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FOREWORD

This study was performed between March and December 1974
as part of the work performed by Science Applications, Inc. for the
Planetary Programs Division of OSS/NASA under Contract No. NASW-
2613. The results are intended to assist NASA planmers assess the
hazard of Galilean satellite colligion in the event that spacecraft
quarantine requirements are imposed on the post-operational lifetime

‘of a Jupiter orbiter.

The authcr expresses his appreciation to C. Uphoff of Vector
Sciences, Inc. for useful conversations concerning the subject matter,
and to M., Stancati, J. Niehoff and G. Adamek of the SAI-Chicago staff
for their valuable assistance in computer programming and preparation
of this report. |
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SUMMARY

The four Galilean satellites of Jupiter present a long-term
collision hazard to an uncontrolled orbiting spacecraft that repeatedly
enters the spatial region occupied by the satellites. An assessment of
this risk and its implication for Jupifer mission plamning becomes
important if quarantine constraints, currently under review, are
imposed on an unsterilized spacecraft. This report describes an
analysis of satellife close encounters and the likelihood of collisiou over
a wide range of initial orbit conditions with the effect of orbit inclination
being of key interest. The scope of the analysis is restricted to orbital
dynamic considerations alone, i.e. the question of biological contamina~
tion given the event of collision is not addressed here. A guarantine or
orbiter lifetime of 50 years is assumed. This time period begins at
spacecrait "shutdown" following completion of the science mission
objectives.

A numerical approach is adopted wherein each initial orbit is
propagated for 50 years, and satellite closest encounter distances are
recorded on evei-y revolution. The computer program developed for
this purpose strikes a necessary compromise between orbit computation
accuracy and speed. It includes appi'oximations of the three major
perturbation effects on the long-term motion of the orbiter: (1) Jupiter
oblateness, (2) solar gravity, and (3) satellite gravity. Program
execution time ig about 1 minute to complete 600 orbit revolutions
typical of a bO-year lifetime. The loss of definitive aceuracy in favor
of rapid simulation is compensated for by adopfing a broad statistical
viewpoint regarding the question of collision probabiiity or likelibood.
This requires the generation of a fairly large numbej: of data samples,
a method we refer to as "orbit flooding'. It should be nofed, however,
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- that this is not 2 Monte Carlo simulation, which even with the approxi-
mate numerical approach used would require a prohibitive amount of

computer time.

Numerical data has been generated for 32 basic orbits comprised
of 2 perijove distances (5 and 11 Jupifer radii), 2 orbit periods (21.3
and 60 days), and 8 inclinations between 0° and 90°. The initial epoch
for each orbit is sampled over a T-day interval defined by the
characteristic phase resonance (syzygy) of the three inner Galilean
satellites, Io, Europa and Ganymede. A sample size of 15 epochs,
spaced uniformly 0.5 day apart, is used. All time samples are tacitly
assumed to be equally likely. In total then, the Jupiter orbiter space
is filled with 480 initial orbits each propagated for 50 years. Signifi-
cant perturbation of the orbital elements during this time resuits in
further permeation of the sampling space. '

An overall summary of results is given by the collision record
for all satellites presented in Table S-1. Of the 480 orbits, the total
number of first collision occurences is 81 or 17%. This is of course
biased by the equatorial orbit cases; if these are excluded then the |
first collisions number 34 of 420 orbits, or 8%. The equatorial orbits,
representing a worst case upper bound, are physically unreasonable in
that the Galilean satellites are not exactly in Jupiter's equé,torial plane -
nor would a spacecraft be placed exactly in this plane. The unigueness
of I = 0 is seen by the total number of collisions when orbit contixmatioil
is allowed. For example, taking the 5R., 21.34 orbit, there are an
average of 5 subsequent satellite fmpacts following the first collision,
This does not happen when I # 0. Raising the orbit inclination reduces
the risk of collision, yet collisions were recorded even at 60° and 90°
inclination., The orbit class having a perijove of 5R. and period of

J
21,3 days is most susceptible to collision because all gatellite orbits
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TABLE 5-1 COLLISION RECORD

N s mial Orbit Lifetime = 50 years
Tnitial Epoch Samples/Case = 15
( ) = Total Collisions with Continuation

Number of First Collisions

orbit case | 1=0° i=0.5° | 1=1° |i=5° |i=10° |i=30° |i=60° |i=g90°
. Perijove =5 R; 4 | 5 | 2 e | 2 b1 1 s
Period =21.33% | (84 (5) |
s Ry 14 | o4 2 0 0 0 o | o
60? ” {51)
1R, | 13 2 2 2 | 0 0 0 0
21.35% | ¢65) |
1R, | 06 | o1 | 1 a | o 1 1 0
ce0? ) @y |
Smﬁmaﬁy o Number of Initial Orbits Number of First Collisions
Including Equatorial Orbits : 480 ' 81
Excluding Equatorial Orbits 420 34




are crossed with greater frequency. Io is the dominant body in this case
accounting for 50% of the collision occurrences over all eight inclination

samples.

Fig. S-1 summarizes the likelihood of close encounters and
collisions taken as an average over all four orbit classes. Graphed as
a function of inclination on linear scale, it clearly indicates the rapid
decrease between 0° and 10° followed by a leveling off trend. The
analytical prediction curve is based on Wetherill's asterocid collision
theory ap]elied to the present problem without modification. The com~
parison serves as corroborating evidence of the basic validity of the
numerical data. Discussion of the analytical formula and further
comparative results is given in the text. Another meang of validation

is to examine the ratic of close encounters to collisions. If, for example,

thig ratio is fractionally small then one would have greater confidence
that the event of collision is statistically significant. This is found to
be the casge.

A general conclusion of this study follows from the summary data
shown and other more specific results given in the text: for the types of
crossing orbits investigated, the spacecraft should be placed in an orbit

of at least 30° inclination to ensure a 50-year lifetime probability

approaching 97-99%. However, if planet and satellite quarantine is
imposed on a T upiter orbiter mission, this lifetime probability may not
be high enough. It will then be required to design the post-operational
initial orbit specifically for collision avoidance. Among the possibilities
mentioned in the text are (1) hyperbolic escape,  (2) circular orbit

(3) eritical inclination orbit, and (4) Callisto - resonant erbit'beyond
Ganymede ‘The question as to whether such collisic a,voxdance orbits
are compatible with the operatmnal sequence and maneuver budget of

the nominal mission de51gn is beyond the Sc:ope of this study and left for

for more detailed mission analysis.
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1. INTRODUCTION

Planning for Jupiter orbiter missions in the 1980 decade has
reached the stage of detailed mission analysis and SPaceci-aft design.
Both Pioneer and Mariner-class orbiters are being considered. (1,2)
During the course of the nominal operational lifetime of such orbiters
(1.-2_years), gsome degree of active control based on real time adaptive
orbit design will be in effect so as to avoid premature coilision with
Jupiter or with its natural satellites. In fact, current Jupiter Orbiter
mission planning includes extengive use of the gravitational fields of
the Galilean satellites for dynamic orbil shaping to enhance scientific
observation and mission performance. The question of interest in this
report concexrns the post-operational, long-term motion of the o_rbitef
and its relation to planet and satellite quarantine constraints that may
be imposed on an wnsterilized spacecraft,

Quarantine requlrements for the Jovian system are currently
u.nder review. Altnough the necessity for satellite quarantine has not
been established, the present inability to assess the implication of such
a constraint, should it be imposed, is of concern to mission planning.

The present study was undertaken to examine the orbital dynamic

- implications. -An implicit assamption is therefore made that a 50-year

quarantine period is in effect, and that some small value of the conta-

- mination probability is required for the Galilean satellites (Io, Europa,
- Ganymede and Callisto) as well as for Jupiter.

