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Galileo has received approval for a two-year follow-on mission, called the
Galileo Europa Mission (GEM).  A three-phase tour has been designed for GEM
that includes eight Europa encounters, four Callisto  flybys, al~d two Io
encounters to end the GEM in December 1999. Although science desires for the
satellite encounters were of primary importance to the tour design, the flyby
conditions were also necessarily selected on the basis of the gravity assist they
contributed to the trajectory. The tour design was heavily influenced by the
requirement to return to Io, since the radiation exposure that accompanies such a
flyby may severely degrade the health of the spacecraft.

INTRODUCTION

In the Spring of 1996, before Galileo had completed even the first satellite encounter of its orbital
tour, 1’2’3 the possibility of a follow-on mission for Galileo was considered. With the growing interest in the
possible existence of a subsurface ocean on Europa, a concentrated study of the satellite could act as a
precursor fol- future Europa missions. Furtbcr  investigations of 10 were also of significant interest,
particularly since problems with the tape recorder in October 1995, before the only close flyby of 10 in the
prime mission, had prohibited the recording and playback of any remote sensing data for that encounter.
Aithough the opportunity to return to Io was important both in terms of scientific objectives and tour
design, the spccitic and immediate interest in Europa suggested that Europa be the prinlary  objective of the
follow-on mission. Thus, the mission was conceived as a low-cost, highly focused study of E;uropa,  with a
return tc) 10 following the lluropa studies.

Elascd on preliminary studies, the Galileo flight team prcdictcd that sufficient resources (such as
power, propellant, radiation margin, health, and instrument Iifctimc  limitations) wou[d remain after the
prilnc mission for as much as two additional years of productive operations. To take advantage of these
resources, a tbrce-phase follow-on mission, designated as the Galileo Europa Mission (G EZM),  was
designed to arlrlrcss  both the Europa and 10 interests. Tbc first phase of the mission, rcfcrrcd to as the
“[;urc)pa campaign,” piovidcs an intensive study of Europa. Its purpose is to further characterize Europa’s
surface, atmosphere, and intcmal structure, including the possible existence of a subsurface ocean, The
second phase is cailcd the “pcrijove reduction campaign, ” or pump-down phase, since its purpose is to
reduce the perijovc in order to bridge the Europa  study phase with tbc 10 encounters. Scientifically, this
phase provides opportunities for mapping of the 10 torus and additional Jupiter obscr~’ations.  In the final
phase, Iabclcd the “lo encounter phase,” the desire to return to 10 is fu[fl[lcd with two CIOSC flybys of the
satellite.
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“1’hc design of the tour for G[;M involvcci achieving acceptable scicncc return while minimizing the usc
ot’ the consumables that arc available to the mission, For a spacxxraft  such as Galileo, wbcrc  tbc scicncc
instruments have diverse and ohm conflicting rcquirclncnts, the concept of maximizing the scicncc return
is itself not easily dciincd, since flybys that provide good conditions for 00C instrument may be unfavorable
to a different instrument, Also, for Galileo, the consumables must be dcftnc(i to include such rcsourccs  as
space on the tape rccordcr and downlink capability, in a(idition to tbosc more readily recognized areas of
power, propellant, and accumttlatcd radiation exposure. l’bus, compromises bctwccn scicntitic  objectives
and Inission operations constraints were continually necessary.

SCIENCE OBJECTIVES

For the iWropa  phase of the mission, the goal was to acbievc a series of six to ten low altitude, light-
sidc encounters. Additionally, variety in the Iatitudc and Iongitudc of the flybys was desirable, in order to
incrcasc  the global covcragc  ofthc satellite, with latitude diversity a high priority.

For 10, given the limited number of cncountcrs, several spcciiic, focused objectives were proposed, in
order to make efficient usc of the opportunities. Since high-resolution imaging opportunities of io arc rare
in bclth the prime mission and the GEM, a iow altitude (lCSS than 1000 km), iight-side encounter, preferably
near regions of known voicanic activity (at iow Iatitudcs) was spcciiicd  as a priority. The iow altitude
would also allow sampiing of Io’s atmosphere and offer good conditions for experiments designed to more
fully develop the modeiing of Io’s gravitational iieid and internal structure. In addition to low altitudes, the
gravitational modeiing experiments would bcnciit  even further from a very high latitude flyby. A high
latitude flyby wouid aiso bcnciit investigators evaluating the supposition that Io has an intrinsic magnetic
field. Onc of the original guidelines for the tour design was that the tour should include only onc 10 flyby in
older  to minimize the radiation exposure to the spacecraft. However, for issues related to several
operational constraints, that strategy was Iatcr changed to allow for repeated Io encounters (at least two
targeted flybys prior to the end of the mission). (See “Iind-of-Mission” beiow.) With two 10 encounters,
both the low and high latitude objectives could bc accommodated. However, since the low latitude
rcquircmcnt was assigned a higher priority than the high latitude conditions, and the health of the vehicle
following even onc 10 flyby is uncertain, duc to the potential radiation damage, the low latitude
requirement is satisfied with the first 10 flyby of the GEM, with a nearly polar flyby at tile second of the
two 10 encounters.

Targeted flybys of the c)thcr satcilitcs, Ganymcde ancl Callisto, were not a scientific priority for CIF.M
tour design. Although some modest Callisto imaging is contemplated, scientific investigations during the
pcrijove  reduction phase will focus on remote sensing of Io, Jupiter’s atmosphere, and in-sitsu
mcasurcmcnts  of the Io torus, since the incremental reduction in the perijovc  distance provides the
opportunity for mapping of that region. These studies required no spcciflc design constraints.

MISSION OPERATIONS CONSTRAINTS

In addition to the scientific desires for the Galileo follow-on mission, constraints related to various
operational considerations were also imposed, Most of these issues arc related to the two most limiting
consumables of the mission, which arc propellant and radiation exposure. in order to reduce consumption
of both resources, issues related to flyby conditions, mission timelinc, and other navigational considerations
were simultaneously investigated and cva[uatcd in orcicr to construct a tour tilat satisfies the scientific
requirements while creating a flyable mission.

I’ropcllant
Although science rcquimncnts  for the satellite encounters within tbc Europa and io phases were of

prilnary  importance to the tour cicsign, the flyby conditions in all of the phases were also selected on the
basis of the gravity assist they contributed to the trajectory. Since the design of the prime mission was not
constrained to provide propellant for a follow-on mission, the LISC of propellant for very slight trajectory
shaping was iimitcd as much as possible in the ciesign of the CIEM tour. The depcndcncc on gravity assists
limits the number and magnitu(ic of the deterministic maneuvers that arc required to acbievc the tour, since
the trajectory is primarily altered by the gravity assists of tbc tlybys. I’bus, careful planning ami accurate
nmdcling of tbc flyby conditions arc essential. Since tbc C;E;M tour design was conducted simultnncously
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with tllc prime ~Jalilco satellite tour, predictions for the amou[lt ofpmpcllmt  that woLIld bc available for the
GEM were continually updated throughout the design based 011 actual usage i[) the prime mission and
improved estimates for future USC. I Iowcvcr, as the tour design evolved, it was assumed that a small
amount of AV could bc used to acidrcss spccillc design issues.

