnits), but the SEP
moduleis retaineduntil just prior to insertion,to carry
theprobeanda downlink antenna.5 monthsprior to in-
sertion,theprobeis releasedfrom thecarrier. Theprobe
entersNeptune’s atmosphereandrelaysits datato Earth
throughthecarrierjustbeforeaerocapture.

Aerocapturetakesplacewith anentryvelocityof 22km/s
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anda ��� of 6667m/s . Peakdecelerationis 22 g . The
designusesa slenderbodyellipsledaeroshell.Themass
fraction of the aeroshellwasassumedto be 28% of the
entrymass[3]. In light of morerecentstudiessuchas[4],
a massfraction of 44% would be morerealisticfor cur-
rentTPS(ThermalProtectiveSystem)technology. How-
ever, materialsadvancementscouldreasonablylowerthis
to 36%andcurrentestimatesof trailing balluteaeroshells
aremuchlower.

Thesciencephaseof themissionlastsfor 4 years,during
which theorbiterwill make a flyby of Triton onceevery
12 Earthdays.It will useTriton asanengineto increase
theinclinationof its orbit from near0° to � 75°.

Theorbiter releasestheTriton landerprior to oneof the
flybys. Thelanderuseschemicalrocketsto guideits de-
scentwith a ��� of 1125m/s.No aeroshellis usedfor the
lander. Thelanderwill surviveon thesurfacefor 8 hours
while relayingits datato theorbiter.

2.2. Thermal

Becauseof thewiderangeof thermalenvironments,from
Venus to Neptune, the spacecraftwas designedfor a
slight cold bias at Neptunewherethe thermalenviron-
mentis themoststable,andtheorbiter is operatingat its
highestpower levels. The craft is designedfor a target
operatingtemperaturebetween285K and308K.

Theresultingconfigurationusesa moderateheaterarray
with a total of 145 RHUs at 1 W each,supplemented
with 75-100W of cartridgeheatersfor colder areasof
thespacecraft.

Theorbiterusesa thermalcoatingwith emissivity in the
rangeof 0.1 - 0.07 (anodizedtitanium, somevaporde-
positedmetals). The solarabsorptivity is not a driving
factorin Neptuneorbit. For transit,theaeroshellandSEP
carrier stageusea Ag-AlO overcoat( �	��

� 
��������

����� ) dueto its low dependenceonsolarandIR radiation
to maintaintemperaturewhile still keepingthespacecraft
warmenoughduringeclipsesandballistic cruisebeyond
Jupiter.

The orbiter and SEPstageare also equippedwith de-
ployable heatpipe radiatorstotaling 9 m� coatedwith
MgO/AlO white paint ( �	��

� 
��������	

� ��� ). Addi-
tionally, the power processorsaremountedon the outer
surfaceSEPstagewith 0.4 m� of fixedradiatorareaper
unit.

A Freon-12pumpedfluid loop is usedto transportheat
from the RTGs to either the interior of the spacecraft
or to the radiators(modeledafter the systemusedon
MER). Internal orbiter and SEPcomponentsand tanks

arewrappedwith up to 7 kg of multi-layermylar insula-
tion (MLI).

The atmosphericprobeusesMLI on the body, as well
asa blunt conicalheatshieldwith backshellfor Neptune
entry, with 28 passiveRHUsfor internalheating.

The Triton lander, becauseof the extremecold environ-
mentof Triton (34K) usesa 1 cm layerof aerogelwhere
possible(weight ��
�� 
�
�� kg).

2.3. Propulsion

The orbiter propulsionsystemservesmainly to provide
trajectorycorrectionsandmanueversthroughoutthemis-
sion.UponreachingNeptune,theorbiterpropulsionsys-
tem puts the spacecraftinto the properentry trajectory
and performsthe periapsisraisemaneuver. Within the
Neptunesystem,it changesthe orbit’s planefrom equa-
torial to polarby usingTriton asacrankingengine.Com-
bined,thesemanueversrequirea ��� of 1770m/s.This is
providedwith adualmode,N � O /Hydrazinepropsulsion
system.Theorbiterhasa single5 kg thrustercapableof
445N thrust,ananalogto a TRW DMLAE (Dual Mode
Liquid ApogeeEngine). The propulsionrequirements
aremet with 277 kg of hydrazineand363 kg of N � O .
Two tanksareusedto storethe main andADACS (At-
titudeDeterminationandControl)propellantassuminga!#"%$'&

figureof 10,000m. To maintainproperpressure
levelsin thesetanks,roughly3.2kg of pressurantandan
18.7kg pressuranttankarealsopresent.In addition,the
propulsionsystemusesanother32 kg of supportcompo-
nents(plumbing,pressuretransducers,etc.).