. - The contamination probability is comprised of two factors: _
(1) the probability of collision and (2) the probability of contamination

- glven that collision oceurs. By colli 151011 Wwe mean entry mio the .

J up1ter cloud tops or actual mpaet on the satelhteg. In. What follows

. we. W111 not be concerned Wlth the probablhty of blologlcal contammatmn

but only W:Lth the dynamlc event of collision. In fa,ct “to place the




problem in an even narrower sense; we wﬂl be concerned W1th the
"likelihood" of colligion over a wide range of leal orblt conchtlons

It is important to make a clear distinction between hkehhood and
definitive probability in order that the results of this study be under— '
stood in the proper context,

 Suppose that a spacecraft is placed at a known initial 'ccnaitibﬁj =

in the Jupiter orbital space and that the dynamlc force model affectmg
its subsequent motion is known exactly. If the questlon is then asked
will the spacecraft collide with Jupiter or its satellites over a 50-—year
period, the angwer is ‘gither yes (probability = 1) orno . )
(probability = 0). Unfortunately, it may not be possible to state the |
correct answer with absolute certainty because of the inability to
predict the long-term orbit propagation without error. Even the best
state-of-the~art integration program may have sgignificant error
build-up over several hundred orbiter revolutions about Jupiter.
However, if the integration error hound is known and is small com-
pared to the close encounter distances recorded, it would be reasonable
in this case to state that the likelihood of eollision is small,

The dlfflculty in the simple deterrr‘mlstm problem posed above -

is further compounded when we admit the real world of uncertainty.
Included in the het of error sources are the initial condltlons

Jupiter's gravfcatmnal fleld, the satellite ephemerides and grawtetional
tields, and other perturbative forces that may act-on the spacecraft,
If each error source could be described by a probability-distributiozz, .
then the event of -eollision: is a-random process and it is vahd to ask
what is thie probability of this event, ‘The two standard methods of
solutmn are 1mearlzed error propagatmn and Monte Carlo samplmg. _
Both methods have serlous drawbacks from a practlcal standpomt the
first because the Imearlty assumptzon will become invalid after a -
period of time Well before 50° years, ‘the second because of the large o




number of samples needed. Furthermore, elther method 3111 be |

subjeet to the same numerical integration (or analy’cmal theor*") errors

in predicting the long-term motmn of the spacecraft

mt

.

An excell ent review of the problems of 3 uplter orblt predlcuon |
and colllsmn hazard has been ngen recently by Uphoff (3) It was
& km)
to the Galilean satellites is v1rtua11y_ nnposs1ble for low and even

~ found that the 1ong—term avoldance of close approaches (<5x10

moderats inclination orbits which cross the orbital distances of the -~ -
- satellites. The principal reason for this effect is the cblateness of

s * Jupiter which causes precession of the orbital plane. Uphoff draws.

T : the reasonable conclusion that it is teélmically and,economically

308 unfeasible to predict the definitive .prpbab'ility. of collision. This does

n not necessarilj imply that the prdbabiiifyis- high, Tbuf: 6n1y that it is.

iy impractical to determine given the present state-of-the-art of orbit

I prediction methods, Tt was recommended that an approﬁ:irnaté orbit
propagation computer program be developed which accounts for the

T major perturbation forces and is rapid in execution, Such a program -

can be used to generate parametric data on the I:i‘l«‘:{-,élzili‘()‘od.’cif. collision

'thereby bounding the question of lifetime probability. It was this = -

recommendation,_ in.p_a;rt', that motivatéd ‘the'; present study.. o

Seetion 2 of this report describes ihe i's;:'_ope*-'and method of. ,
analysis, and includes. diéCu‘ssion of the dynami:ca;l model approxi’maﬁions
& theJOL computer program characterlstlcs a,ud the range of m1t1a1 orblt
- ,7__cond1t10ns to be studied. Numem aI results dlscussed m Sectmn 5 are ——
| B _:‘ _based on the tabulated statlstlcs of satelllte close encounters glven m _ : : L
| "'Appendu: A The Summary precedmg i:hzs secuon is presented for the SRR
busy reader mshmg only to abstraci: the basm results and conclusmns
of the study : o . T oo
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2. METHOD OF ANALYSIS

2.1 Galilean Satellite Motion

| J uplter S four grea:. satellltes move in nearly czrcular equatorial

orblts in the region 6 26 J uplter radu These satellltes mlght be called

Mercury, and Io and Calhsto are both 1arger. than the Earth‘s mOooHn.

-'Pertment physical and orbital parameters of each body are listed in

Table 1. To simplify the computation of satellite positions for purposes
of tms study, it is e.ssumed that the orbl“s are exactly eircular and lie

i Jupﬂ:er S equaterlal planey

_ Perhaps the most interesting cha,ractenstm is the longitudinal
phase relationship between Io, Europa and Ganymede. Laplace is
credited with d1scevermg that the mean longitudes very nearly ohey the

stable resonance relationship

LI¢3L_E-—1;_2LG = 180° B (1)

which results from the fact that the orbital periods of the three mner

-satellites are approximately in the ratio 1:2:4. The mutual gravitational

interaction among these bodies is magnified by the resonance effect

‘which inturn acts to maintain its stability. Fig. % shows the satellite

| .:_orblts and posfcmns on the date 1985 December 23.146. The X-axis
reference is the progectlon of Earth's ecllpt1c vernal equmox onto
: J uplter s equatorlal plane. ‘ The partlcular orlentatlon of the inner
. satelhtes deplcted m the flgure is referred to as syzygy and repeats
‘ every 'Z 15 days. One should also note that there is an antl—syzygy
o ; hneup every 3.55 days at which time Ganymede and Europa have equal

e '310ncr1tudes and Io is in superlor conj unctlen The 1me of sy?ygy

precesses in a retrograde sense relative tothe J up1ter~—Sun line with a

~period of 437 days. The assumption is made in ;_1?1_11_5;-;51112@5??'that.-'the-



TABLE 1

PHYSICAL AND ORBITAL PARAMETERS OF THE GALILEAN SATELLITES

e JUPITER
Equatorial Radius Ry = 71422 km 8 ' 3 3 9
Gravitational Constant My =1.267106 x 10° km /sec = 2.596237 x 10° Rjy/day
Oblateness Jg =0.01471

e SATELLITES

Parameter Io Europa Ganymede Callisto
Radius, km 1800 1549 2621 2389
e Gravitational Constant, km® /sec? 6000 3170 10300 6340
Inclination to Jup. Equator, deg. ~0 - {) ~{ ~ 0
Eccantricity — 0 -~ Q —~0 ~ 0
Mean Orbital Distancea, RJ 5.904312 9.395288 14. 987064 26. 360204
Orbital Period, days 1.769138 3.551181 7.154553 16.682%019
Reference Longitudea' b deg. 102. 60777 348.61292 201, 61550 89, 14804
Mean Motion® , deg. /day 203. 488955 101, 374724 50.317609 21.57107
Sphere-of-Inﬂuence, km 7202 9643 24751 36070

a. Adjusted values used in JOL program to maintain
Laplacian resonance relationship; does not imply knowledge accuracy

b. FEpoch Julian Date = 2446422.0 = 1985 Dec. 22 (Noon)
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longitudinal resonance described above holds exactly. For this
purpose the orbital distances listed in Table 1 were adjusted so that
the corresponding mean motion rates satisfy the necessary angular
relationship as a function of time. Also shown in Fig. 1 are the
spatizi regions of the spacecraft's initial orbit node and apse lines
whicn are assumed for the lifetime study (initial orbit parameters will
be described later). This particular orientation places the orbit
perijove (closest approach to Jupiter) near the equatorial plane

erossing.