Radiation
Eincoontcrs  with Jupiter subject a spacecraft to exposure to Jupiter’s intense radiation field. Since this

cxposurt  is potentially catastrophic to the health of the vchiclc, large doses of radiation must bc minimized
and delayed until as Iatc in the mission as possible. I’hc level of the exposure is closely related to the
spacecraft’s proximity to Jupiter. The radiation Icvels increase as the distance dccrcascs (within the range
of distances considered in this mission). At the distance of E3uropa’s orbit (9.2 RJ, where RJ is defined to bc
Jupiter’s equatorial radius, 71492 km), the dosage for one pcrijove passage is cstitnatcd at about 10 krad
(assuming 2.2 gnt/cn12  aluminum sphere shielding). Since Io orbits Jupiter at a much lower distance,
approximately 5.9 RJ, the dosage from an Io encounter is significantly higher, estimated at about 40 krad. In
order to limit the radiation exposure of the GEiM, the Io encounters were postponed to the cnd of the
mission, Additional rcquirerncnts  intended to limit and/or delay radiation damage include retaining a high
pcrijove distance for as many orbits as possible and achieving the perijove  reduction to 10 in as few orbits
as possible, since the pcrijove reduction phase will subject the vchiclc to increasingly higher levels of
radiation Although the Ic~ phase of the tour is the shortest phase, in terms of time and number of
encounters, the requirement to include even one Io flyby was a significant factor in the design of the entire
tour bccausc of the radiation exposure that accompanies it.

An additional constraint, directly related to the potential radiation damage from the Io encounters, was
a requimncnt  for a relatively long orbital period following t}lc first 10 encounter. Given knowledge of the
amount of data that can bc stored on the on-board tape rccordcr,  and predictions for the data transfer rates
and tracking coverage that will available near the Io cncountcrs, tbc time required to relay the information
from the tape recorder to Earth is cstirnatcd at about 50 days. Thus, a goal of achieving a 50 day period
following the first Io cncountcr was established, in order to provide the time to relay the data prior to the
additional radiation exposure that will result from the next encounter. Since the flybys of the pcrijove
reduction phase will also result in a dccrcase in period, the E3uropa  flybys must bc designed to increase the
orbital period above even the 50 day post-lo goal. Thus, a requirement for the E3uropa  campaign, that is
driven entirely by the radiation associated with the 10 phase, is that the E3uropa  flybys provide a net increase
in the period from approximately 50 days at tbc end of the prime mission to more than 50 days by the start
ofthc pcrijovc  reduction campaign.

As an additional effort to facilitate the 10 data return, the time of the first 10 encounter was selected to
bc near the time of opposition in the last year of the mission (October }999).  At opposition, the distance
bctwccn  the E3arth and the spacecraft is minimized. This reduced distance produces a stronger signal at the
Earth, Given the reliance on the low gain antenna, efficiently returning tbc data from every encounter is
essential, in both the prirnc and the follow-on missions. However, since the vehicle may not survive even
OIIC 10 encounter, efticicntly  returning the data from that flyby, prior to the next exposure, is particularly
important since the health of the vehicle will degrade cvcn further with each subsequent encounter.

liming Issues
In addition to the timing issues involving Io, several other com.traints related to tilnc were imposed on

the tour design, prirmrrily  to satisfy operational constraints. First, the cnd of 1999 was spccificd as a limit
on the end of tbc mission, allowing for approximately two years of operations beyond the prime C]alileo
mission. h’cxt, relatively long orbital periods were desirable throughout the entire CiEM, not only after the
Io tlyby. In addition to allo\ving more ti]ne for data return from each encounter, long pcriocls (on the order
of 30 days or n]orc) also reduce the demands on the operations team by providing more time for the
plcparation  and additional work associated with each flyby. (The GE3M operations team is expected to bc
roughly onc-fiftll  the size of the operations team for the prirnc Galileo mission.) Coup!cd  with the period
Iilnitations  was a goal for the number of E3uropa  encounters that should bc included in the Europa
calnpaign. Less than six encounters was considered unacccptablc, but the cxistencc of more than tcn tlybys
was deemed unncccssary,  if it required orbital periods of Icss than 30 days. Finally, dLIC  to conccms about
tl]c ability to command the spacecraft and the poor data quality that is expected near times of solar
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conjunc[icrll.  a goal of the tour design was to avoid, if possible, targeted encounters for approxilmtcly  three
weeks around the titncs of conjunction (Fcbroary  23, 1998 and April 1, 1999),

End-of-hlission
Although the two year mission duration constrains the end of the GEM, the vehicle will still be in orbit

around Jupiter following the last GEi M flyby. For this reason, the strategy for the end of the mission was a
factor throughout the tour design. The radiation requires any 10 encounter to be postponed to the end of the
mission. However, following the 10 study phase, it would be possible to usc flybys of other satellites to
raise the pcrijovc in order to reduce subsequent radiation exposure and, potentially, prolong the life of the
vehicle. (Since the propellant budget for GEM does not provide sufficient AV to significantly raise the
perijove, the usc of a large pcrijovc raise maneuver after the final 10 flyby was not an option.) It was
rictcmincd,  however, that the increase in perijovc that can be achieved with each orbit using gravity assists
is small, compared with the savings in the radiation exposure, Thins, this option requires that the tour
include! flybys of other satellites following the 10 phase that do not fulfill any of the specific scientific
interests of the mission. The second option is to leave the vehicle in an 10 return orbit. Although this
strategy subjects the vehicle to repeated, high-level radiation exposure, it places no rcquircmcnts on the
characteristics of the final flyby. It also leaves the vehicle in the vicinity of Io for as long as possible.
Therefore, the GEM tour was designed to leave the vchiclc in an Io return orbit, despite the inevitable
radiation damage. This, then, provided the opportunity for two targeted Io flybys in the tour, although the
health of the vehicle after the first flyby may bc degraded,

Nlulti-khrcourrter Orbits
one constraint, driven almost exclusively by navigational consideration, was a linlit on the number of

close flybys that could be incltrdcd on any single orbit of the trajectory. Each orbit was limited to include at
most one targeted encounter. During the pcrijovc reduction phase, a trajectory that includes close flybys of
two satellites on the same orbit, where each flyby provides a reduction in the pcrijo~c,  would reduce both
the time required for the pcrijove reduction and the radiation cxposorc.  The pcrijovc reduction that would
ordinarily be achieved in two orbits could be achieved in a single orbit with a single perijovc pass.
IIowever, the existence of two close flybys on a single orbit complicates the targeting of either or both
flybys. It also increases the potential for significant deviations from the desired aimpoint, particularly for
the second of the two encounters. In addition, targeting both encounters would  require rapid reconstruction
of tr:~cctory  dispersion resulting from the first flyby and some strategy for correcting errors prior to the
second flyby, particularly if impacting at the second flyby is a possibility. Since the opportunities for
mu[tiple-flyby  orbits generally provide a time diffcrmce  on the order of a few days between  the two flybys,
including a maneuver between the flybys, to accurately achieve both aimpoints,  is extremely diflicult.
~’hLIs,  it was dccidcd that navigating such a trajectory presents an unnecessarily dan.gcrous  operational
challenge to the mission, and the one C1OSC flyby pcr orbit limit was imposed.