BecausetheNeptuneprobeusesapassiveattitudecontrol
system,it hasnoneedfor a propulsionsystem.

The Triton lander is ejectedfrom the spacecrafton a
Triton approachwhile within the Neptunesystem. Its
propulsionsystemslowsthelanderto apoint severalme-
tersabove the Triton surface,at which point the lander
will dropandsoft-landon its compressiblelandingpads.
This sequenceof manueversrequiresa ��� of 1125m/s.
Thelanderusesa monopropellantsystemwith a single5
kg thrustercapableof 44.5N of thrust.AssuminganISP
of 285 s, 56.5kg of propellant(hydrazine)is neededto
meetthisrequirement.Also, roughly0.3kg of pressurant
areusedto maintainproperstorageof the hydrazinein
its tank. Using thesame

!#"($'&
asbeforeof 10,000m,

two 1.7kg tanksareusedto storethehydrazineandpres-
surant.Propellantlines,propulsionsystemmanagement,
andothersupportcomponentsadd2.8 kg of massto the
system.
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2.4. Telecom

Thescienceinstrumentsincludedin thebaselinerequire
anaveragetransmissionrateof 164kbpsfrom Neptune,
assuming8 hoursperdayof downlink time is available.
To meetthisgoaltheorbitercarriesa3.6m Ka-banddish
antenna.It broadcastswith 98 W RF (RadioFrequency)
power andanantennaefficiency of 65%. Thedatais en-
codedwith a rate � $ � turbocoderequiring �*) $,+�- �.

� �
for a BER (Bit Error Rate)of ��
0/21 . The groundsta-
tion wasassumedto be a 70 m DSN (DeepSpaceNet-
work) antennawith 70% efficiency, but an additional3
dB increasein gainwasassumedto accountfor planned
upgradesscheduledto becompletewell beforeNeptune
insertion [12]. An omnidirectionalemergency antenna
is not includedbecauseeven at Ka bandwith 98 W RF
power (a dubiouslypossiblepower level), themaximum
achievabledatarateis approximately1 bps.

Theorbiter includesa smaller1.2 m S bandantennafor
communicationwith the Triton lander. The landeruses
a wide-angleantennawith 1.4 W RF power for uplink
andno downlink. It hasno active pointing system,and
the designassumptionis that it can passively point the
antennato within 45°of theorbiterduringits shortlife.

The atmosphericprobeusesa similar S bandwide an-
gle antennawith 45° pointingaccuracy, but it broadcasts
at 3.5 W RF power. Sincethe orbiter is still within its
aeroshellat this point, the carrier stageincludesa 2 m
S bandantennato relay the probedata. S bandis used
asopposedto a higherfrequency to reduceatmospheric
losses.

The link betweenthe carrier stageand earthis accom-
plishedby meansof a 1.3m X bandantennawith 2.5 W
RFpower for downlink.

2.5. C&DH

The C&DH (Control and Data Handling) systemwas
modeledin low fidelity. No improvementsin this area
wereconsidered,sinceit isbelievedthattheprivatesector
will substantiallydevelop C&DH technologieswithout
NASA’s help. The orbiter used2 Harris RH-3000com-
putersfor redundancy and24GB of flashmemoryfrom
SEAKR. Thecarriermodulesharedtheorbiter’s C&DH
subsystem.Theprobeused1 HarrisRH-3000computer
andneedednoexternalstorage.Thelanderused1 Harris
RH-3000computerwith 768Mb of externalflashmem-
ory.

2.6. Power

Thespacecrafthasbeendesignatedbothan averageand
peakpowerduringeachof 8 missionphases.Theprimary
driver for the power systemis the last phase,Science,
both dueto larger peakpower requirements,andpower
decayassociatedwith radioisotopepowersources.

Thesciencephaseis tabulatedwith a peakpower of 895
W and an averagepower of 685 W (including battery
charge),both including a 40% contingency factor. Sec-
ondarybatteriesreducethe maximumpower loadby up
to 82 W with contingency, bringing the power supplied
by theRTGsto 813W end-of-life.

