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PREFACE

The National Aeronautics and Space Adm nistration (NASA) is preparing
an Environmental Inpact Statenent (EIS) for its Cassini mssion to the planet
Saturn. To support the EIS, the Cassini Project office at the Jet Propul sion
Laboratory (JPL) has conpiled three volunes of technical infornation on the
Cassini Program Vol ume 1 describes the baseline Program i ncluding
spacecraft, |aunch vehicle, and m ssion design. Volunme 2 assesses potenti al
alternative mssion and spacecraft power designs. Volume 3 assesses the
probability of inadvertent spacecraft reentry into the Earth's atnosphere
after injection onto an Earth-escape trajectory and describes the strategies
used by the Project to mnimze that probability. This Executive Summary
provi des an overview of the information contained in Volumes 1, 2, and 3.
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SECTION 1
SUPPCRTI NG STUDI ES VOLUME 1: PROGRAM DESCRI PTI ON
1.1 EXPLCRI NG THE SATURNI AN SYSTEM

The planet Saturn has intrigued Earth-bound observers for centuries.
Saturn is nmore than nine tines as distant fromthe Sun as our hone pl anet.
Its intricate rings, storny skies, and variety of icy noons are believed to
have changed little since the birth of the solar system Saturn's |argest
satellite, Titan, is slightly larger than the planet nmercury and is the only
nmoon in our solar systemw th an appreci abl e at mosphere. Phot ochem ca
reactions in Titan's nitrogen-rich skies obscure an unknown surface that may
be at |least partially covered by oceans of organic nol ecules. A detailed
study of this noon may provide clues to the solar systems evol ution and how
life began on Earth.

The Cassini mission to Saturn will conduct |ong-term detailed
expl orations of the Saturnian system follow ng up on the findings of the
Pi oneer 11, Voyager 1, and Voyager 2 Saturn flybys of 1979, 1980, and 1981
respectively. Conducted jointly by NASA the European Space Agency (ESA), and
the Italian Space Agency (ASl), Cassini will performa four-year close-up
study of Saturn, its rings, magnetosphere, and noons, w th an enphasis on
Titan. This exploration strategy is simlar to the Galileo mssion to
Jupiter, using an orbiter and a parachuted probe.

1.2 THE CASSIN M SSI ON TO SATURN
1.2.1 The Trajectory

The baseline Cassini mssion is scheduled to begin with an Cctober 6,
1997 launch on a Titan 1V Solid Rocket Mtor Upgrade (SRWMJ)/ Centaur | aunch
vehicle fromthe Cape Canaveral Air Force Station in Florida. The spacecraft
will follow a 6.7-year path using a Venus-Venus-Earth-Jupiter-Gavity Assist
trajectory (or WEJ@&), traveling twice by the planet Venus in April 1998 and
June 1999, once past Earth in August 1999, and then by Jupiter for a fina
gravity assist in Decenber 2000 before proceeding on to Saturn (Figure 1-1).
Thi s roundabout course is designed so that each tinme the spacecraft sw ngs by
a planet, it gathers nore speed and receives the change in direction needed to
achi eve the next leg of the trajectory.

1.2.2 The Sci ence

After entering into orbit around Saturn in June 2004, the spacecraft
wi Il approach Titan in Novenber 2004. About three weeks before arriving at
Titan, the spacecraft will rel ease ESA's Huygens Probe. Delivery of the Probe
is essential to an investigation of Titan's surface structure, as well as the
chem cal conposition of and energy exchanges within its atnosphere. The Probe
will collect data during its 2.5-hour descent. The Obiter's radar will
penetrate Titan's atnosphere to image its surface, just as the Magell an
spacecraft did at Venus. (Because Titan is enshrouded by dense clouds, little
i s known about its surface topography or physical conposition.)
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Saturn's other noons are ice-covered bodies. Miltiple sw ngbys on
differing orbits will allow researchers to collect extensive science data on
these icy nmoons. Cassini will exam ne their physical characteristics and
i nvestigate their geological histories. of particular interest is the half-
dark, half-1ight noon, lapetus. The light side of this nmoon is believed to be
conposed of ice; the dark side possibly of organic material. Cassini's
findings may shed light on the nature of dark naterial observed on ot her
bodi es such as conets, asteroids, and Phobos and Dei nos, the noons of Mars.

The Voyager observations proved Saturn's ring systemto be nore
conpl ex than previously realized. However, little is known of how Saturn
acquired and organi zed the orbital debris conprising these rings. Cassini
will permt detailed studies of the ring systemstructure, its conposition and
its interactions with Saturn's nagnet osphere and satellites.

Saturn's magnet osphere is that regi on of space influenced by the
pl anet's nmagnetic field. Cassini will carry instrunents to study the
magnet ospheric environnment and its influence on Saturn's satellites and rings.
These investigations may help to explain the interacti on between planetary
material and radiation in the early solar system

oj ectives for the above-nentioned science investigations are
summari zed in Volune 1, Table 3-1.