Altitudes
As previously mentioncci, one scientific objective was for low altitude flybys of Europa and Io.

Ilowcvcr,  for operational, navigational, and safety reasons, lower ]ilnits for the flybys altitudes were
imposed on the design. For Europa, a lower limit of 200 km was sclcctcd. For 10, the lower limit for the
first flyby was set at 500 km, but a value of 300 km was specified for any subsequent encounters,

Prime Mission Attachment
A final issue considered in the tour design was the problem of attaching the GIihf trajectory to the end

of the prime mission. One guidc[ine  for the tour design was that the nominal flyby comiitions  of the prime
mission should not be modified as part of the CJ[i M design. This guideline was, however, rc[axcci with
respect to the final aimpoint of the prime mission. That flyby is a Europa encounter at a latitude of 65°,
(rcfcrrcd to as E 11, since it is a Europa flyby on the clcvcntb orbit of the prime mission).” [n the early
stages of the design of the GEM tour, it was dctcrmincd that retaining that high latitude flyby, while still
achieving 13uropa  flybys of lower and more moderate [atitudes,  and then returning to [o at the end of the
G[; h4, requires a prohibitively Iargc maneuver, on the order of tens of meters per second, at the beginning
of tllc CJEM, l’hus, the Galileo project approved the proposal that the characteristics of the E 11 flyby bc
cbat)gcd  in order to provide more flexibility in the CIF; M tour design, Ilowcvcr,  only changes to the
geometric characteristics and small changes in the flyby time were pcrn~ittcd.  Cbangcs to the date of E 11
ivcrc not pcrmittd, Although tbc specific conditions designed for the notninal E 1 I ilyby were lost (and, in



5

fact, none of the GEM Europa flybys achicvc the high latitude provided bY the mrl]lilml [; 1 I), giving up
that spccitlc flyby provided a more favorable series of CitlM l~uropa flybys that) woulci have been possible
11’the nolninai  El 1 had [~otbccl~ab~il~dol]cd,

Although mlcasing  the F,ll  aimpoint  significantly rcduccs the GEM attachlncnt  maneuver, an
attachment cost on the order of 10 to 15 m/s was still required. Given the Iimitcd amount ofpropcllant  that
is cxpcctcd  to bcavailablc,  c}langcs to the flyby that prcccdcs El] wcreconsidcrcd,  in spitcofthc original
guideline, ina furthcrat[cmpt  torcducc  thcattachmcnt  cost. ~’hat encounter is labclcd CIO,  since it is an
cncountcr  with Callisto  on the tenth orbit of the prime mission. Onc option for C1O that would have
essentially eliminated the attachment maneuver would have requireda change on the order of two to three
dcgrccs  in the latitude at C 10 and a change from a nominal inbound flyby to an outbound cncountcr at E 1 i
(which would have changed the date of El 1). The nominal planning and sequencing for these two
encounters cannot easily accornmociatc  changes of this magnitude. In addition, the changes would have
eliminated a ten hour solar occultation by Jupiter from the tour. Retaining this occultation was considered a
high priority by the Galileo science teams, ThLIs, an attachment AV on the order of iO to 15 nd.s was
acccptcd as the cost to retain as mucil of the nominal characteristics of the prime mission as possible.

TOUR DESIGN STRATEGY

I’hc objective of the tour design was to satisfy all of the operational constraints discussed above with
an orbital tour that provides acceptable science return. Since many of the objectives are dependent, the tour
design was an iterative process that involved selecting and examining sequences of flybys both for how
well they satisfied the constraints and for their value in terms of science return.

Procedure
The design of each indivicioal tour was conducted in three stages. First, a tour design program

(SI’OUR$)  using a two-body conic approximation was used to select flyby conditions that are possible from
the gravity assist of each successive flyby of the series. Then, an optimization routine (CATO””’5)  was
employed to adjust the flyby states (while satisfying specified flyby constraints) in order to patch together
the individual legs of the trajectory while also minimizing the total AV of the tour. The models for the
gravitational and other forces available in this optimization are similar to those currently in use for the
navigation of the prime mission, but there arc some minor differences. Thus, in the final stage, the
aimpoin[s  gcncratcd in the second stage were used, with the current models, in order to construct the final
integrated trajectory. EZach  rcsuiting toor was then analyzed with respect to how well it satisfied all of the
constraints and to quantify the science return available from the mission. Substantial adjustments to the tour
generally required returning to the original two-body stage, while more modest changes could sometimes
be accommodated within the optimization and/or targeting stages,

J’crijove  Reduction Strategy
As outlined in the previous section, five constraints involving time were considered in the design of the

GEhl tour. These objectives establish a general time frame for the tour. With ti]e time of the first 10
encounter essentially fixed (near opposition in October 1999), the first step was to work backward from the
e!ld of the mission to establish the Icngth of time that must bc reserved for the pcrijovc reduction campaign.
That wou]d, in turn, define an upper limit for the end of the Europa study phase. At the end of the prime
mission, the pcrijovc of the trajectory is approximately 9 RJ. Achieving a close Io flyby requires reducing
the pcrijovc of the trajectory to at least that of 10’s orbit (approximately 5.9 RI). Thus, a significant pcrijovc
reduction is required to connect the first and last phases of the GEM, Given the limit of approximately
twcl~ty-two  months (from the cnd of the prime mission in Dcccmbcr 1997 through October 1999) for both
the E{uropa  study atld the pcrijovc reduction, one of the first objectives was to dctcnninc  the number of
tlybys that would be required to achicvc the necessary pcrijovc  reduction, Since Io’s orbit is inside those of
the other three satellites, any of Callisto, Cjanynlecic, or Europa coul(i  bc used to reduce the pcrijovc.  Given
the cicsire to focus on Europa, onc option wits to usc [iuropa to achicvc the pcrijovc reduction. Although
this satistlcs  the scientific desire for more Europa flybys, it is not the best option for GEM, since it doesn’t
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satisfy t}]c timing strategy that is ncccssary to ac])icvc  a long post-lo period; the operational constraints
ou[wcigh the scientific bcnctlts of the additional [iuropa ilybys.