2.2 Gravitational Perturbations

There are three major perturbations that aifect the long-term

motion of orbiting spacecratt.

(1) Jupiter's oblateness
(2) Solar gravity
(3} Galilean satellite gravity

The relative strength of these perturbing forces depends, of course,
on the size, shape and orientation of the spacecraft orbit. The gravi-
tational field perturbation due to Jupiter's aspherical shape is largest
for close orbits of low eccentricity. In contrast, the solar gravity
effect increases with the orbit size and eccentricity. Disturbing
forces due to the satellite fields would have little effect on the long-
term motion of an orbiter, except for close encounters or resonance
magnification of small forces. However, it is just this pervading
action of the satellites which can change the orbit period by small
amounts thereby upsetting the delicate phase relationship necessary
to avoid close encounters. If the orbit evolves into such a situation,
the satellite perturbation effects can become very gignificant in a
relatively short time.



One of the important ground rules of this study is that an
appropriate compromise be struck between the conflicting require-
ments of orbit computation accuracy and speed. The computer
program should include approximations of the major perturbing forces
In order to simulate the changing orbit elements over 50 years. Also,
the program should be capable of direct comparison with accurate
(and slow) integrating methods, and produce similar results over a
limited time span of several orbits. The approximations are

described below.

The main effect of Jupiter's oblateness term J 9 is precession
of the orbit plane resulting from regression of the nodal longitude Q
and advancement of the ar~gument of perijove w. Expressed as an
averaged secular change per revolution of the orbiter, the equations
are (in units of deg/revolution)

) 9 .

AQ= - 54:0J2 RJ cos I

—5—g (2)
a2 (1-82)2J

277

202t \2 p

r -
aw= 5407 R T
2eos T2 (3)

where RJ is Jupiter's equatorial radius and a, e and I are, respectively,
the orbit's semi-major axis, eccentricity and inclination. A typical
magnitude of the precession term is 0.1 deg/revolution for an
equatorial orbit of size a = 31 RJ and e = 0. 85. The above expressions
are used to rectify the orientation elements once per orbit as the

spacecraft passes through perijove.

Solar gravity action on the orbit is approximated by the change
in the elements (rp, i, Q w) averaged over an orbiter revolution.
The average perturbation on orbit energy is zero (i.e., Aa =0). The
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most important effect of solar perturbations in the coniext of the
orbiter lifetime study is the change in perijove distance given by the

following expressions,

Arp = A [ sin 2T cos 2w cos I - sin 2w(00321‘ -sinzrcoszi)]

!J- 4 «
A=’?,5ﬂ( SUN)(as )e 1-e”
lJLJ aJ

£
where (”SUN/ l”lJ) is the Sun-Jupiter mass ratio, a; is Jupiter’'s mean
orbital distance and I" is the direction angle of the Sun relative to the
orbit's ascending node. A typical value of the amplitude A lies in the
range 0.01 - 0.1 Jupiter radii per revolution for the highly eceentric
orhits considered in this report. The time history of perijove distance
is determined by the accumulation of A rp increments, and depends
strongly on the angle relationships in the bracketed term above. This
term can be separated into a secular trend, - 1/2 A sin2 wsin’ 1, and
an oscillatory solution in r whose period is about 6 years (1/2 Jupiter's
orbital period)., It will be noted that oblateness and solar perturbations
are coupled through the time variation of 0 and w. The computer
program accounts for the solar gravity effect by rectifying the elements
(rp, I, Qand w) once per orbit at the perijove point.

Gravitational perturbations due to the four Galilean gatellites

are accounted for in two different ways.

(1) Close Encounters {<5 SOI)

If the spacecraft comes within 5 spheres-of-influence of any
satellite, then the perturbation is computed on the basis of
a two-body, impulsive, gravity-assist formula. This
condition is checked each time the spacecraft crosses the

satellite orbit distance. At the nominal crossing time t¥,

(4)

(5)




a relative position vector Ar = - ry and hyperbolic approach velocity
vector yh =y -V g are caleulated. The time to closest approach and

the hyperbolic miss vector are approximated by

bt = -(gh . Ag)/vi (6)

b=Ar+V, At ()

Knowing the gravitational constant of the saicllite Mg it is a simple

matter to caleulate the eguivalent gravity-assist impulse vector

NP =(cosqr - 1) v, - (vh sin\lf/b) b

P

8)

where ¥ is the asympiote turn angle given by

cos ¥ = b - (“s/vi): (9)

b 4 (ps/vi)

and the closest approach distance is

L 2 _
r =-"8 + 2 fu
- ‘/b () (10) -

Finally, the new velocity vector relative to Jupiter resulting from the

L4

close encounter is V + M_/’G A

(2) Far Encounters

This calculation is made before applying the G-A formulas
described above. It is based on a simple average accelera-

tion due to all satellites, excluding that "'close encounter™

10
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satellite, if any, which will be accounted for by the G-A
formula. The averaging takes place over several (= 8)
subarcs on each orbit revolution within the region between
perijove and Callisto's orbit distance. The subarcs are
divided by radial distance from Jupiter rather than by time
increments. Hence, if the nominal orbit crosses the
radial distances of all four satellites, then there are 9 end
points comprised of perijove, the four satellite distances
on the outbound leg to apojove, and the four satellite
distances on the inbound leg to perijove. Consider one
such subarc along an unperturbed orbit between the endpoint
positions 3 and Ty- The time difference Atzz

is readily computed. The total satellite gravity perturba~

tion at each end point is

mg<4
Ag; =~ i 735 +£sj i=1, 2
311 21: 3

lr - 1*S]I 'F-sj!

Velocity and position rectification at the second endpoint is
then approximated by

1 _
A_Yz— 5 (Ag1+ﬂ. ) Atlz

-l se) ot
bry =37 (Ag1+ g) b2

Treatment of satellite perturbation may be summarized as follows:

(1) calculate the adjustment to position and velocity due to far encounter

perturbations; (2) add the velocity adjustment due to a close encounter,

if any; (3) use the rectified position and veloeity to calculate new orbit

elements; (4) continue orbit propagation and repeat preocedure for the

next subarec.

11
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The general question of approximation aceuracy is difficuit to
ascertain but a few remarks could be made. Numerical experience
shows that the G-A impulse method for close encounters is fairly
accurate in predicting the change in orbital elements, particularly the
change in semi-major axis. The method of treating far encounter
perturbations relies on the assumption of a relatively short time
interval across each subare so that the contained Ag(t) is a nearly
linear segment of the total{oscillatory) variation of Ag(t). Anocther
assumption is that the perturbations have a zero average over the
Callisto - Callisto subarc. Limited numerical comparisons with
integrated orbits over several revolutions showed reasonable agree-
ment in orbit element variations. It seems likely, however, that the
approximation accuracy is highly dependent on the nominal orbit
conditions, and that for some orbits the long-term motion would be
better predicted by omitting the far encounter approximation

altogether.

2.3 JOL Program Characteristics

A computer program based on the above~-mentioned approxi-
mations was written in the XBASIC language for execution on a
Univac~1108 system. All program variables and constants are
referred to distance units in Jupiter radius and time units in (BEarth)
days. The reference coordinate system is Jupiter's equatorial plane,
but the X~axis in this plane is somewhat arbitrarily defined (for input
purposes ounly) as the projection of Earth's ecliptic vernal equinox.
Any initial orbit conditions may be input in terms of perijove distance,
apojove distance, inclination, longitude of ascending node, and argu-
ment of perijove. The initial epoch is specified by the Julian date
minus 2440000 and refers to the starting time at orbit perijove.
Additional input quantities are the initial solar longitude, final time,
and output option parameters.