1.2.3 Secondary and Backup M ssions

In the event Cassini is unable to launch an schedul ed i n Cctober 1997
due to a nal function, inclenment weather, or sonme other circunstance, two
al ternative-launch m ssions have been identified. Since the release of the
supporting studies, a secondary m ssion using a Decenber 1997 | aunch date and
a Venue-Earth-Earth-Gavity-Assist (VEEGA) trajectory with an 8.8-year trip to
Saturn has been defined. The backup m ssion, which could be | aunched in March
1999, woul d al so use a VEEGA trajectory, but would take 9.8 years to reach
Saturn. The secondary and backup m ssions would arrive at Saturn in 2006 and
2008, respectively. Ether arrival date would present a less scientifically
advant ageous geonetry of Saturn's rings in relation to both the spacecraft and
the Earth. These m ssions woul d al so have degraded science return due to the
effect of their |longer duration on the power output fromthe RTGs. The |ater
arrival dates would also entail programmatic inpacts in terns of increased
cost and the ability to sustain U S. agreenments with Cassini's internationa
partners.

1.3 THE CASSI N SPACECRAFT AND LAUNCH VEH CLE
1.3.1 The Spacecraft

The Cassini spacecraft (Figure 1-2) consists of an Obiter and the
Huygens Titan Probe. Wth a full fuel load and the | aunch vehicl e adapter
the mass of the Orbiter and Probe approaches 5824 kg (nearly 12,840 |b) and
will be the largest interplanetary vehicle ever |aunched fromEarth. The nmain
body of the Obiter in a cylindrical shell housing the propellant tanks on top
of this structure in a 12-sided "bus" containing the spacecraft’'s el ectronics
and the high gain antenna.
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Suspended fromthe bottomof the Obiter are two |liquid propellant rocket

engi nes. Science instrunments, attitude control thrusters, and the Huygens
Probe are externally attached to the Orbiter's main body. of all the elenents
on the Cassini spacecraft, those nmost relevant to assessing potenti al
environnental inpacts in the unlikely event of a severe |aunch accident or

i nadvertent reentry during an Earth sw ngby are the Radi oi sot ope

Thernoel ectric Generators =~ (RTGs) and the Radioi sotope Heater Units =~ (RHUS).

Anong the factors consi dered when sel ecting a spacecraft power source
are safety, reliability, durability, and availability. After weighing all the
requi renents, three RTG have been sel ected as the power source best suited
for the baseline Cassini spacecraft. Each RTGis fueled wth approxinately
10.8 kg (24 Ib) of the plutoniumdioxide fuel form (Only about 80 percent of
the fuel is Pu-238 dioxide at |aunch.) These power sources are rugged,
conpact, dependabl e, and have been used safely for three decades of planetary
expl orati on.

Aboard Cassini, RHUs will be essential for nany of the conponents to
survive the frozen reaches of the outer solar system Filled with about 2.7 g
(0.006 I b) of plutoniumdioxide fuel form each RHU will produce one thernal
watt of heat. They will be |ocated near spacecraft conponents that nust be
kept above a certain tenperature to operate properly. The Cassini Obiter and
the Huygens Probe together will use approxi mately 157 of these RHUs.

1.3.2 The Launch Vehicl e

The basel ine Cassini |aunch vehicle is the Titan IV Solid Rocket Mt or
Upgrade (SRMJ)/ Centaur. This unmanned | aunch system (Fi gure 1-3) consists of
a core vehicle, two solid rocket motors, the Centaur upper stage, and a
payl oad fairing. The core vehicle, a two-stage liquid propellant rocket, has
one SRMUJ attached to each side. The Centaur upper stage is held atop the core
vehicl e by an adapter, and supplenents the Titan IVin lifting the spacecraft
into Earth orbit. After the spacecraft has reached its optimal position in
Earth orbit, the Centaur is restarted, boosting the spacecraft along the first
leg of its planned route to Saturn. The Centaur is propelled by two engi nes
fueled by liquid hydrogen and |iquid oxygen. The Cassini spacecraft is
attached to a structural adapter on top of the Centaur. A payload fairing
covers both the spacecraft and Centaur upper stage, providing aerodynam c and
thermal protection during the ascent to Earth orbit.

Used to power the spacecraft.
" Used for temperature control.
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SECTION 2
SUPPCRTI NG STUDI ES VOLUME 2: ALTERNATE M SSI ON AND POAER STUDY
2.1 METHCDOLOGY

The study described in this summary was executed in three stages: 1)
identification of alternatives, 2) characterization, and 3) conparison. The
first stage, alternative identification, involved selecting the m ssion and
power options satisfying the following three criteria. First, the
alternatives had to be capabl e of achieving the science objectives established
for the Cassini mssion. Second, they had to have the potential for
substantially reduci ng the possible environmental inpact associated with the
baseline m ssion, the principal source of that inpact being the potenti al
rel ease of radioactive material fromthe RTGs in the unlikely event of a
severe accident. Third and finally, the alternatives had to be technically
feasible to inplement within the tine frame associated with the baseline
mssion. Alternatives satisfying all three of these criteria were then
carried into the second stage of the study.

In the second stage, characterization, the feasible mssion and power
alternatives received nore detailed analyses in terns of their science- and
programrel evant spacecraft and m ssion characteristics.