In general, a reduction in the pcrijovc that results trom a grtivity assist is also accompanied by a
reduction in tbc orbital period. Since the period after the 10 cncountcr should bc CIOSC to 50 clays, the period
p]-ior to the pcrijovc reduction phase must bc Iargcr than 50 days. Also, the pcrijove reduction should be
ach{cvcd with as Iittlc loss of period as possible, so that the period prior to the punlp-down  phase is not so
long that it t.tnncccssarily reduces the number of Europa  encounters. Furthermore, the pump-down should
bc achicvcd with as fcw reduced pcrijove passes as possible, in order to minimize the radiation exposure.
Of the three satellites that arc available to provide the gravity assist for the pcrijovc reduction, Callisto
provides the greatest reduction in perijovc with the least reduction in period for a single flyby, compared
with the other satellites. (l’his is consistent with similar findings during the tour design for the Galileo
plimc n]ission.4)  Thcrcforc, flybys of Callisto were sclcctcd for the second phase ofthc  GEM tour.

Timcline
At’tcr invcstigatiom  of many combinations of Callisto  flybys, it was determined that four Callisto

flybys would bc necessary to achieve the pcrijovc reduction required to bridge the Eiuropa study phase of
the mission and the 10 encounter phase. It was also determined during this phase of the tour design that the
period reduction that accompanies the perijovc reduction is on the order of 50 to 60 days. Furthermore, the
time required to complete the pcrijove reduction phase was estimated to bc on the order of approximately 6
months. Thus, in order to place the first 10 cncountcr in October 1999, the pcrijovc reduction phase would
have to start early in 1999.

The next timing issue to influcncc the mission timclinc was the objcctivc of achieving a 50 day post-Io
period. Given the significant period dccrcase that accompanies the pcrijove reduction, it is impractical to
have a period inbound to the 10 encounter of 50 days. Thcrcfom,  the Io flyby itself must bc used to raise the
orbital period. The Iargcst  incrcasc in period that was achicvcd, in the study conducted as part of the tour
design, was on the order of 20 days. Thus, for a post-Io period of roughly 50 days, a goal of 30 days was
established for the period inbound to the first 10 flyby. This then set the rcqui~emcnts  for the period
following the Eoropa  campaign at approximately 80 to 90 days, givco the 50 to 60 day reduction that was
cxpcctcd during the pump-down phase. The objective then was to select a set of Ilttropa encounters that
would yield an orbital period on the order of 80 to 90 days by the early part of 1999. At the cnd of the
prime mission, the orbital period is approximately 50 days. I’hercfore,  the Eiuropa campaign would bc
required to incrcasc  the period by 30 to 40 days, OVCI a time interval of approximately fourteen months.

I.atitudc Diversity
The next choice was in the specific characteristics of the flybys during the Europa campaign. Onc of

the plilnary scientific objectives of tbc 13uropa  calnpaign was to achicvc as much [atitodc diversity atnong
the Eu[-opa encounters as possible. Achieving flybys of low ]atitudcs is generally not difficult, since
confining  the trajectory to the p]anc of all four satc]litcs gcneraily results  in rclative[y  low latitudes at any
of the satellites. The difficult task is to achicvc  moderate to high flyby latitudes. To achicvc a high satellite
ccntercd latituclc, the Jupiter ccntcrcd inclination of the trajectory must be incrcascd. If, however, the
inclination is incrcascd too much, flybys of other satellites may not bc possible bccausc the spacecraft has
been pulled too far from the plane of the other satellites.

l“hc inclination can be incrcascd  in several ways including flybys ofdiffcrent  satellites, rcpcatcd  tlybys
of a single satellite, or maneuvers. Given the Iimitcd AV budget of the mission, the usc of maneuvers
specifically designed to achicvc high ]atitudc flybys wras not practical, since relatively Iargc ]nancuvcrs  arc
rcquivxl  to achicvc cvco modest Iatitudcs. Callisto and Ganymcdc flybys were not a scicntiftc objcctivc of
the GEiM, and the inclusion of such encounters did not significantly incrcasc  the Europa flyby Iatitodcs in
the prclitninary tours that were designed. Therefore, this option was also not favorable to tbc mission
objectives. Thus, it was dctcrmincd that the Europa canlpaign would, indccci, consist of a series of repeated
[~uropa encounters (even though this was not a specific rcqoircmcnt  of the tour design).

Rcpcatcd  cocountcrs  of a sin.glc satellite may bc achieved using either resonant or non-resonant
[Iallsfcrs. Resonant tran.  sfcr paths arc defined to bc tl-ansfms  bctwccll  ttvo flybys of the snlnc satcliitc for
~vhicll  the orbital period of tbc transfer orbit is approxilnatc[y equal to N tltncs the period of the satellite
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(where N is al] integer). Thus, resonant tral)sfbrs  rcsu[t  i,, a series of flybys tll:,t either both occur inbound
(Lrr both occur  outbound) of the Jopitcr pcriapsc,  Non-resonant transfers arc tr:~l]sfcrs that arc not resonant.
II) order to achicvc latitude diffcrcnccs bctwccll  successive flybys, using either resonant or non-resonant
transfers, solnc alnount of AV bctwccn  the flybys is gcncral[y  required, The magnitude of the AV depends
011 the spcciflc  characteristics ofthc  flybys.

Usir]g  resonant transfers, the latitude can generally bc incrementally charlgc~i in a single direction with
little AV bctwccn  successive flybys. In this way, relatively high Europa flyby Iatitodcs  couid bc achieved
by the cnd of a resonant series. However, it cfocs not SOIVC  the problcm  of returning the trajectory to the
plane c)f the other satellites in order to begin the pump-down to 10. The inclination could either bc reduced
by a second set c)f resonant encounters tilat arc designed to incrementally decrease tile ]atitudc or through a
Iargc maneuver bctwccn the final Europa flyby and ti~c first Callisto cncountcr.  Tile tirnc allotted for the
entire Europa study phase is too short to achicvc significantly high latitudes within the increasing series and
thcrl to incrementally dccrcasc the inclination. Furthermore, the propellant budget of the mission does not
accormnodate  the type of maneuver that is required at the end of a iatitude increasing series. Thus, resonant
tr:insfcrs arc not the best option in terms of the operational constrairlts on the Europa series.