12
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Program execution rate is about 10 orbit revolutions per
second of 1108 CPU time. A iypical 50-year orbit propagation of
600 revolutions would then require about 1 minute of computer time.
Table 2 is an example of a short-form output listing giving only
summary data of the final orbit conditions and satellite encounter
statistics. As the orbit is propagated, the program stores the closest
encounter distance with each satellite for each revolution. The
number of encounters are accumulated in 7 distance cells between 0
and 300, 000 km, and a final open cell for all encounters beyond
300, 000 k. Distance is measured from the satellite center, The
number of revolutions (712 in the example) may be found by summing
any column listed under a particular satellite, or by summing the
totals column and dividing by 4. The last printout gives the cell
frequency distribution in percent of all satellile encomters. For
example, the frequency of all encounters between 50, 000 and 100, 000
km is (45 x 100) = {4 x 712) = 1.58%. The frequency of all encounters
less than 100, 000 ki is simply the summation of the first five cells,
or 1.76%.

In the example, a collision with Europa is recorded on the
640th revolution afier 40 years of orbit propagation. The printout
"END CURRENT COMPUTATION" is misleading since the program
continues execution to the nominal 50-year lifetime in order to develop
the full statistical record. There are, however, two conditions which
can terminate execution before 50 years; (1) collision with Jupiter,
and (2) evolution to a hyperbolic escape orbit which can resuit from

very close satellite encounters or collisions.

Figures 2 and 3 show the history of orbit element changes for
the above example, Perijove distance variations are due to the solar
perturbation effect and show an osecillation of about + 0.15 R super-

J
imposed on a long-term secular trend of 3 x 10_4 RJ per revolution.

13




TABLE 2
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00000 4.2 &OA &7 7Ol 2409
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Orbit period is nearly constant for the first 256 years until a close
approach (7700 km) to Io. This results in a velocity magnitude change
of 76 m/sec causing orbit period to increase by almost 4 days, The
subsequent collision with Europa (CA = 896 km) effects a velocity
increase of 381 m/sec assuming, of course, a "transparent"” Europa.
Figure 3 shows the orbit plane precession characteristic due to
Jupiter's oblateness. Pei'ij ove longitude w = Q + w advances 37° trom
initial epoch to the time of Europa coliision. The variation of inclina~-

tion is negligible in this case.

2.4 Scope of Numerical Analysis

Application of the JOL program to the present study may be
referred to as a method of "orbit flooding', By this we mean that the
Jupiter orbit space will be samplad by a large number and variety of
initial orbits each propagated for a2 50-year time span. The statistical
record of satellite encounter distances and collision occurrences
should provide information on the likelihood of collision as a function
of orbit perijove, period and inclination. The effect of inclination is
of main concern, i.e. we wish to test the hypothesis that collision
risk is reduced with higher orbit inclination. Table 3 lists the range
of initial orbit conditions. A total of 32 basic orbits were studied;
thesc are comprised of 2 perijove distances (5 and 11 RJ), 2 orbit
periods (21.3 and 60 days), and 8 inclinations between 0° and 90°.

The orientation elements Q and w are representative of 1984 Jupiter
arrival conditions propagated 18 months forward to December 1985.
For purposes of this study the latter date will be taken as the end of
the operational Jupiter orbiter mission and hence the beginning of the
50-year lifetime investigation. More realistic values of {} and w would
depend on specific orbital maneuvers made during the 18~month
operational lifetime. Any assumption in this regard was avoided as

being too mission dependent.
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TABLE 3

INITIAL ORBIT CONDITIONS FOR LIFETIME STUDY ‘ —

e IN-PLANE ELEMENTS —

Orbit Class Perijove, RP Period, P Apojove, R A Eccentricity, e
(R,) (days) R,)
J J
1 ) 21.33 57.08 0.83892 —
2 60 118,72 0.91917
3 11 21.33 51,08 0. 64562
4 11 60 112,12 0.82218 —

e ORIENTATION ANGLES"

Orbit Class 1 & 2 Orbit Class 3 & 4 —
Inclination, 1° Mode, q° Argument, w’ ﬁ_c_)_c}g_,_ﬁ Argument, w°
0 182.3 0.0 171.8 0.0
0.5 182.3 0.0 171.8 0.0 o
1 182.3 0.0 171.8 0.0
5 158.1 24,0 158.1 13.7
10 184.9 357.4 184.9 347.0 —
30 200.3 342.8 200.3 332.4
60 204.6 339.6 204.6 329.2 :
U 206.8 339.0 206.8 328.6 —
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The initial starting time for each of the 32 orbits is sampled
over a T-day (syzygy) time span from December 22-29. The tacit
assumption is made that all initial epochs are equally likely. A total
of 15 samples are used spaced wuniformly 0.5 day apart. The choice
of uniform rather than random Monte Carlo sampling is made because
of the limited sample gsize. Statistical results compiled frow the

15-time samples are presented in the next Section.

3. RESULTS AND CONCLUSIONS

Discussion of the study resulis is separated into four
subsections. First, an analytical equation for predieting "order-oi-
magnitude'" collision probability is given and applied to the satellite
problem. Numerical resulis cbtained from the JOL computer program
are then described for a particular orbit example followed by parametric
data for the full range of initial orbits considered. The last subsection
contains a brief comment on some possible orbits which may be chosen

specifically to avoid collision.

3.1 A Reference Analytical Prediction

It would be useful to have a simple analytical formula for
estimating collision probability as a function of orbit parameters.
Such a formula is available from the coliision theory developed by
Wetherill (4) in his study of collisions in the asteroid belt. Since we
will apply the theory to the present problem without moedification, it is
important to note the inherent limitations in doing so. Wetherill
derives a collision probability equation from fundamental geometrical
considerations involving the evolution of crossing orbits into inter-
secting orbits. When applied directly to the satellite problem, the
underlying assumptions are that the orbit elements (g, e, I) remain
constant and that the orientation elements (Q, w) are uniformly distri-

buted without preference. The first agsumption is not strictly true in
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in our case, but the variational effect can be understood given the
numerical perturbation data. While the second assumption does not
correspond to our more specific choices of 2 and @ initial values,
there is a smoothing effect due to Jupiter oblateness perturbation of
these elements and our method of initial epoch sampling. In any
event, comparative agreement to within a factor of 2 or 3, or even an
order of magnitude, would be considered satisfactory.

The collision probability per unit time for a circular satellite

nrbit in the equatorial plane is given by the expression

2
- RS U
b= (14)

2ﬁ2rsa2 1=-82 SinIIctnaI

where RS is the satellile body radius, T is the satellite orbital distance,
U is the relative velocity magnitude between the orbits at the inter-
secting distance T and « is the co-path angle between the spacecraft
velocity direction and the radial direction to Jupiter at the distance rg.
The singularities at I = 00, 180° and o = + 90° need not cause too much
concern since it is not physically reasonable to expect these conditions

to hold exactly. The auxiliary expressions are

H T -
U2=-1;‘l 3--2 -2 Y a(l~e?) coslI (15)
S
9 )
ci:zna = ae) - (a- rS) (18)
az (1 - ez)

Equation (14) needs to be evaluated separately for each of the Galilean
®

satellites; P = 0 if the spacecraft and satellite orbits do not cross.

The collision probability or likelihood for each satellite is then

20
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Pc =P TL where TL is the lifetime period of inferest. Note that
the same equation can also estimate the mean number of close
encounters by simply replacing the body radius R by a miss distance

M.