In the study's final stage, conparison, the science- and program
rel evant spacecraft and m ssion characteristics of each alternative were used
to assess its overall scientific and programratic inpact relative to the
basel i ne m ssi on

2.2 I DENTI FYI NG M SSI ON ALTERNATI VES

As stated above, the principal source of an environnmental inpact by
the baseline Cassini mssion wuld be the potential release of radioactive
material fromthe RTGs in the unlikely event of a severe accident. An attenpt
was made 1) to identify mssions that would elimnate the reentry potenti al
posed by an Earth swingby and 2) to identify power source alternatives to the
RTGs. In seeking to identify mission alternatives, the study investigated
using three types of trajectories (direct, gravity-assist, and lowthrust) in
conbination with a nmultitude of different |aunch vehicle conbinations. These
m ssion and power alternatives are described bel ow

2.2.1 Direct Trajectories

A highly desirable course for a planetary mssion is to trave
directly fromEarth to the desired planet. Direct trajectories provide
relatively short flight tinmes and earlier science return, |ower operations
costs, less mssion conplexity, and reduced possibility of a spacecraft
mal function. For Cassini, a direct trajectory would reduce flight time by
approximately two to five years and save m ssion operations costs, relative to
various gravity-assist trajectory options. No U S |launch vehicle currently
provi des sufficient |aunch energy to enable a direct trajectory to Saturn for
the basel i ned Cassini spacecraft design. Wile a
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Russi an Energia with an appropri ate upper stage appears potentially capabl e of
achieving a direct trajectory, insufficient infornmation exists to support

eval uation of this |aunch vehicle as an alternative to the baseline Cassini

m ssi on (see Subsection 2.2.2.2).

2.2.2 (@Qavity-Assist Trajectories

Qavity-assist trajectories use one or nore planetary sw ngbys to
i ncrease speed and change a spacecraft's direction. Conpared to direct
trajectories, gravity-assist trajectories significantly |ower the energy
needed to | aunch a spacecraft to another planet fromEarth. FPioneer 11
Mariner 10, and Voyagers 1 and 2 used gravity-assist trajectories to change
their velocity enough to travel to nore than one planet. The @Glileo
spacecraft flew by Venue once and Earth tw ce, sending the spacecraft on to a
Decenber 1995 arrival at Jupiter

2.2.2.1 Qavity-Assist Trajectories Using U S. Launch Vehicles

Performance and availability were the overriding considerations in
selecting a feasible candidate fromthe multitude of |aunch systens exam ned
inthis study. Qurrently, large planetary mssions using U S |aunch vehicles
are limted to: 1) the Space Transportation System (STS) with an lnertia
Upper Stage (1US), or with an IUS and a Payl oad Assi st Mdul e- Special (PAMYS);
2) the Titan IV Solid Rocket Mdtor (SRV/Centaur; and 3) the soon-to-be-
available Titan IV Solid Rocket Modtor Upgrade (SRWMJ))/Centaur. Al of these
l aunch systenms are currently in existence, with the exception of the Titan IV
(SRMJ). The SRWJ programin funded for system devel opnent, which satisfies
the feasibility requirenments for technol ogy readi ness. Wen available, the
Titan 1V (SRMJ)/Centaur will be the nost capable U S. |aunch systemfor
pl anetary m ssions. The requirenent to consider only those | aunch vehicles
that exist or are on a firmdevel opnent schedul e el i mnated the Upgraded and
Singl e Engi ne Centaurs and any ot her "now booster concepts” fromfurther
consi derati on.

2.2.2.1.1 The March 1996 VWUJIGA Alternate M ssion

The March 1996 VWVJCGA m ssion woul d | aunch nore than 1-1/2 years
earlier than the baseline and arrive at Saturn in July 2005, nore than a year
| ater than the baseline. Accelerating devel opment consistent with this
earlier launch date would require the support of BSA and ASI. It is likely
that several instruments woul d have to be dropped fromthe spacecraft, as they
could not be conpleted in tine to nmeet the earlier |aunch date. The
spacecraft woul d al so have less testing tinme, which would increase devel oprent
risk. Accel erated spacecraft hardware deliveries would result in contract
cost increases: while these cost increases have not been quantified, JPL has
concluded that the earlier |aunch would not reduce devel opnent costs bel ow t he
total devel opnent costs for the 1997 mssion. |In particular, significant
spendi ng i ncreases in FY 1994 t hrough FY 1996 would be required. A so, the
9.4-year flight tinme (conpared to 6.7 years for the baseline m ssion) would
i ncrease m ssion operations costs by approximately $30 M per year, a total of
$81 M (FY 1993 dol | ars).
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In general, Saturn systemscience return fromthis alternative would
probably be simlar to that anticipated fromthe baseline. However, the |ater
arrival date corresponds to a Saturn ring orientation that is increasingly
edge-on relative to the Earth and Sun. This edge-on orientation allows |ess
sunlight toillumnate the rings and interferes with spacecraft-to-Earth
signals probing the rings' structure. These effects |lead to sonmewhat degraded
optical and radi o observations of Saturn's rings. Saturn system science woul d
al so be degraded by the effect of the | onger m ssion duration on the power
output fromthe RTGs. As the RTGthernoelectric and fuel degrade with tine,
the power avail able for sinultaneous science instrument observations
di m ni shes.