Using non-resonant transfers, a tour that achicvcs an acceptable icvcl of iatitudc diversity was found
that requires Iittlc AV between the flybys. Studies were conducted to evaluate whether including additional
AV’S would further increase the diversity, but it was determined that significant increases in the latitudes
could not be achieved with the amount of propellant that is availabie for the mission. Thus, a tour that
includes a non-resonant Europa series with srnail deterministic propc]lant  requirements was accepted. Non-
resonant transfers offer a second advantage over resonant transfers in that, since inbound and outbound
flybys encounter Europa at a significantly different place in its orbit, the longitude and lighting conditions
of successive are significantly different. Altilougil iongitude diversity was not a top priority for the Europa
campaign, the non-resonarlt  series dots offer solne variety toward that objcctivc.

Period Increase
Tile decision to osc non-resonant transfers at Iiuropa did, however, make the task ofincreasingthc

period to the 80 to 90 day level more difficult. Rccail that onc scientific objcctivc for the Europa campaign
wasa dcsirefor  light-side encounters. With resonant trar]sfcrs, thepcriod  car~bcrepeatedly  irlcrcasedw~ith
a series of light-side encounters; however, due to the imitations described above regarding resonant
transfers, arcsonant  Europa series wasnot  adoption, Fornon-resonant  flyby s,onthc othcrhand,  apcriod
rcduc;ng flyby at orle of the two flybys may bc necessary to aci~ieve Iight-side flybys at both encounters.
Given the general oricntationofthc  trajectory (csscntially  aligned with the anti-Sun direction), inbound
encounters that increase pcrijovcaredark-side flybys. Thus, ti~c scicntifrcdesirc  forligbt-sidc  encounters is
in conflict with thcrcquiremcnt  to incrcascpcrioci.

The rcqoircmcnt on the Europa campaign was for an increase in the period of approximately 40 days
bythccnd of the Europa phase. A single Europaflybycan  increasc thepcriod byasmuchas20days.
l`]lcrcfore,  sol~lcflybys that redllcc tl~cpcriod are acceptable. In fact, vcrylong  pcriodorbits  (onthcorder
of 80 to 90 days) should be delayed until the end of the phase, if possible, since such iong periods early in
the mission would unnecessarily rcducc the number of flybys that couid be inclucieci in the time allotted for
the Europa study. For this reason, the period is alternately pumped up and pumped down throughout the
Europa campaign with a series of iight-side flybys. Iiach “pump-up” Icg is designed to achieve the krrgcst
pericj(i increase available from the flyby (averaging about 17 days). On the other ilandj with eaci~ period
reducing flyby, the period change is designed to bc as smail as possible (about 13 days), while still
providing relatively low flyby aititudcs. In tilis way, altilougi~ period reducing flybys arc incorporated to
pmvidc ir]bound, light-side encounters, a net it]crcasc in the period can bc achicvcd  with a Europa
campaigr~ that primarily includes iight-side encounters. If, however, the net increase is not large enough to
Iucct the 80 to 90 ciay requirement for the period prior to the start of the pcrijovc reduction phase, dark-side
flybys can bc used to provide the adciitiomri incrcfise.

Pcrijow Reduction Phase
I’hc Cailisto flybys of the perijovc rc{iuction  phase were sclcctcci solely on their ability to dccrcasc the

pcrijovc  while retaining the ilighcst period possible prior to the [o cncourlrcr phase. Since the total pcrijovc
Icciocticrn ti}at Is rcquircci  is apprOXilWltCly 3.5 [{J, and CaCh ~~lllSIO  flyby prOVl(iCS  ~ KdUCtiOn  Of ahlt I



[{J, four flybys  are used to satisfy the pcrijovc  rcdLwticm requirements, Althoug}l  the pcrijovu reduction
achicvcd  from each of the Callisto flybys is approxill]atcly equal, the change in t}lc period frcrtn the flybys
dccrcascs with successive flybys, The apojovc  ciistancc aiso dccreascs in this phase, but similar to the trend
in tlw pcrioci, the amount of rcciuction dccrcascs with cacil subsequent C.aliisto  cncountcr.

10 Encounter Phase
Many alternatives for the finai pbasc of the tour were investigated, As prcvioltsiy  dwcusscci,  one option

tliat was abancioncd  early in the tour design was to inctudc pcrijovc  increasing crlcountcrs  foliowing  the iast
[o tlyby in an attempt to raise pcrijove above that of lo’s orbit. This wouid have prcciudcd additiona[ 10
opportunities, in favor of reducing subsequent radiation exposure. But, even with tile strategy of pianning
for repeated cncotrntcrs  of 10, many different alter-natives were avaiiable for the 10 encounters that cnd the
GEM. Although even two [o encounters constitute a set of “repeated cncountcrs,” similar to the concept of
repeated encounters during ti]e Europa campaign, many of the issues that constrained the design of the
Europa flybys did not exist for the design of the 10 encounters. Following the 10 flybys there was no
requirement to encounter any otilcr satciiitc. l’bus, the encounters could bc designed to pLIll the spacecraft
out of the piane of the other sateiiitcs. Since it is not necessary to return the spacecraft to that plane, there is
no AV penalty associated with such a strategy. In particular, since it was decided for operational reasons to
inc]udc a relatively iow latitude flyby as the first GEM Io encounter, and a polar 10 flyby as the second 10
cncoutltcr,  it was necessary to si.gnificantiy increase the orbital inclination and to do it in only onc orbit,

The period incrcasc required from the first Io flyby, coupled with the requirement for flyby altitudes
ICSS than 1000 km, were the most prominent constraints on the design of this phase. Several Io series were
dcvclopcd that satisfied the latitude requirements with iittle AV between the flybys, both with resonant and
non-resonant flybys. Ilowcver, the pcrioci achicvcd after tbc first Io flyby in those tours was icss than tbe
50 day desired goai. Also, the altitude of tbc second flyby was generally trnacceptabiy high. Aithough
]nirlilnizing propellant consumption bad a high priority, the usc of AV to incrcasc the interval between the
encounters and/or to lower the second flyby altitude was acceptable. For a AV of less than 10 mls, the
second flyby was moved such that the period foiiowing the first 10 encounter was about 46 days, just short
of the 50 day goal, and the second flyby altituclc was Iowrcred  to 300 km. The AV cost of achieving an even
iongcr  period was prohibitive. Thus, a compromise of expending the aciditional propellant to achieve at
ieast the additional 3.5 days of data return was acccptcd

Although one of tile requirements for the Io phase was that onc flyby bc a polar encounter, the
henlispbcrc  in which that flyby, or even the first 10 flyby of GEh4, should occur was not originally
spccificci,  in the tcwr design, it was dcterlnincd that the AV cost to piacc onc 10 flyby in each hemisphere
was prohibitive, but the cost to place both encounters in either bcmisphcre was about equal. Therefore, the
choice of hclnisphcre was cieferrcd to the investigators.