Numerical results obtained from the analytical formula are
graphed in Fig's. 4 and 5 for the spacecraft orbits considered in this
study. Fig. 4 is for the orbit (RP = 5RJ, P =21, 33 days) and shows
the likelihood of collision with each satellite. In general, the satellite
having the shortest orbital period (Io) is more likely to produce close
encounters and collisions; the reversal of this characteristic between
Europa and Ganymede is due to Ganymede's larger size. The upper
curve represents the overall likelihood of colliding with at least one
of the four satellites assuming that the events of non-collision are
independent. The combining expression is

4

PC= 1""11 (1 “Pci)
i=1

Fig. b shows the overall collision likelihood for each of the four orbit
classes. The 11 RJ, GOd orbit is least likely fo produce collision
because Io and Europa are not intersected and because the orbital

period of BOd results in fewer revolutions over the H0-year lifetime,

We will refrain at this point from drawing further conclusions
based on the analytical prediction results until a comparison is made
with the numerical data which accounts for perturbation effects.
However, the reader will certainly not ignore two apparent
characteristics: (1) the likelihood of collision may be significantly
high, and (2) the strong influence of orbit inclination on this result.
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3.2 Case Study of an Example Orbit

We will examine the orbit given by the initial elements:
perijove distance = 5 RJ, period = 21.33 days, and inclination = 0. 5°.
Frequent close encounters may be expected in this case as the
spacecraft will cross the orbital distance of each Galelian satellite
close to the equatorial plane. Table 4, taken from Appendix A,
summarizes the encounter statistics compiled over the 15 initial epoch
samples. The first block of output data shows orbit elements at the
50-~year time point in terms of mean (average) value, standard deviation,
and min-max spread. This provides a measure of the orbit variability
due to perturbations. The second data block presents statistical
information on the cumulative freguency of encounters within a given
miss distance taken over all four satellites. Note that the maximum
possible number of encounters on any orhit propagation is 4 x the
number of revolutions. For example, using mean values, 8.135% of
all satellite encounters have a miss distance within 100, 000 km while
0.255% pass as close as 10, 000 km. Actual number of encounters
are presented in the third data block in terms of mean values for each
satellite, and mean and standard deviation values for all satellites,
The final data block shows the number of collisions recorded for each
of the satellites and Jupiter, and gives a measure of overall collision

likelihood computed as the fraction = no. of collisions <+ 15.

Distribution of the number of close encounters (within
50, 000 km) over the initial epoch samples is shown in Fig. 6. Straight
line segments comecting the data points are used to illustrate the
general trend only, and do not imply linear variation between points.
The satellite Io is seen to be the dominant factor in this case with
number of encounters varying between 37 and 107; the mean value as
indicated in Table 4 is 66, When comparing the variation with initial

epoch there is an apparent correlation among the four satellites,
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particularly Io and Europa. This is likely a result of the unique phase
relationship between the three inner satellites. The additive number
of close encounters for all satellites varies between 81 and 200 with

a mean value of 134. The sawmple points for which collisions occurred
are noted as well as the year of collision. Collision grouping between
initial epochs of Dec. 25-28 is not particularly relevant since other
orbit cases showed considerable variability in which epochs resulted
in collision events. Additional data on very close encounters is shown

in Fig. 7.

The likelihood of collision for this case was found to be about
33%. One way to test the validity of this result is to compare the

4 km) in relation to the collision

statistics of close encounters (<5 x 10
record. If, for example, the ratio of the number of collisions to close
encounters is fractionally small then one would have some confidence
that the event of collision is statistically significant rather than being
a chance occurrence due to a small sample size, From Table 4, the
mean value of this ratio is 0.33/133.7 = 0. 0025, i.e., about 0.25%

of all close encounters under 50, 000 km may be expected to result in
collision. The same ratio calculated for very close encounters

(< 10% km) is 0.33/10. 3 = 0. 032.

Another means of corroborating the numerical data is to use
the analytical prediction formula given in Section 3.1. From Fig. 4
we see that the predicted collision likelihood for all satellites is 0. 76,
or slightly more than twice the numerical resuli. However, it will be
recalled that the basic collision theory assumes constant orbit
elements, and this is certainly not the case as noted from the end-of-
life elements in Table 4. In particular, the mean final value of
inclination is 4.3° compared to the initial value of 0. 5%, We would
therefore expect Eq. (14) to predict higher encounter and collision
rates. We may adjust the results obtained from Eq. (14) by using
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average values for the elements (2, e, I). A simplified approximation
of the average elements is one-half the sum of initial and final values;
e.g., 1=2.4° When this is done the predicted collision likelihood
reduces to 0. 25 which compares even more favorably with the
numerical result of 0.33. To carry the validation test one step
further, Fig. 8 compares analytical and numerical results for each
satellite in terms of mean number of encounters over a range of miss
distances. Agreement to within a factor of 2 is obtained. We conclude
therefore that acceptable confidence may be placed in the numeral

results of this study.

3.3 Summary of Parametric Data

Appendix A contains the tabulated statistical results for each of
the 32 basic orbits. A graphical summary of this data is presented in
Fig's. 9-12 for each of the four orbit classes and shown parametrically
as a function of initial orbit inclination. Imclination isseen to be a
major paramneter influencing the number of close encounters and
collision likelihood. Results are reasonably well correlated with the
analytical predietion, i.e., the magnitude of collision likelihood is
very sicnificant at low inclination for the type of crossing orbits
considered in this study. Inclinations of 09 - 10° are considerably
more at risk than orbits sbove 100, but collision likelilood cannot be
ipnored even for highly inclined orbits. The orbit class having a
perijove distance at 5 RJ is most susceptible to close encounter and
collision because all saiellite orbits are intersected - particularly Io.
Within this class the shorter period orbit is generally at greater risk
because of the larger number of revolutions completed in 50 years

time.

An overall summary of resulis is given by the collision record
of Table 5. Of the 480 initial orbits, the total number of first collision
occurrences is 81 or 17%. This is of course biased by the equatorial
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TABLE 5

COLLISION RECORD

Nominal Orbit Lifetime = 50 years

Initial Epoch Samples/Case = 15

( ) = Total Collisions with Continuation

Number of First Collisions

Orbit Case i=0° [1=0.582 | 1=1° [i=5° |i=10° |i=30 i=60 = 50
) . _ L _
Perijove =5 RJ 14 5} 2 4 2 1 1 1
Period =21.33% (84) (5)
R 5 R; 14 4 2 0 0 0 0 0
g0 6y |
| 11 Ry 13 2 2 2 0 0 0 0
21.33% || (65)
11 Ry 8 i 1 2 0 1 1 0
§0% (21)
Summary Number of Initial Orbits Number of First Collisions

Including Equatorial Orbits 480 81
Excluding Equatorial Orbits 420 34
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orbit cases; if these are excluded then the first collisions number 34
of 420 orbits, or 8%. The equatorial orbits, representing a werst
case upper bound, are physically unreasonable in that the Galilean
satellites are not exactly in the equatorial plane nor would a space-
craft be placed exactly in this plane. The unigueness of I = 0° is seen
by the total number of collisions with continuation allowed. For
example, taking the 5 R, 2.1.3d orbit, there are an average of 5
subsequent satellite impacts following the first collision. This does
not happen when I # 0.

The final illustration, Fig. 13, summarizes the eollision
likelihood and number of close encounters taken as an average over
all four orbit classes. Graphed as a function of orbit inclination on
linear scale, it clearly indicates the rapid decrease between 0% and
10° followed by a leveling off trend. For the types of crossing orbits
investigated here, the spacecraft should be placed in an orbit of at
least 30° inclination to ensure a 50-year lifetime probability

approaching 97%.