The VWVICA mission al so invol ves the hei ght ened possibility of
spacecraft mal functions relative to the baseline, a result of the |onger
cruise time's prol onged exposure to risks inherent in the space environnent
and the increased wear on spacecraft conponents. Even though the VWJGA
trajectory does not entail an Earth swingby, there is a renote possibility
that the spacecraft could eventually reencounter the Earth if the spacecraft
becormes uncomrandabl e before Saturn orbit insertion (SO) and enbarks on an
Eart h-crossing orbit around the Sun

The March 1996 alternate mission also lacks a tinely backup m ssion
The March 2001 VWVCA trajectory (described bel ow as an alternate m ssion)
woul d have to serve as the backup m ssion, but woul d necessitate storage of
t he spacecraft and mai nt enance of Cassini personnel for several years. There
are, on the other hand, a nunber of trajectories utilizing Earth sw ngbys
whi ch were consi dered as backups for the current baseline WEJGA ni ssion and
launch as little as six nonths after the baseline. However, such Earth
swi ngby backups woul d not constitute environnental ly significant alternatives.

2.2.2.1.2 The March 2001 VWA Alternate M ssion

This mssion would | aunch in March 2001 and arrive at Saturn about
10.4 years later. However, once at Saturn, the spacecraft's propellant would
be depl eted before Cassini's conplete science objectives and investigations
are fulfilled. This fact enphasizes the marginal nature of this mssion as an
alternative to the baseline or as a backup to the March 1996 VWVJCA alternate
mssion. Simlar to the VWJGA trajectory, using a VWVGA trajectory entails
the renmote possibility of reencountering the Earth if the spacecraft becomnes
uncomrandabl e before SAO. Furthernmore, no potential non-Earth gravity-assist
backups to the March 2001 VWVGA al ternate m ssion have been identified.

A nunber of neasures would have to be taken to reduce the propellant
requi renents and make the March 2001 VWWGA alternate a usable mssion. A
conbi nation of trimmng spacecraft mass and trajectory adjustnent woul d
probably allowa Titan IV (SRMJ))/Centaur to provide sufficient |aunch energy
to acconplish the mssion. However, the m ssion would not be possible with a
Titan IV (SR /Centaur. In any event, this alternative would have little
resiliency to unexpected increases in spacecraft mass or reductions in |aunch
system performance. Due to the |onger m ssion duration associated with the
VWGEA, the RTGs woul d experience nore power degradati on than the baseline.
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The VWV s 2010 arrival date also entails, for the first year or so
of the tour, a degradation in ring science simlar to the |last year of the
baseline tour. This later arrival date would al so entail programmatic inpacts
such as those nentioned in relation to the backup m ssion

The del ayed | aunch (nore than three years) and greatly extended
duration (10.4 years) of this mssion alternative would have a significant
i mpact on overall devel opment and m ssion operations costs. Assuming that the
spacecraft was devel oped on the established 1997 baseline schedule, it would
then be placed in storage to wait until the 2001 [ aunch opportunity, at a cost
of $2 M (FY 1993 dollars) per year, for a total cost of roughly $6 M (FY 1993
dollars). Additional testing follow ng renmoval from storage and preparation
for launch woul d cost an estinmated additional $75 M (FY 1993 dollars).

2.2.2.2 (Qavity-Assist Trajectories Using the Russian Energia

When exam ni ng non-U. S. | aunch vehicles, the Russian Energia, given
the appropriate upper stages, appeared potentially capable of sending Cassini
to Saturn on a Jupiter gravity-assist trajectory. Such a trajectory could
provi de several advantages over the baseline mssion, such as elimnating an
Earth sw ngby, reducing flight time, and decreasi ng cruise operations costs.
However, detailed technical information on Energia is not yet available to
accurately evaluate its feasibility as a Cassini |aunch vehicle. Energials
very brief flight history calls into question the long-termreliability and
availability of this system Only two Energia | aunch vehicl es have fl own, and
the upper stage failed on one of them There have been no Energia flights for
nearly five years

When considering the above-noted itens, as well as existing U S
pol i cy concerning the use of Russian |aunch vehicles, too many questions
remai n unanswer ed about the Russian Energials perfornmance capabilities and
reliability for it to be deenmed a feasible Cassini nission |aunch vehicle
option. Pending further devel opments, this |aunch system may becomne
technically "potentially feasible". Accordingly, a detailed conparison with
the baseline is currently not practical due to insufficient information

2.2.3 Low Thrust Trajectories

Systens capabl e of producing lowthr wust trajectories (solar electric
propul sion, nuclear electric propul sion, solar thermal propulsion, solar
sails, etc.) have been extensively studied over the |last 30 years, but have
not yet been devel oped for interplanetary flight. O these systens, solar
electric propulsion (SEP) is the nmost nature and best understood. The
devel opnent of SEP technol ogi es does not conformto the baseline tinme frane.
Moreover, the SEP option cannot satisfy all of the spacecraft's propul sion and
power requirements at Saturn; because of Saturn's distance fromthe Sun, an
SEP option would still require chem cal propul sion and radi oi sot ope power
augmnent at i on.
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Insert for Cassini Program Environmental Impact Statement Supporting Study,
Executive Summary, after Section 2.2.2.1.2 (p. 2-4).