GAI>II.EO k:[JROI)A  NIISS1ON  PROFII.K

Based on the issues and strategies previously discussed, several candidate tours for GEM were
dcvclopc(i. From those options, a nominal trajectory was selcctcd. Table 1 includes several characteristics
of the flybys in that tour. I’hc first Icttcr (E, C, CJ, or 1) of the code in the first column represents the first
icttcr of tile satcliitc  being encountered (Europa, Cailisto,  Cianymcdc, or 10). TiIc digits indicate tbc orbit
nulnbcr on whicil the flyby occurs. (The orbit numbers for GF,M arc continued from those of tbc prime
mission. ) An “A” following the orbit number indicates a ‘(non-targctcci  cncountcr,” wilcrc a non-targeted
clwountcr  is distinguished from a targeted flyby both by the flyby a[titudc and the targeting rcquirclncnts
for the flyby. in gcncml,  a non-targeted cocountcr is a distant encoonter (above 10,000 kln altitude) wbosc
ain]point  will not bc specifically targeted during the mission. Note that the CiF. M dots not officially start
ul~til [)cccmbcr  8, 1997, which is after the E 11 cncountcr. llowcvcr,  the GF; M tour cicsign considered
issues relating to ciatcs prior to the oflicial cnd of the prime mission, such as cbangcs to tile E 1 i aimpoint
and changes to a maneuver near ti~c cnd of the prime mission that is required to attach tile GEM to the
prime tour. Tbcrcforc,  this ciiscussion includes information beginning October 18, 1997, approximately the
date ofthc  attacbmcnt maneuver.

“1’i]c  Iatitudc anti west Iongitudc includc(i in Table I arc specified in satellite ccntcrcd true equator of
date coor(iinates.  ‘[’ilc solar phase angle, cictincci as the Sun-satciiitc-spacecraft angle at tile tilnc of ti~c
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flyby,  indicates the lighting conditions at the cncountcr  time: phase angles lCSS tharl !)0 dcgrccs indicate
light-side encounters; a flyby whose  phase angle  is greater than 90 dcgrccs has Closest  approach on the
dark-side of the satellite. Although the geometry information and the phase angles corrcsponci  to the
conditions at the flyby time, other features, with different lighting conditions, may be available both
Jnbounci  anti outbound to the actual closest approacil,  For example,  the vehicle may pass relatively close to
iightcci parts of the satellite during the approach or departure of a dark-side flyby, making  obscrvatiotls  that
require lighted characteristics possible. The Jupiter centered true anomaly is computed at the time of closest
approach to the satellite, indicating whether the satellite flyby is inbound or outbound of the Jupiter
pcriapsis.

Table l. GEM Flyby Summary

Satellite Flyby Conditions

Orbit
West Solar True

Dote Alt. Lat. Long. Phase Anomal}
(yymmdd) ( k m )  (deg) (deg) (deg) (deg)

CIO+Apo  971018
Ell 971106 2053 25.1 141 33 -24

G12A 971215
E12 9712i6
E13 980210
Ei4 980329
E15 98053 I
E16 980721
E17 980926
E18 981i22
E19 990201
——
C20 990505
C2 i 990630
121A 990702
C22 990814
C23 990916

14395
200

3556
1646
25i9
1834
3594
2281
1486

-5.7 93 11
-8.7 225 i I
-8.9 132 26
12.0 228 15
14.9 134 22

-25.6 226 32
-42.5 139 46
41.7 220 45
31.0 330 147

-85
30

-30
31

-31
28

-27
25

-18

1311 2.5 102 165
1050 -0.8 74 49

26459 0.5 136 7
2288 -3.2 108 165
1054 -0.6 1 I 1 159

115
-122

1
128
133

124 991011 500 -17.3 224 65 29
E25A 991125 10000 14.7 94 47 -8 i
125 991126 300 -80.4 57 94 23

Jupiter-centered Osculating
Elements at Apojove

Perijove Apojovt
Period Incl. Distance Distance
( d a y s )  (deg) (RJ) (RJ)

49 0.5 9.2 99
39 0.3 9.0 84

57 0.5 8.9 1 io
46 0.6 8.8 95
64 0.4 8.9 120
50 0.3 8.9 100
67 0.7 8.9 124
57 1,0 9.0 110
7i 0.5 9.1 129
91 0.1 9.3 154

60 0.2 8.3 li5
41 0.2 7.3 89

33 0.1 6.5 77
26 0.2 5.5 66

46 0.4 5.7 98

39 2.1 5.7 8 7

Deter-
ministic
AV
(m/s)

14.7
0.0

0.0
0.0
0.0
0.0
0.0
0.0
0.2
0.0

0.0
0.0

0.0
0.0

8.9

Total Deterministic AV (m/s) = 23.8
Latitude, West Longitude: Satellite-centered true equator of date coordinates
Inclination: Jupiter-centered mean equator of date coordinates

The conic parameters: period, inclination (in Jupiter ccntcrcci  Incan equator of date coordinates),
pcrijcrvc  distance, and apojovc  distance arc osculating elements computed at the apoapsis following the
encounter with which they are specified. Since these quantities arc computed after the flyby, changes in the
vaiucs represent the effect of that flyby on the orbital clement, For cxalnplc,  since the E 12 flyby is
outboun(i,  its effect on ti~c perijovc distance does not appca[- in an actual pcriapsc pass untii orbit 13.
] Iowcvcr,  since E 13 is an inboLmd flyby, the actual pcrijovc distance on orbit 13 is aiso intluenccci by that
tlyby. I’ilus,  the usc of osculating pcrijovc  ciistanccs in Table I provi(ics  a more accLlratc rcprcscntation  of
the effect of each inciivici Llai flyby on the pcrijovc  ciistancc thal) a listing  of the ZKILl~i  pcrijovc  cilstances.
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‘1’IIc period and tllc pcrijovc  distance are particularly important during the pcrijovc  rcductiul)  phase, where
d~c primary objcctivc is to rcdurx the pcrijovc,  while limiting the dccreasc  in period, in order to achieve the
10 cncountcr on orbit 24. The period at the start of the pcrijovc  reduction phase is approxiinately 90 days,
but the interval bctwccn  the two targeted [o flybys is only 46 days, slightly ICSS than the 50 day goal. The
inclination inforlnation  provides sotnc insight into the Iatitudc diversity among the Europa encounters. The
flybys that generate the largest inclination result in high latitude flybys on the next orbit, since a Jupiter
ccntcrcci inclination of even one dcgrcc at the distance of Europa’s orbit rcpmscnts a significant out-of-
planc distance.