The beginning-of-life (BOL) power requirement,given� 14 yearsof missiontime, is met by 8 advancedstir-
ling RTGs,producingatotalpowerof 992W, with atotal
weight of 128 kg (124 W and16 kg each). The orbiter
carriesa15kg secondarylithium-ion batteryfor loaddis-
tribution in Neptuneorbit.

TheSEPstageis equippedwith 77.5m� of quad-junction
solar arraysto meet the specifiedtrajectory maximum
power of 31 kW BOL at 1 AU, with a weight of 240
kg. Additionally, theSEPstagecarries21 kg of primary
lithium thionyl-chloride batteriesto power both the or-
biter and SEPstageduring launch,until the RTGs are
broughtonline.

Theatmosphericprobeis poweredduring its descentby
14kg of lithium thionyl chloridebatteries.Duringcruise,
theprobeis connectedto theorbiterpowersystemvia an
umbilical connection.TheTriton landercarries17 kg of
batteries,andisalsopoweredby theorbiterduringtransit.

2.7. ADACS

Thepointingcontrol requirementduringcruiseis driven
by the pointing requirementsof the SEPstageantenna.
Near Neptune, the pointing accuracy neededis � .2°.
During this phaseof themission,attitudecontrol is pro-
videdby a setof twelve .22N hydrazinethrusterson the
SEPstage.TheSEPstagealsocarriesa full complement
of attitudecontrolsensors,including3 sunsensorsand3
startrackers. Inertial measurementsareprovidedby gy-
roscopesandaccelerometers(in an IMU) within the or-
biter. Major trajectorycontrolmaneuverscanbeaccom-
plishedby altering the thrust direction of the gimbaled
NEXT ion engines.

After theSEPstagedisengages,theorbiterperformsae-
rocapture.Altitude control is necessaryduringaerocap-
ture to compensatefor uncertaintiesin atmosphericden-
sity and to maintainan acceptableaerocapturecorridor
(i.e., to not go solow into theatmospherethatthespace-
craft burns up, or so high in the atmospherethat the
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spacecraftdoesnot successfullycaptureinto an appro-
priateNeptuneorbit). Control is provided by six 70 N
thrusterspiercingthecoolersideof theelipsledaeroshell.
Venting hydrazinefrom thesethrustersshould reduce
the heatconductedto the spacecraftthroughthe metal
plumbing. The expectedheatingrateswere not calcu-
lated,however.

After aerocapture,theaeroshellis shed,exposingasetof
sixteen.22 N thrustersthatprovide full 3-axiscontrol in
aperfectcouplesconfiguration(thethrustersfire in pairs,
suchthat thereis no net translatorymotionof thespace-
craft, only a net torque).The imagerbecomesthedriver
for thepointingcontrolof thespacecraftduringthisphase
of the mission. To satisfythis finer requirementaswell
as to improve pointing stability, the orbiter also carries
a setof 4 reactionwheels.To maximizethe durationof
bothscienceandtelecomoperations,thesciencepayload
is dividedbetweentwo scanplatforms.Thepowerbudget
wassizedto allow simultaneousdatacollectionandtele-
comtransmission,thusgreatlyincreasingthetotal quan-
tity of datatakenin themission.

2.8. Science & Instruments

Thenominalsciencetour of Neptuneis 4 yearslong. No
scienceobservationsaremadebeforearrival at Neptune
becauseall instrumentsareenclosedwithin theaeroshell.
All instrumentsare heritageor extrapolatedfrom other
missions.Thetotal sciencereturnis 21Tb.