New Information Regarding The March 2001 VVVGA Trajectory

It has been determined that if Cassini were launched with the Titan IV
(SRMU)/Centaur, then the March 2001 VVVGA trajectory would only meet project
requirements if the spacecraft used the currently non-space qualified rhenium main engine. A
non-Earth gravity assist backup trajectory to the March 2001 VVVGA could only be possible if
Cassini used a more powerful launch system than the baseline. However, VEEGA trajectories
periodically are available as backups to the March 2001 VVVGA. There are a number of
concerns with respect to the March 2001 VVVGA, and these are discussed in Volume 2.



2.3 I DENTI FYI NG POANER ALTERNATI VES

To the extent that an environmental |y neani ngful alternative to
Cassini's baseline power systemis one that would reduce or elimnate the risk
of plutoniumrel ease in the unlikely event of a severe accident, such
reducti on coul d be achi eved by: 1) substituting another, |ess potentially
hazar dous substance for the plutoniumin the RTGs, 2) devel opi ng desi gns using
| ess plutonium 3) using a nuclear reactor, or 4) using a nonnucl ear power
sour ce.

2.3.1 Substituting for Plutonium

Two possible alternatives to plutonium 238 an a radi oacti ve heat
source for RTGs include strontium90 and curium244. A careful exam nation of
each isotope's properties and production requirenents reveal ed that neither
constitutes an environmental ly significant alternative. Both pose extensive
gamra and/or neutron radi ati on hazards to the spacecraft and would require
extensive shielding. |In addition, neither can be produced with currently
avail able facilities.

2.3.2 Using Less Pl utonium

If a mssion could be acconplished using | ess plutonium the potentia
envi ronnent al hazard associated with an accident would be reduced. A variety
of alternative static and dynam c power conversion systens using |ess
plutoniumto generate the same anount of electrical power have been exam ned
(e.g., alkali metal thermoelectric conversion, thernmophotovoltaics). Al of
these alternative power systens, however, manifest serious technol ogy issues
that cannot be resolved in tine to benefit the Cassini mssion

2.3.3 Using a Nucl ear Reactor

From an environnmental risk standpoint, nuclear reactors offer an
advantage in that they can be | aunched "col d", or in a-non-operating node.
Before activation, the inventory of environnentally detrimental fission by-
products in very snall. However, reactors of the size and operating lifetine
suitable for Cassini do not exist and are not under devel opnent.

2.3.4 Using a Non-Nucl ear Power Source

Fuel cells, the power source for the STS Orbiter, have never displ ayed
the operational life needed for planetary mssions. A so, the mass of storage
batteri es needed to power Cassini greatly exceeds current |aunch vehicle lift
capabilities.

Only solar photovoltaic arrays exhibit potential conpatibility with
Cassini's power and operational needs. This conpatibility is questionable
because Cassini's period of |argest power demand occurs when it is between
1.34 and 1.38 billion kilonmeters (between 9.0 and 9.3 AU, or 840 and 865
mllion mles) anay fromthe Sun. At these great distances, sunlight
intensity is only about one percent of what it in at the Earth. To the extent
that new, gallium arseni de Advanced Photovoltaic Solar Array (APSA) technol ogy
mght lead to arrays of a reasonable mass despite this
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low sunlight intensity, all-solar spacecraft point designs incorporating the
t echnol ogy (described below) were carried out to investigate solar array
conpatibility with Cassini's power and operational needs.

2.4 ALL- SOLAR DESI GN | NVESTI GATI ONS

Because s ol ar photovol taic arrays exhibited a possible conpatibility
with Cassini's power and operational needs during the identification phase of
the study, the characterization phase invol ved devel opnent of a detailed all-
sol ar point design. The point design sought to retain as nuch science as
possible, in accordance with this study's science objective satisfaction
criterion. In keeping with this philosophy, the all-solar design was
devel oped with turntables and scan platforns to offset the extremely long turn
times that would result fromthe required array size. The design's solar
arrays were determned to enconpass 598 square neters (about 6430 square
feet), with an associ ated spacecraft nass increase of over 1337 kg (2948 IDb),
greatly exceedi ng | aunch vehicle mass constraints. The all-solar Cassini
woul d utilize four wings, each five times the size of a Hubbl e Space Tel escope
wing. The depl oynment of these |arge, massive spacecraft appendages adds
considerable risk to the mssion as conpared to the baseline, for which
depl oynent of the RTGs is not required. Even after incorporating this greatly
i ncreased mass and risk, the associated spacecraft design failed to manifest
m ssi on and perfornance characteristics capable of satisfying Cassini's
m ni mum sci ence obj ecti ves.