Since the nominal GEM trajectory cannot be achieved by the gravity assists of the flybys alone,
deterministic maneuvers are included in the tour to provide the additional adjustlncnts. Each AV listed in
I’able 1 is the magnitude of the deterministic impulse that is applied near the apoapsis following the flyby,
in order to continue the nominal GEM tour. The 14.7 ntis AV listed on the top Iinc is the magnitude of the
lnaneuvcr that is required to attach the GEM to tbc prime mission. This maneuver will bc executed near the
time of the apojove following the C 10 encounter of the prime mission. Following that attachment
maneuver, however, less than 1 n~/s of deterministic AV is required to complete the first two phases of the
tour, Thus, t}]c attachment maneuver accounts for more than sixty percent of the total 23.8 nl/s
dctertninistic  propellant budget for GEM, (The deterministic cost for the prime mission orbital tour is 21
m/s. ) In the final phase, an 8.9 nr/s maneuver is required between the two Io encounters, to achieve the
desired 125 aimpoint.  Statistical maneuvers will also be required to accomtnodate  dispersion in the
trajectory that may result from improved estimates for the ephemeris data and other perturbations; however,
those AV’S are not included in the table. The statistical costs associated with this tour are estimated at
allnost 60 ntis, based on orbit determination and maneuver execution assumptions developed by the Galileo
Navigation Team. Based on those values, the spacecraft has a very high probability of completing the
orbital tour. In fact, that probability has continually increased throughout the prime mission as the
navigation of the prime mission continues to perform well, resulting in an increascdprope]  lant budget for
the GE;M.

Figure  1 is a plot of the GEiM tour beginning at the apoapsis prior to E 11 and terminating December
31, 1999. Referred to as a “petal plot” because of the resemblance of the orbits to the petals of a flower, the
figure shows the projection of the trajectory onto a plane norlnal to Jupiter’s pole. The trajectory is shown
in a Sun-Jupiter fixed orientation, where the direction to the Sun is toward the top of the figure. Motion
occurs in a counter-clockwise direction. Plots of the orbits of 10, Europa, Ganymede, and Callisto, as well
as three arcs that identify radial distance from Jupiter, in units of Jupiter’s radii, arc also included on the
figure. A number “n” at the apoapsis position of an orbit represents the “nth” apojove since Jupiter orbit
insertion (JO I). For example, “1 I” indicates the eleventh apoapsis since JOI. It also corresponds to the
nutnbcr  of the next encounter, 1;1 1. The times of the two significant maneuvers in the tour arc indicated by
the butterfly symbol near the apoapses  marked 11 and 25. The official start and end dates of the mission are
indicated by stars. This view highlights the rotation of the tour about Jupiter’s pole and the relative sizes of
the individual legs of the trajectory. At the end of the prime mission, the semi-major axis of the orbit is
generally aligned with the anti-Sun direction. During the first nine orbits, the tour remains in this
orientation with apojovc distances that arc alternately pumped up and down, as the period is incrementally
il~creascd and dccrcased by the Europa flybys. The actual apojove  distance varies from 85 Rj after F, 11 to
over 150 Rj following E19. l’hrough orbits 20 to 23 the characteristics of the trajectory change
significantly. The tl-ajcctory  is rotated about Jupiter’s pole by approximately thirty clcgrces, and the apojovc
distance is decrcascd from over 150 RJ prior to C20 to about 65 RJ prior to the first 10 flyby. I’hc pcrijovc
distances also decrease during the pump-down phase from 9.3 ~J on obit 20 to only 5.5 RJ on orbit 23,

Figure 2 is a plot of both the targeted and non-targeted satellite encounters from a view consistent with
the petal plot, but without the trajectory. The orbits of the four satellites arc also included in tbc figure. This
view clearly shows the alternating inbol!tld/otltbollt~(l  pattern of the [{uropa flybys, that is the result of the
non-resonant tratlsfcr  strategy chosen for the Eiuropa phase.
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I) It’1’AII>ED GEM  C} IARACIKI{IS’I’IC:S

Although the tour design consicicrcxi many global constraints and objcctivcs,  LXCh phase of the mission
also had Its own set of spcciflc rcquirclncnts, Thus, in addition to focusing on a different satellite within
each phase, the spcciflc  flyby characteristics at those satellites also differ during cacll of the three phases.

Europa  Canlpaign
The Europa campaign is roughly defined as the first 9 orbits of the GEiM, including flybys E; 11 through

E19. During this phase, cncountcr  altitudes from a minimum of 200 km at [112 to a maximum of
approximately 3600 km at E17 are achieved. Also, significant Iatitudc diversity among the Europa
encounters, from a minimum of approximately 42 degrees at E 17 to roughly +42 degrees at El 8 are
available, with several different latitudes between those limits. The primary reason that this particular tour
was sclcctcd, over other candidate tours, was that the Icvel of Iatitudc diversity available in the Europa
canlpaign  was greater than that achievable by any other tour candiciatc. The relative locations of the flybys
arc rcprcsentcd in the F.uropa aimpoint chart in Figure  3. The inner circle represents Europa as viewed by
the vehicle inbound to the flyby (the 13-pIanc,  defined to bc normal to the V-infinity vector of the
hyperbolic path relative to Europa). l’hc radius of the inner circle is defined as a norlnalizcd impact-radius
of Europa. (Although this radius is slightly different for each flyby, the average is approximately 1652 km
for the targeted Europa encounters of the GEM.) Two additional circles, with radii of two and three times
the impact radius, are also included in the plot. The E4, E6, and pre-GEM  E 11 flybys of the prime mission
are also plotted. Most of the flybys occur at an altitude of less than two times the impact radius (or at a
radius of less than three times Europa’s impact radius from the center of the impact circle). Following E 11,
the latitudes of the flybys follow a pattern consisting of two flybys in one hemisphere followed by two
flybys in the opposite hemisphere, and so on, El 2 and E 13 arc southern flybys; E 14 and E 15 occur at
northern Iatitudcs, etc. The latitude within each hcmisphcrc increases throughout the campaign until the
E 19 flyby. With that encounter, the inclination reduction required to begin the perijove reduction phase
reverses the Iatitudc increasing trend. Another diffcrcncc  bctwccn E 19 and the other GEM Europa
encounters is that El 9 is a dark-side flyby, while all other Europa aimpoints have a phase angle Icss the
90°. The period following El 8 was almost 20 days short of the 90 days goal for the period prior to the start
of the pump-down phase, but given the limitation on the duration of the Europa campaign, only onc
additional flyby could be included. Thus, although E 19 retains the non-resonant pattern of the Europa
series, it was designed as a dark-side flyby in order to provide the additional period increase required prior
to the pcrijove  reduction phase.

lhc Europa flybys are presented from a different perspective in Figure 4, where the flyby locations are
superimposed onto a map of Europa’s surface. (’1’hc  thin, jagged Iincs in the tigurc represent surface
features on Europa.) The longitudcs of the targeted GEM flybys occur essentially in two primary bands,
roughly at 135 dcgrccs west longitude for odd nornbcrcd Europa flybys (inbound encounters) and
apprcjxirnately 225 dcgrccs for even nurnbcred  encounters (outbound). The exception is the E 19 flyby that
occurs at a west longitude of about 330 dcgrccs.  Although this lorlgitudc is different from that of the other
Europa flybys in the GEM, it is within the same band of longitude as the 136 encounter in the prime
mission, which was also a dark-side, inbound encounter.