3.4 Orbit Design for Collision Avoidance

If planet and satellite quarantine constraints are imposed on a
Jupiter orbiter mission, a lifetime probability of 97-99% may not be
sufficient. We have restricted this study to initial conditions
representative of operational-type orbits. Resulis have confirmed
our a priori expectations that such orbits cannot be assured of
extremely high lifefime probability, However, there are orbits
which may be designed specifically for collision avoidance. Several

possibilities are listed below.

(1) Hyperbolic escape trajectory

(2) Circular orbit at least 1 Ry removed from any
satellite orbital distance
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(3) "Critical inclination” orbit (I~63°)

(4) Callisto - resonant orbit beyond Ganymede

The first suggestion is perhaps simplest in concept in that a AV
maneuver of sufficient magnitude would cause the spacecraft to escape
the Jovian system and thereby assure collision avoidance. This might
be achieved for a maneuver of a few hundred meters per second
possibly assisted by a final, conirolied, close swingby of one of the
Galilean satellites. A circular orbit should be stable for 50 years or
more even in the equatorial plane. Again, a AV maneuver combined
with several satellite gravity-assists could achieve a circular orbit.
The third possibility was suggested by Uphoff(s). At an inclination
near 63° the effect of J upiter's oblateness on the argument of perijove
is very small. Hence, by placing perijove in the equatorial plane at a
distance within Io's orbit (e.g. 3 RJ), and by setting the orbital period
short enough so as to aveid significant solar perturbations on perijove
distance, the result should be a fairly stable collision avoidance orbit.
The last suggestion has been proposed for study by T. Heppenheimer.
Perijove distance would be placed between Ganymede and Callisto
(e.g. 20 RJ) and the orbital period would be a multiple of Catlisto's
period. The initial time phasing would require the spacecraft and
Callisto to be in superior conjunction (1800 apart on opposite sides of
Jupiter) at the initial perijove epoch. Acceptability of this approach
depends on how accurate the orbit period can be set to resonance, and
also on the strength of perturbation effects due to Jupiter oblateness
and solar gravity. The question as to whether the collision aveidance
orbits described above are compatible with the operational sequence
and maneuver budget of the nominal mission design is beyond the scope

of this study and left for more detailed mission analysis.
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(% OF ALL ENCOUNTERS)
MEAN SD MIN MAX
£ 2000 KM 0. 000 0. 000 0. 000 0. 000
£ 10, 000 KM 0. 137 0. 081 0. D00 0. 3ZO
£ 30, 000 KM 0. 912 0. TEY 0. 474 1. 563
£ 50,000 KM 2. 844 G, 621 1. 203 5. 627
< 100, 000 KM 7. 249 1. 0164 4. 976 & A4S
ENCOUNTER NUMEER DISTRIEUTION (MEAN VALUES)
in ELRCFA GANYMELDE CALLISTO TUTAL
MEAN SO
< 000 KM 0.0 G. 0 0.0 0. O 0,0 0.0
< 14, 000 EM 1.1 a4 (WRC] 0.1 1.9 1.3
< 30,000 KM 8 4 2.9 0. 9 0. & 12 7 7.2
£ 50,000 KM 213 7. 5 7. 5 0.9 o4, 3 17. 5
< 100, 000 EnM 4.1 26, 2 127 4. 3 ZA N} 3.1

FIRST COLLISION RECORD (NUMBER OF SAMPLES)
10 =0 ELIROPA = 0O GANYMELE = 0O CALLISTO = O JUFITER = O

OVERALL COLLISION LIKELIROOD = 0, 00

52




Sl TSN SAaTELL ITE ENCOUONTER STAaTISET IE=

INITIAL OREIT CONDITIONS

g PERTJOVE (R = =000 MUMEER OF EFOCHE = 15
FERICD{DAYS) = &0, 000 EFOCH INTERVAL = 7 DAYS
INCLINATION(DEG) = 0. 000 OEC, 22—29, 1985
g NODE(DEG) = 184, 00
] ARG (DES) = 357, 400
% NOMINAL ORETT LIFETIME = S0 YEARS
' END-OF-LIFE ORBIT CONDITIONS
[ MEAN SO MIN MAX
. FERTJOVE (R.J) 4 5 0. 4 =4 4.9
] FERIOD(DAYS) L7.0 21,1 b, 4 145, 0
I INCLINATION{DES) 10,1 3z &5 16, &
NODE(DEG) S 2 =i 43 2 Tz 2
. ARGLMENT (DEE) 155, & o0 147 4 173 4
l REVOLUTIONS 10, 7 74. 7 5%, O 472, 0O
] ENCOUNTER FREGUENCY DISTRIEBUTION — ALL SATELLITES
& (% OF ALL ENCOUNTERS)
MEAN =9 i MIN MaXx
- < 000 KM 0. 000 0. 000 Q. 000 0. Q00
<10, 000 EM 0. Q32 0. 048 0, 000 0 111
: £ 30, 000 KM 0. 511 0, Zi6 0. 262 0. P20
™ <50, 000 KM 1. 297 0 313 0. 54% 1. 215
" <100, 000 KM 5. 400 0. 445 4, 203 &, 554
ENCOUNTER NUMEER DISTRIBUTION (MEAN VALLIES)
. 1o ELURCFA EANYMEDE CALLISTO TOTAL
MEAN (30
e 000 KM 0.0 Q.0 0.0 Q.0 0.0 ¢ 0
<10, 000 EM 0, 3 0.2 0.0 0,0 0.5 0.7
£ 30, 000 KM 4 = 1.5 0.5 0. = & S 34
£ 50, 000 EM 11.7 I | 1.1 0.5 1, 3 S
<100, 000 KM 45, @ 14, 1 b 1 Z. 0 LS O 22,0
FIRST COLLISION RECORD (MNUMRBER OF SAMFLES)
4 0 =0 EUROPA = O GANYMELDE = O CALLISTD = © JUPITER = O
" OVERALL COLLISION LIKELIHOOD = ©. 00 RI
G 1
; OF p PAGE 15
OOR QUALITY
[ = 53




el . T L E st

INITIAL OREILT CONDITIONS

FERIJOVE(RL)
FERIGLD{DAYS)
INCLINATION(DESR)
NODE (DESG)

ARG (DES)

wndonm

MOMINAL OREBIT LIFETINME

00,

4L,

£

QO
000

po A |

s

S0, 000

00
=00

S0 YE

END-OF-LIFE DREBIT CONDITICOND

FERILIDOVE (R)
FERIDD(DAYS)
INCLINATION(DEG)
NODE(LEG)
ARGUMENT (LDEG)
REVIDLUTIONGS

ENCOLNTER FREGUIENCY DISTRIBUTION — ALL

(% OF ALL ENCOUNTERSD)

< 2000 EM
< 10, 000 KM
S030, 000 KM
o 30, 000 KF
< 100, 00O FM

ERCOUNTER NUMEER

I

< 000 kM Q,
<010, 000 EM o,

< 30, 000 EM 1.

< 50, 000 M 4.