Several variations on this all-solar design were then devel oped wth
the goal of reducing the nass of the solar arrays. These variations included
conbi ning RTGs with solar arrays, using concentrators to focus sunlight on the
arrays, and sol ar propul sion technologies. Al of these options involved
consi derabl e technical conplexity, increased cost, and el evated risk, as well
as di m ni shed science return

Anot her point design ained at mass reducti on was then undertaken. In
this version, instrunments were fixed to the body of the spacecraft rather than
bei ng mounted on turntabl es and scan platforns, thereby reduci ng nmass and
requi red power at the expense of subjecting instrument observations to the
constraint of array-induced, increased turn times. The resulting science
i mpact s i ncl uded:

(1) increased tines for inmage nosaics,
(2) inadequate turn rates for fields and particles instruments,

(3) reduced image resolution due to i nadequate target notion
conpensati on

(4) lose of instrunent observation tine during turns for communicati ng
with Earth, and

(5 insufficient turn rates to support radar observation of Titan's
cl oud- enshrouded surface.
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To further reduce array size and correspondi ng spacecraft nass, power

to the instrunent conplenent was cut by 50 percent -- a reduction that |eads
to an even greater sacrifice of science return. Nevertheless, the tota
spacecraft mass, including the |aunch adapter and propellants, still exceeded

[ aunch vehicle mass constraints by about 59 kg (130 | b). Only by disregarding
[ aunch vehicl e contingency margins and reserves was it possible to meet |aunch
vehi cl e mass constraints. However, discounting |aunch vehicle contingency
margi ns and reserves cannot realistically be done - past experience has
repeatedly denmonstrated that such margins and reserves are required for a
successful mssion. Wile nethods for engineering around sone of the above
science difficulties may exist, these nmethods will severely exacerbate the
mass probl ens just discussed.

A broad spectrum of m ssion opportunities and spacecraft
configurations, yielding varying |l evels of science return, |lies between the
two design points just discussed. Many internediate scenarios can be
postul ated that woul d i ncrease science return at the expense of spacecraft
mass. However, since the second design endpoint, w th maxi mum nass reduction
at the expense of science, is still at best margi nal froma nass standpoint,
any al ternatives which provide nore science at the expense of increased nass
woul d prove even nore inplausible.

In summary, an all-solar Cassini nust be considered infeasible at this
time because:

1) No U S. launch vehicles exist to launch the | arge mass of even the
i ghtest solar configuration required, and

2) Even if a heavy-lift booster were used, there would still be
severe limtations on spacecraft notion, instrunent field-ofview,
and programmatic risk that would make this option scientifically
unt enabl e.
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Insert for Cassini Program Environmental Impact Statement Supporting Study,
Executive Summary, after Section 2.4 (p. 2-7).

PURPOSE

This insert is to update the November 1993 Cassini Program Environmental Impact
Statement Supporting Study Executive Summary. In 1994, the June 1993 version of Volume 2
of the Cassini Supporting Studies was updated. This current version of Volume 2 addresses a
number of additional potential launch system alternatives. The Office of Science and
Technology Policy (OSTP) and the Office of Management and Budget (OMB) requested that
NASA investigate for the Cassini mission additional potential launch system alternatives, and
the possibility of reducing mission operations and data analysis costs. To comply with this
request, early in 1994 the Jet Propulsion Laboratory (JPL) and Lewis Research Center (LeRC)
provided NASA with feasibility evaluations of a number of additional potential launch system
alternatives for the Cassini mission. The potential launch system alternatives that were
investigated included:

. Two launches of the Space Transportation System (STS) with-an upper stage
and spacecraft/upper stage assembly on-orbit.

. Ariane 5 with Centaur | IA upper stage.

. Proton-M with Block 'D' + Star 63F upper stages.

. Split mission using two Proton launches, sending two smaller orbiters (one
carrying the Huygens probe) to Saturn.

In addition to the information addressed in the June 1993 version, this
version addresses the above mentioned potential launch system alternatives, as well
as updating information on the Russian Energia launch vehicle.

SCOPE OF LAUNCH SYSTEMS DISCUSSION

Volume 2 describes the above mentioned potential launch system alternatives: the
boosters and upper stages; the enabled trajectories to Saturn; the technical feasibility; the
expected science return; and the concerns that surround using each launch system for the
Cassini mission.



SECTI ON 3
SUPPCRTI NG STUDI ES VOLUME 3: EARTH SW NGBY PLAN
3.1 I NTRCDUCTI ON

In order to mnimze the risk of a release of radioactive nateria
fromthe spacecraft's RTGs, precautions nmust be taken to ensure that an
i nadvertent reentry into the Earth's atnosphere, defined for this report as
Earth inpact, does not occur in the course of perfornming an Earth gravity
assist (i.e., Earth swingby). The situation is anal ogous to previous m ssions
wher e navi gati on techni ques and mi ssion operations were designed to ensure
either Earth inpact avoidance (Glileo mssion to Jupiter) or Mars protection
from m crobi ol ogi cal contam nation (Mariner and Viking mssions to Mars).

Desi gn precautions nust also be taken to preclude Earth inpact
resulting fromloss of control of the spacecraft during interplanetary cruise.
If the spacecraft were to drift inits orbit around the Sun, Earth inpact
could result decades to mllennia later, after many spacecraft revol utions
around t he Sun.

In order that an accidental Earth inpact not be a credible event, the
Cassini Project has levied the follow ng design requirement in its Project
Pol i ci es and Requi renents Docunent:

"Fol l owi ng injection, the probability of Earth inpact by the spacecraft
shall not exceed 10° taking into account potential failures."