The orbiter baselineincludesthe following instruments:
Radar altimeter (Cassini), USO (Ultra Stable Oscilla-
tor) (Cassini), wide and narrow angle imager (Mars
Observer Camera(MOC)), IR (InfraRed) spectrome-
ter (CassiniCompositeInfraRedSpectrometer(CIRS)),
visible/nearIR mappingspectrometer(CassiniVisible
and Infrared Mapping Spectrometer(VIMS)), UV (Ul-
traViolet) spectrometer(Galileo UltraViolet Spectrom-
eter (UVS) and Cassini UltraViolet Imaging Spectro-
graph (UVIS)), magnetometer(Galileo and Cassini),
dust instrument(Galileo Dust DetectorSystem(DDS)
and Cassini Cosmic Dust Analyzer (CDA)), plasma
subsystem(Galileo and Cassini PlasmaSpectrometer
(CAPS)), ion detector(Galileo Energetic Particle De-
tector (EPD)), cosmic ray detector (Voyager Cosmic
Ray System(CRS)), ion & neutral massspectrometer
(CassiniIon and Neutral Mass Spectrometer(INMS)),
plasmawaveinstrument(CassiniRadioandPlasmaWave
Science instrument (RPWS)), energetic neutral atom
instrument(Cassini Ion and Neutral Camera(INCA),
gamma ray spectrometer(Near Earth Asteroid Ren-
dezvous (NEAR) Gamma Ray Spectrometer(GRS)),
and microwave radiometer(NPOESS(National Polar-
orbiting Operational Environmental Satellite System)
PreparatoryProject (NPP) AdvancedTechnologyMi-
crowaveSounder(ATMS)). Theaveragedataratefor the

orbiteris 167kbpsandthemaximumrateis 342kbps.

The atmosphereprobe carries: Doppler wind instru-
ment (Cassini USO), atmosphericstructure package
(HuygensAtmosphericStructureInstrument(HASI) and
Galileo AtmosphericStructureInstrument(ASI)), net-
flux radiometer(GalileoNetFlux Radiometer(NFR)and
CassiniDescentImager SpectralRadiometer(DISR)),
neutral massspectrometer(Galileo ProbeMass Spec-
trometer (GPMS)), nephelometer(Galileo), and radio
emissiondetectors(Galileo Lightning and Radio emis-
sion Detectors(LRD)). The maximumdatarate is 132
bps,andthetotal returnis 570kb.

Thelandercarries:atmosphericstructurepackage(Huy-
gensHASI andGalileoASI), massspectrometer(Galileo
GPMS),imagers(DISR),APXS (MarsPathfinderAlpha
ProtonX-ray Spectrometer).The maximumdatarateis
2492bps,andthetotal returnis 68.5Mb.

3. RESULTS

Aerocaptureis an enablingtechnologyfor this mission.
Using SEPinjectionandchemicalinsertion,it wasnec-
essaryto eliminatetheprobe,orbiter, radaraltimeter, dust
instrument,cosmic ray detector, and energetic neutral
atominstrument.Thelaunchmargin wasjust 17 kg with
contingency. Using chemicalinjection andchemicalin-
sertion,we madethe aforementionedsacrificesandalso
lengthenedthecruisetime to 15.84years.We concluded
that without aerocapture,we could not meetthe science
objectives.

Fig.1 showsthetradespacebetweenaeroshellmassfrac-
tion andpayload.Herethepayloadis definedasthemass
of the orbiter’s instrumentsand the entire lander, since
the landeris carrieduntil afteraerocapturebut theprobe
is not. Thebaselinehasanaeroshellmassfractionof 28%
andapayloadof 472kg. Wenow believethatcontempo-
rary technologyis capableof no betterthen40–44%.An
improvementto 36% , just an 8% improvementin tech-
nology, wouldallow for 26kgadditionalpayload.

Of all technologyareas,theinstrumentshavethegreatest
marginal massyield. That is, a 1 kg changein instru-
mentmasson the orbiter yields a 5.7 kg changeon the
missionmass,assumingthattheinstruments’powercon-
sumptionscaleswith their mass.Most importantarethe
instrumentscarriedon the lander. Thereis a small-scale
deltaof 2.8 kg landerwet massfor every 1 kg of instru-
mentsaddedto thelander. Thisyieldsa �4365 rollup from
thelander’s instrumentsto themission’s total wetmass.

Fig. 2 shows the effects of increasedRTG energy den-
sity on thewet massof thespacecraft.Thebaselineused
Stirling 2.0generators,with 7.75W/kg. For comparison,
Cassiniusedsolid stateSiGe thermoelectricgenerators
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Figure 1. Allowable payload by aeroshell mass fraction.
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Figure 2. Effects of RTG technology on orbiter mass.

that achieved 5.07 W/kg. RTGs show a large rangeof
potential improvement,correspondingto a missionwet
masschangeof � 200kg.

The structuralmaterialwasalsoa high yield area. 11%
of the orbiter’s wet massis composedof the structural
material,so this shouldnot be surprising. The baseline
usesanaluminumbus,but agraphite/epoxycomposite,if
manufacturedproperly, hasthepotentialto reducespace-
craft structuremassby up to 66%dueto its high tensile
strength,high modulusof elasticity (stiffness)and low
density- as demonstratedby state-of-the-artcomposite
propellanttanks.SeeFig. 3.