As a 200 kln flyby, the Ell 2 cncountcr  is the Iowcst flyby of any satellite in both the prime and follow-
on missions. This low altitude is itsclfa significant complication to the navigation for that Icg. llowcvcr,  in
addition to the F, 12 encounter. a non-targeted flyby of Clanyrncdc,  at an altitude of’ 14395 kin, also occurs
on orbit 12. In order to maximize the rcsourccs available for the investigation of [{uropa,  no scientific
investigations of Ganymcdc al-c planned for this flyby, but the non-targeted encounter is an important
navigational consideration. Since the non-targeted G 12A flyby occurs only onc day prior to the targeted
E 12 encounter on this Icg, unccr-taintics associated with the Ganymcdc flyby introduce a substantial
perturbation to the trajectory that Inust bc considered during the final targeting for the E; 12 cncountcr.

I’hc E 13 flyby of the tour occurs on February 10, 1998. The date of solar conjunction ill 1998 is
February 23. ThLis,  the E 13 tlyby occurs very near the bcginnirlg  of the three week interval around solar
conjunction during which poor data quality is cxpcctcd.  For this and operational wurkloaci  reasons, science
gathering during this flyby will bc Iil]litcd to gravitational flcld mapping, since rctull]ing  a Iargc amount of
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F,l 3 science data mior to the E14 cncountcr would bc difficult. Itl 1999, however. no encounters occur near
solar conjunction ~April  1, 1999).
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l’ctijove  Reduction Campaign
The pcrijovc reduction phase, incorporating orbits 20 through 23, includes four Callisto flybys. The

pr”i!nary  goal of this phase, in terms of the tour design, is to rcducc the perijovc from approxilnatcly 9.2 I<J

to that of 10’s orbit (5.9 RJ) in order to achicvc the 10 encounter on orbit 24, ‘1’hc orbital period also
dccrcmcs  during this phase, t’roln  a high of over 90 days following E 19, to 26 days following C23 (the
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period inbound to 124). in addition to the Callisto  flybys, this phase also inc[udcs  a noo-targeted 10
clwoLlntcr, at an altitLdc  of 127,000 km, on orbit 21. .Sincc this is lCSS than half as CIOSC  as the next 10
closest approach of the tour since 1995, it an exceptional scientific opportunity. C)bscrvations  conducted
duriltg this encounter may bc used to define the final planning  for the targeted [o encounters on orbits 24
and 25 and also to refine the Io cphcmcris to assist the orbit dctcrminatioo and final targeting for those
flybys.

The radiatloo exposure cscalatcs during this phase as the pcrijovc distance dccrcascs. Figure 5 is a plot
of the estimated radiation dosage for the nominal GEM tour, based on estimates for the radiation ticld and
the shielding on the spacecraft. (These values assume a sphere with aluminum shielding of 2.2 gm/cm2.)
The perijove distances arc also plotted on Figure 5 to highlight the correlation between the pcrijovc and the
radiation exposure. Note that Table 1 includes an osculating pcrijove distance, computed at apojovc,  in
order to identify the effect of each flyby on the pcrijovc distance. The perijove valocs plotted in Figure 5
arc the actual perijove distances that occur in the tour, since the radiation dosage is dcpcndcot on the actual
Jupiter flyby. The slope of the radiation dosage curve incrcascs significantly during the pcrijove reduction
phase, from approximately 10 krad/rev Prior to the start ofthc pump-down, to over 40 krad/rcv  by the time
of the 10 encounters.
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Figure  5. Radiation Dosage.

No specific value was set for an utmcr Iimit on radiation dosage for the GEM tour design. With the. .
objcctive”of Iin]iting the dosage as much as possible, tours were evaluated with respect to rad~ation issues
by comparing options relative to each other, rather than to an absolute dosage limit. While the 330 kraci
dosage following 124 is twice the design limit, there is significant probability that the spacecraft may yet be
functional at that time. ~ The assumptions and models used to compute the dosage, as well as the capabilities
of the spacecraft components to withstand the exposure, arc all under continued invcstigatioo.

Io Encounter Phase
The [ocncountcr  phascofthc tour, inclosing orbits 24and25,  provides twoclosc Iocncouotcr  sand

oncnon-targctcd  Europa cncotlr~tcr.  Thctirst Io flyby wassclcctcd  to bcarclativcly low [atitudc,light-side
cncountcr,  in order to improve the opportunities forobscrvations  of known active volcanic regions. A low
altitude, nearly polar tlyby was achicvcd  at the 125 cncountcr, to accommodate the rcquircmcnts  of
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cxpcrimcnts  concerned with 10’s gravitational field  and, potentially, the existence of an intrinsic magnetic
field. Bot}l tlybys occur in the southern hcmisphcrc.  Also, both flybys arc outbound encounters. However,
the 125 encounter occurs on the dark-side of 10, con]parcd  with the light-side 124 flyby. Since [25 is a near
polar tlyby, however, lighted parts of the body will still bc visible even at the time of closest approach

Similar to orbit 12, orbit 25 also includes onc non-targeted encounter prior to the low altitude, targeted
flyby on the leg. Part of the 8.9 n~s maneuver prior to 125 is the cost of constraining the altitude of the non-
targctcd  E25A flyby to be at least 10,000 knl. But, even at this altitude, E25A introduces a pcn-turbation to
the trajectory prior to the 125 encounter that must bc considered during the final targeting of that series.
Unlike the G12A flyby, however, resources will bc devoted to Europa investigations at E25A, since the
flyby provides a final opportunity for unique coverage of Europa, with a moderate phase angle sufficient
for global imaging opportunities.

SUiMIMARY

A satellite tour for the GEM has been dcvclopcd that satisfies most of the desires of the Galileo
scientific community, while balancing operational constraints that result fronl the particularly Iin]itcd
resource environment that is inherent in the design of a follow-on mission. Although this mission and the
Galileo prime mission share the same spacecraft, this tour provides many interesting opportunities that
were not available in the prime mission and may not be available in near- terln future  missions. The
efficient use of Galileo’s resources during its prime mission has enabled a follow-on mission that includes
mc)rc satellite flybys than the prime mission in a time frame that doubles the amount of operational time the
spacecraft will spend in Jupiter’s vicinity. The GEM mission is built on the success of the Clalileo prime
mission, but it stands alone in the scientific opportunities it offers.
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