To satisfy this requirenent, an assessnent of the Earth inpact
probability has been performed. The probability of Earth inpact is presented
as a probability density function (PDF) over the nodel uncertainty rather than
as a worst-case value. The advantage of such an approach is to provide
i nformati on about the uncertainty of the estimati on of an Earth i npact
probability. The above requirenent is interpreted to be that the expected
value of the Earth inpact probability, frominjection to 100 years beyond the
nom nal Saturn encounter date, shall not exceed 10-6

Vol une 3: Cassini Earth Swi ngby Pl andocuments a study that has been
performed to deternine the necessary actions --- in spacecraft, ground system
and navigation design --- to ensure that the probability of Earth inpact
satisfies the design requirenent. A so included is a quantitative assessnent
of the probability of Earth inpact, including uncertainties in the assessnent
process. The report serves several useful purposes. First, it devel ops and
exerci ses the approach to be used in the Earth swi ngby strategy. This
provi des an early understanding of the Earth inpact probability and enabl es
identification of possible failure nmodes specific to the baseline spacecraft
design. Second, it allows the Project to conduct trades anong possible
nmeasures that reduce Earth inpact probability early in the spacecraft and
navi gati on design process. Third, it denonstrates that the navigation
strategy will result in a probability of Earth inpact that neets the Project's
requi renent.
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3.2 METHCDOLOGY

The Earth inpact probability is conposed of short-termand | ong-term
conponents. The short-term conponent is the contribution resulting fromthe
navi gati on of the Earth sw ngbys for a given trajectory; the |long-term
conponent is the contribution due to a disabl ed spacecraft drifting in orbit
about the Sun that could reencounter the Earth sonetime beyond the nom na
Saturn encounter date. For this analysis, the possibility of inpact during
the first 100 years is considered.

There are a nunber of failure nmodes that contribute to Earth inpact
probability. one objective is to identify these failure nmodes. Not al
failures place the spacecraft on an inpacting trajectory nor affect the
capability to achieve a successful and safe Earth swingby, and this is taken
into account in the probability assessment. An exanple is the Galileo high
gain antenna anonaly that resulted in only a partial deploynent of the
antenna. This failure did not prevent the precise delivery of the Glileo
spacecraft at the second Earth sw ngby.

In order to keep the short-terminpact probability low, a trajectory-
bi asing strategy is used. During nmost of Cassini's inner solar system
journey, the spacecraft is on a trajectory that, w thout further maneuvers,
would mss the Earth by tens of thousands of kilometers. The spacecraft is
not placed on a trajectory passing through the actual Earth sw ngby point, as
close as 500 km until 10 days prior to the encounter

A trajectory-biasing strategy selected to control the short-term
probability, while affecting the | ong-termprobability, cannot be used to
control the long-termprobability. over a long tine scale, the inpact
probability is dom nated by third-body perturbations to the spacecraft
trajectory and by accidental planetary gravity-assist sw ngbys. Therefore,
the long-termEarth inpact probability is controlled by designing the
spacecraft and m ssion operations such that the failure probabilities are |ow

Al so taken into account is the spacecraft's ability to recover and
successfully apply a corrective nmaneuver after a failure. |If a failure does
not conpletely incapacitate the spacecraft, then the normal course of action
is to accurately determne the spacecraft trajectory and, if required, command
a recovery sequence to nodify the trajectory and avoid Earth inpact.

The Earth inpact probability is evaluated for two trajectories. The
first trajectory in the primary WEJGA trajectory. The second trajectory
considered in this study is the backup Venus-Earth-Eart hG avity-Assist (VEE®)
trajectory. The launch period for this trajectory is in March/ April 1999.
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3.3 FAl LURE MCDE ANALYSI S

In general, all failures can be classified into three categories:
environnent al | y-i nduced failures, internal spacecraft failures, and ground-
i nduced failures. These types of failures can result in an anonal ous AV
(spacecraft velocity change) that coul d place the spacecraft on an Earth
impacting trajectory, and a subset of these failures could prevent the
spacecraft from being recovered after being placed on an Earth i npact
trajectory

O all the failure nodes identified in this study, only
m cr omet eor oi d-i nduced tank rupture is a significant contributor to the short-
termEarth inpact probability. The spacecraft design does include conponents
to provide protection frommcroneteoroids, but there are particles with
sufficiently high energies to damage the spacecraft. The rupture of a
propel l ant or pressurant tank will cause an anonal ous AV and may cause | ose of
spacecraft commandability. The contribution to Earth inpact probability from
all other failure nodes is nore than one order of nagnitude | ess than that
from m cromet eor oi d-i nduced fail ures.

Loss due to spacecraft systeminternal failures is the dom nant
failure mode for the long-termEarth inpact probability. These failures
i ncl ude design and inplementation errors (including conmon node fail ures),
electronic parts failures, hardware failures, and software errors.

@ ound-induced errors are errors made on the ground by the spacecraft
controllers, which are then sent to the spacecraft and executed. Two
categories of ground-induced errors are erroneous ground commands and
navi gati on design errors. These potential errors are insignificant
contributors to Earth inpact probability.

In addition to the potential failures described above that could pl ace
the spacecraft on an Earth inpacting trajectory, the failures which could
prevent the spacecraft frombeing recovered once it is on an Earth inpacting
trajectory nmust be considered. |In sone cases the sanme failure that puts the
spacecraft on an inpacting trajectory al so prevents recovery.

For those failures that do not conpletely disable the spacecraft,
additional failures are required to prevent recovery. Until the spacecraft is
close to Earth swingby, only new failures that conpletely disable the
spacecraft need to be considered; other failures can be di agnosed and
corrected with sufficient tine remaining to make another recovery attenpt.