However, replacingthe baseline’s propellanttankswith
advancedcompositeshasonly moderateyield. Thebase-
line assumeda slightly conservative

!#"($'&
of 10,000m

for the tanks. Stateof the art compositeoverwraptanks
canhave

!#"%$�&
ashigh as21,600m, andcorporations

claimthatthey candevelop
!#"%$�&

to ashighas100,000
m. However, asFig. 4 shows, therearediminishingre-
turnsin developingthetankspast30,000m.

Solarcell efficiency is a moderateyield area. Sincethe
solarcells arenot insertedinto Neptuneorbit, thereis a
smallerroll-up to the missionmass. Also, deficiencies
in the power of the SEPstagecan be accomodatedby
tradeoffs in missiondesign. For example,a VEEJSGA
(Venus-Earth-Earth-Jupiter-Saturn) trajectorywasfound
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Figure 4. Effects of tank material on launch mass.

that reachesNeptunein the sametime as the baseline.
Using this trajectory, the samepayloadcould be sentto
Neptunewith noSEPat all.

Advancedtelecomtechnologiesare also modeled. In-
flatableandmeshantennasareunableto directly reduce
missionmass. However, increasingantennasizeallows
for markedreductionin transmissionpower, allowing the
orbiter to use1 fewer RTG. SeeTable 2 for the sum-
mary. Antennamassestimatesare basedon [9]. In-
flatableantennashave low apertureefficiencies,complex
andheavy deploymentmechanisms,andlittle masssav-
ingsoverfixedantennasfor smallandmoderatesizedan-
tennas.Meshantennassimply cannotachieve low areal
densitiesat high frequencies.Theselimitations,coupled
with themodestbandwidthrequirementsof themission,
leadusto believethatadvancedantennadesignwill have
minimal payoff.

However, improvementsto theDSN areextremelybene-
ficial. An increasein link time from 8–20hoursperday
saves225 kg total on the mission. This is at a nominal
costof $20Mfor theaddedtime [22].
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AntennaType Fixed Inflatable Mesh Fixed
Diameter(m) 3.60 5.05 4.50 3.62
AntennaSystemMass(kg) 45.4 52.3 59.3 46.7
ApertureEfficiency (%) 65 40 65 65
RFPower (W) 97.5 68.0 69.0 32.0
DSN time(h/day) 8 8 8 20
LaunchMass(kg) 5312 5234 5265 5087
Savings(kg) 0 78 47 225

Table 2. Advanced antenna technologies

4. CONCLUSIONS

We conclude that a decadefrom now, for less than
Cassini’s cost, a deep-spacemissioncould answerkey
questionsaboutNeptune,Triton, and by extensionthe
Kuiper belt. Aerocaptureand RTGs are key enabling
technologiesfor this mission. Aerocapturein particu-
lar is in needof significantdevelopmentto supportthis
mission.TPSmaterial,aeroshelldesign,andaerocapture
guidancealgorithmsall requirework. Batteries,struc-
tural composites,DSN upgrades,andRTG energy den-
sitites are also enhancingtechnologies. We conclude
that developmentin thesetechnologyareaswill yield
thegreatestbenefitsto a Neptunemissionin thenext 13
years.

5. FURTHER STUDY

The obvious andnecessaryextensionof this study is to
estimatetheR&D costrequiredfor theseadvancements.
This wasbeyondthescopeof thepresentstudy, but nec-
essaryto make theresultstruly useful. Only in the case
of DSN time wasevenanestimatepossible.Thoughwe
did estimatemissioncostwith the2003JPLCostModel,
themodelis not calibratedfor nonexistenttechnology.

Additionally, we would like to considerRTG-powered
probesand landers. An RTG-poweredlanderwould be
able to collect useful datafor weeksor months. From
a sciencestandpoint,this would enableseismic stud-
ies,sheddinglight on Triton’s geysersandinternalcom-
position. An RTG-powered atmosphericprobe could
float aroundthe planeton a balloon,measuringtempo-
ral changesin theatmosphere.

Inflatableballutesare also a temptingoption for study.
They have thepotentialto greatlyreducethemassof the
aerocapturesystem.
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