<0 100, 000 KM 1%
FIRST COLLISION Re. 7 of
I0 =10 EUuR:QA =

OVERASLL COLLISION LLIKELIHCOD

o

o

0

SEITELLLETE

ARS

0. 00

o4

ErCToO il T ER

NUMEBER OF EPQUHE
EFOCH INTERVAL

DEC, 2E2-2%, 1985

nu

MEAN &L MIN
b 7 1. % 5. %
4. 4 27. & 8% O
47. 2 7.9 3.7
207. 0 . 4 159, 6
257, 4 7.2 251, 5
258, 4 A4 7 ZOS. O
SATELLITES
MEAN S0 MIN
0. Q00 G, Q00 0. Q00
0. 040 0. 042 0, 000
0. 147 . 120 0. 000
0. 420 0. 190 0. 11&
1. 892 0. 500 0. 948
DISTRIBUTION (MEAN VALUES)
EUROFA  GANYMEDE  CALLISTO
0.0 0. 0 0.0
01 0. 0 0.0
o1 0.0 0.0
0. 0 0. 0
0.0 0. 0
(I NBER 7 SAMPLES)
GANYMEDE = 0  CALLISTO = O

=T EaT E=ST D

P}
-—

~ O

nay

MAX

9

’-

-,

e )]

i

Ci G

215

Yy
AR

54,

NoeeD

TOTAL

Q@proofm
N D2

JUFITER

NpmoOD
CWhiO

T



Al YL EaiN S@:mTELILLIYITE ERMOCOUINTER =TaT I=T IN,=E

IMITIAL OREIT CONDITIONS

e T e T e L e T

PERIJOVE(R.J) = 5. 000 NUMBER OF EPOCHS = 15
FERIOD{DAYS) = A0, 000 EFCICH INTERVAL = 7 DAavYs
IMCLINATION(DEG) = &0, OQO0 DEL, Z2—-39, 1955
MNODE (DEG) = 204, 400
ARG {OES) = a3, AO0
NOMINAL COREBIT LIFETIME = =0 YEARS
END-OF-LIFE OREIT CONDITIONS
MEAN =D MIN MAax
.
FERIJOVE (RJ) 37 0.5 12,5 14. 5
- FERIOD(DAYS) 7E. = & & 7.5 a7, 7
INCLINATION(DES) 74 0 0.5 733 74,
= NODE(DEG) Z0E 1 i. 1 20301 206, &
ARGUMENT (DIEG ) o547 0,8 e &5s5, 7
REVOLUTIONS 715 a9 IR0 2958, 0
1 ENCOUNTER FRERUE.:SY DISTRIBUTION - ALL SATELLITES
(% OF ALL ENCOUNTERS)
MEAN e I MIN MaX
" o< 2000 KM €. QO 0. 000 G, 000 0. 000
<10, 000 KM . OG0 0. 000 0. 000 0. 600
< 30,000 EM 0. 004 0, 0z4 0. DOO 0. 093
< 50, 000 EM 0, Oils 0. 0=7 0. 000 0. 093
. <100, 000 KM 0. 139 G, 105 G, 000 0, Z958
l ENCOUNTER NUMBER DISTRIRUTION {(MEAM VALUES)
] 10 EUROFS GANYMEDE CALLISTO TOTAL
] MEAN )
b o =000 KM o0 0.0 0.0 0.0 G0 0.0
< 10, 000 EM 0.0 0.0 0.0 0.0 0. Q 0.0
T =0, 000 KM Q.0 0,1 0.0 00 0.1 0,
4 < 50, 000 KM 0.1 0, 1 Q.0 0.0 02 0.4
<100, Q00 EM 0, & 05 0.1 00 1.4 1.1
FIRST COLLISION RECORD {(NUMEER OF SAMFLES)
1
X 10 =0 EURDFA = O GANYMEDE = @ CALLISTO = O JUPITER = O
d CVERALL COLLISION LIKELIHOODO = O, 00
A bh)
LJ:)




——

k. FI_Eak S TELL I TE ERRCIOUUNTER =TAa7T IZT X

INITIAL ORBYIT CONDITIONS

FERIJOVE (R = 5. 000 MIIMEER OF EPOCHE = 15
FERIOD(DAYS) = &0, 000 EFOCH INTERVAL = 7 DAYE
TMNCLIMATION(DEG) = 20, 000 DED, 22-2%, 1935
NODE(DEG) = ZO4& 200
ARG (DES) = 3TV 000
MOMINAL OREIT LIFETIME = 30 YEARS
END-OF-LIFE OREIT CONDITIONS
MEAN =D MIN MAax
FERIJOVE(R.J) 14, A 0.5 15 4 17. 9
FPERIODO{IIAYS) g1 3 a9 &1, 4 7. 8
INCLINATION(DEG) P2 L 003 vi. % o3 0
NCODE(DEG) 205 8 0. & z04q. v 206, &
ARGUMENT (DEG) 250, 1 Z & b A o 34611
REVOLUTIONES 278, 3 1z, %9 254, 0 297. 0
ENCOUNTER FREGUERCY DISTRIBUTION — ALL SATELLITES
(% OF ALL ENCOUNTERS)
MEAN s MIM MARX
ot 2000 KM Q. 000 0. 000 Q. QOO Q. 000
<o 10, Q00 EF 3. Q00 0. QOO0 . 000 0. Q00
< 30, 000 KM 0. 031 Q. O5% 0. 000 Q. 197
L T30, 000 BN 0. oz% 0, 0&1 G 000 o197
< 100, 000 EM 0. 131 0, Z0 0. 00O 0, 2461
ENCOUNTER NUMEBER DRISTRIBUTION (MEAN VALUESD)
it ELROFA GANYMEDE CALLISTO TOTAL
MEAN Sn
< 000 KM 0. 0.0 0.0 0.0 0.0 oo
<10, 000 EM 0.0 0.0 0.0 .0 0.0 0. 0
< 30, 000 KR 0.1 0.z 01 (AR a3 0. &
< 50, 000 EM 0.1 0.3 0.1 0.0 a4 0. &
< 100, 000 EM 0. 0. 0= 0.0 1.7 o %

FIRZT COLLISION RECORDN (NUMEBER OF SAMFLES)
It =0 EUROFA = O GANYMEDE = O CALLI=TO = © JURITER = 0O

OVERALL COLLISION LIKELIHOOD = O, 00

56




eyl TSt =EOSSTEL L X E OERMCCHIMT = =ETEaT I=T D=

IMITIAL OREIT CORNDITIONS

11, 000 NUIFBER OF EFOCHS = 18

FERIJOVE (R.1) = =
FERIOD{DMYS) = 1. 330 EFOCH INTERVAL = 7 DAYD
INCLIMNATION{(DES) = 0. 000 DEC, 2225, L9385

MOODE (DEG) = 171, 200

ARG(LES) = . Q0o

METINAL OREIT LIFETIME = 50 YEARS
EpD--OF=-1 IFE OREBIT CONMDITIONS

MEAN =

=
=
-t
=
W D
v

FERLJIOVE (R.D 7.7 o 0.0 e C
FERIOU(DAYS) 11z 8 124 3 0.9 &2 7
TNCLIMNATION(DES) 0.0 0.0 0,0 Q.0
MODE (DEG) 02 0. Q. = 204
ARGUMENT (DES) 123, 5 a0 12 = =457
REVOLLIT IS 1125 4 1221, =2 20. 0 A7 3 O

C T - R - S R B e R - R ]

ERCOUNTER FREGQLUENCDY DISTRIBUTION — AlLL SATELLITES
(w OF ALL ENCOLHNTERES)

-
=
»
>

on MIN

=
ILH
ZDJ
-f...
)

SO0 B 0. 184 0, 15 0. 000 0. 425

10, GO0 EM 0. 2¥4 0,376 g, 151 1, 256

: 20 Q00 KN L 4x7 0, 41 G. 447 2 21z
D0, 000 EM 2. 20E Q. w14 1. 044 a3 51E
100, OO0 EM 4, 224 1. 740 2187 & 921

i 1

ENCOUNTER NUMBER DISTRIBUTION (MEAM VALLIES)

]

) TaTAL
MEAN =31

ID
[
i~
[
|‘1

Ia ELIRJFA GANYHMELE

T £ FOO0 KM @ & 1.7 i, 7 .7 t 5 t 3
4 <10, DO KM 9.0 S0 s 0w 1. 7 715 250
R0, Q0O ERM a7 =3 14 = 5.8 TONE 71. =
SO0, 000 KM 45 4 20, 1 25,7 7. 7 i01. 0 115. 0
2100, 000 KM 89 A4 40, 43 05 18 5 192, 5 2169