The primary spacecraft-disabling failures are nmcrometeoroid hits and
spacecraft systeminternal failures. For initial failures that occur very
close to swingby, there is not enough tinme to detect the failure and take
corrective action. Between these two periods, there is an interval before the
Earth swi ngby when there is only time to nake one recovery attenpt; any
subsequent failure is conservatively assumed to abort recovery attenpts. The
maj or contributors during this period are ground fail ures preventing
successful execution of a recovery nmaneuver and a spacecraft failure requiring
ground intervention
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3.4 SHCORT- TERM EARTH | MPACT PRCBABI LI TY

The primary objective of the navigation strategy between | aunch and
the Earth swingby is to satisfy the Earth inpact probability requirenent while
delivering the spacecraft to the necessary Earth swi ngby ainpoint. To
calculate the probability of Earth inpact requires a know edge of three
factors: 1) the failure probabilities and associated AVs, 2) the uncertainties
in the navigation process, and 3) the characteristics of the spacecraft
trajectory. For the purpose of defining an Earth sw ngby navigati on strategy,
steps have been taken to minimze the effect of both failures and navigation
uncertainties. The navigation strategy focuses on specifying and controlling
the spacecraft trajectory conditions given the failure probabilities and
navi gati on uncertainties.

In general, the inpact probability decreases as the sw ngby altitude
i ncreases, so that inpact avoi dance requirenents could be satisfied by sinply
rai sing the swingby altitude. However, specific sw ngby conditions are needed
to shape the trajectory and the spacecraft cannot carry sufficient propellant
to replace this effect (except possibly for a very small bias). Fortunately,
there woul d be enough propellant to bring the trajectory in towards the Earth
in several steps before the sw ngby.

In order to calculate a PDF for the short-term Earth inpact
probability it was necessary to performa Mnte Carlo simulation for both the
primary and backup mission trajectories. The mean values for the resulting
distributions are 2.0 x 10-7 and 6.1 x 10-7, respectively.

3.5 LONG TERM EARTH | MPACT PRCBABI LI TY

Short-terminpact analysis establishes that the probability of Earth
impact during a targeted Earth swingby is extrenely small. However, if the
spacecraft becones uncommandabl e before SO and does not inpact the Earth
during a targeted swingby, there is still a renote possibility that |ong-term
perturbations to the orbit coul d cause the spacecraft to eventually
reencounter the Earth. The |long-term anal ysis conputes the probability of
Earth inpact at a non-targeted swingby fromthe time of spacecraft failure to
100 years beyond the planned SO date.

The nunber of torus crossings for all Monte Carlo cases were conputed
by propagating the initial conditions for each case using a highprecision
nurrerical integration program and then counting each passage through the
Earth torus. For a given torus crossing, Earth-crossing asteroid theory was
used to analytically conpute the probability of the Earth being in the
position required for Earth inpact. An uncertainty analysis was performed to
yield probability distributions for both the nunber of torus crossings per
case and the probability of Earth inpact given a torus crossing. These
distributions were conbined with the spacecraft failure distribution to yield
a PDF for the long-termEarth inpact probability.



The nean long-term Earth inpact probability for 100 years is 3.7 x 10
for the primary nission and 3.6 x 10 ~’ for the backup. The i npact
probability is larger for the backup m ssion due to the | onger cruise duration
and different interplanetary trajectory characteristics. An inportant result
is that for failures occurring during the latter half of interplanetary cruise
on both mssions, in nearly all cases, the spacecraft is quickly ejected from
the solar systemby a strong Saturn gravity assist, thus precludi ng any
possibility of Earth inpact.

3.6 EARTH | MPACT PRCBABI LI TY ASSESSMENT

The total Earth inpact probability distribution is the probabilistic
sumof the short- and long-termEarth inpact probability distributions. The
expected mean val ues of these distributions are 2.4 x 10 7 for the prinary
trajectory and 9.7 x 10 7 for the backup trajectory. Since the mean of both
distributions is less than 10 "° the Project's Earth swingby requirenent is

satisfied for both m ssions.
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Insert for Cassini Program Environmental Impact Statement Supporting Study,
Executive Summary, after Section 3.6 (p. 3-5).

The Earth impact probability functions for the baseline and backup missions have
been recalculated (see Table 3-1) to account for:

analyses that could not be completed, by the time Volume 3 (Cassini Earth Swingby Plan)
was issued in November 1993, due to insufficient information regarding the Perseid's
meteoroid shower. Appendix D in Volume 3 mentions that JPL would complete the
Perseid's analyses and incorporate them in the micrometeoroid model.

modifications and refinements of the models used to predict the velocity increment
resulting from one or both bipropellant tanks failing due to a micrometeriod impact

a more accurate reliability model that accounts for common and noncommon mode failures

Details concerning the recalculated values can be found in the Cassini Program
Environmental Impact Statement Supporting Study, Volume 3.

Table 3-1. Recalculated Earth Impact Probability Density
Function Mean Values

Mission Short-Term Long-Term Total
Primary 0.76 x 10-6 0.06 x 10-6 0.82 x 10-6
Backup 0.47 x 10-6 0.40 x 10-6 0.87 x 10-6
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