FIRZT COLLIZSION RECORD (NUMRBER OF SAMPLES)

L

- I = O EURCOFA = 1 GANYMEDE = 8 CALLISTO = 4 JUFPTTER = O

OVERALL COLLISION LIKELIHOION Q. =57

o 57
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IFexi. T EAMN SOSTELLLITE EMCOAMNTER STOT IST IO

INITIAL DREIT CONDITIONS

11, Q00 NUMBER OF EFOCHE
2L, 330 EFPOCH INTERVAL
O, 200 DEC, 2Z-29, 19E:
171, =200
0. Q00

FERTJOVE (R
FERIDD(DAYS)
THOLIMNATION (DEG)
NORE(DEG)
ARG{DEG)

OAYS

~

o

1N I I

NOFMIMAL OREIT LIFETIME = S0 YE4SRS
ERD-OF-LIFE OREBIT CONDITIONG
MEAM L=t} MIN MAX

1z

w1,

10,

14,
1.
Q.
2

=31,

FERIJIWE (R 11,5 0.,
FERIOD(DAYE) 210 1z
INCLINATION(DEG) R 1.
NODE(DEG) 1 7 131,
ARGLIMENT (DEG) 1% & g4,
REVOLUTIONS 7oA. & ==

T AT

=Gy 2
B L]
A

1121,

LR AN R W
‘-
Le B UR TR TR N

Ol s b 0o

Al SATELLITES

ERCONTER FREGUERMZY DISTRIEBUTION

(% OF ALL ENZOUNTERE)
MEAN Sh MIN MAax

< 000 KM 0. DOZ 0. 022 0. 000 Q. 074
00 10 000 KM 0. OA7 0. 075 . Q00 0. 244
R0, 000 EM 0, 429 0,171 0, 242 0, B2&
o0, 000 M 0.&57% Q. 257 Q. 49& 1. 405
100, Q00 EM Zo18 Q. 414 1, 252 2093

ERMCOUNTER MUMEER DISTRIBITION (MEAN VALIEER)
10 ELROFA GAMNTYMEDE CALLISTO TOTAL

MEAN S0
2 2000 KM 0,0 .0 01 a0 001 Q. 4
w0 10, 000 KH 0.0 0.0 1.2 05 1.7 1.7
< 30, Q00 KR 0.0 0.0 @ JC iz1 5.4
0 S0, D00 KM 0.0 a1 1w = 7. 27. 2 = HC
<2 100G, 000 EM .0 1.5 aL 7 Z3 4 L7 b4C Ml

FIRST COLLISION RECORD (NUMEER OF SAMPLES)

it =0 EURCFS = O GANYHMEDE = 2 CALLISTO = O SJUFITER = 0

OVERGLL COLLISION LIKELIHOGD = O 13

58




ek, TLES DN =SaTEL L I TE ERCHIINTER ST&aT IST D

INITIAL COREBIT CONDITIONS

11, GO0 NUMEER OF EPOCHS = 13

1. 330 EFQaCH IMTERVAL = 7 DAYsS
1. Q00 LEC, ZZ~-29, 1985

171, 800
G, OO0

FPERIJOVE (R.)
FERTQDI(IIAYED
ITMCLINAT ION (DEG)
MODE (DEG)

ARG (DEG)

LI VIV O

MOMINAL ORBIT LIFETIME = 50 YEARS

ENO-OF-LIFE OREBIT CONMOITIONS

Bonsd  pemcs) peeowl geees) e

FEAM SO MIN MAX

:E PERIJOVE(R) 11, 4 10 S35 12.=
FERIOD{DAYE) ICIEN = 17. & 10. G &5 0
TMNCLINATION (DEG) 2.3 1.5 0,2 JENC
NODE(DES) 2113 2 o9 7 2z4. =2
ARGUMENT (DEG) 11, 7 11z & o7 =44, 4
REVOLUTIONS =041 204, A 50L& O 1277.0Q

EMCOUNTER FREGUENCY DISTRIBUTION — ALL SATELLITES

(¥ OF ALL EMCHINTERE)
MEAN S0 MIN MAX

. 000 BM O, 003 0, 010 O, o0 Q, O0=3
10, 000 KM 0, 074 0, 050 0, GO0 Q. 175
=0, 000 B 0, TE7 0, 144 0 12z O, 783
o B0, 000 KM O, =2sa 0, 24& 0, 554 1. 4z
3 o100, 000 KM 2 O2E4 O, 879 1. 44z RN
3
ERNCOUNTER NUMBER DISTRIBUTION (MEAN VALDES)
o EVROFA GANYMELDE CALLISTO TOTAL
MEAN =D
‘ £ 2000 KM 0.0 Q.0 0.1 Q01 a1 .4
4 0 10, 0 B 0. 0 0,03 i. 4 Q.7 24 i.&
L 30, D00 EM O, O 1.z 2.7 o 1z 9 FE IR
< 50, 000 KM 00 201 g o o, 237 15,1
< 10D, OO0 Kb a0 7.2 a5, 3 EAC I o =3 a4, 8

FIRET COLLISION RECORD (NUMBER OF SAMFLES)
I =0 EVROFA = O GAONYMELDE = 1 CALLISTO = 1 JUFITER = O

OVERALL COLLISION LIKELIHOOD = O 13

£l £ e M i s : 4t g i




Sl T LS SEATTEL LT TE ERNCIINTER =E=T/AaT LT i

i

INITIAL DREIT CONDITIONS

FERIJOVE (R
FERICD{DAYES)
TRCLINATION (DEG)
MODE(DEG)

ARG (DES)

11, 000 NUMEER OF EPOCHS = 1
Z1, B30 EFOCH INTERVAL =
2000 NEC. ZE-2%9, 1R85
155, 100
13 700

~ i

DAYo

N

MOMIMNAL OREIT LIFETIME = S0 YEARS
END-OF-LIFE OREIT CONDITIONS
FIN MAX

b

MEAN =

FERIJOVE (R it 4 6, = 9.7 12,0
FERIOD{OARYS) 20,7 R 12 7 250 2
INCLINATION(DEG) &, 2 i, = 4. & o'
MOTE{DER) 44, 9 =514 147. 1 41%. 9
SRGLMENT ({DEG) =524 57. < b ZEI A
REVOLUTIONS sEE R 173 3 45, 0 1252, 0

ENCOUIMTER FREQUEMZY DISTRIBUTION — ALL SATELLITES
(% OF ALL ENCIHINTERS)
MEARN Sh MIN MAX

4 2000 kR 0, O0E O, OO Q. GO0 O, 028
10, Ol K 0. OO Q. QOL¥ 0. OO 0. Q&Y
20, 000 EM O, Qs Q. 105 Q, Q00 O, 414
=0, 000 kM 0, 2Ea O, 208 0,117 0, 94

100, Q00 B T Q, 424 0. AZ27 2, 557

ENCOURTER NUMEBER DISTRIEBUTION (MEAM Y& UES)

I ELROFA GANYHMEDE CALLIGTO TOTAL

MEAN =0
2000 EM 0.0 0, 1 0.0 0.1 0.4
0 10, Q00 K4 0,0 0 0 0oz 0. 1 O, 4 Q 2
<D 30, 000 KM o0 0.4 2.0 i.1 =27 4, 2
< 50, 000 EM 0.0 I oz 2w 11,9 o,
100, GO0 kM 0.0 4, & =21.3 1.2 0 P Z&,0

FIRST COLLISION REZORD (NUMEER OF SAMPLES)
0t =0 EURCFA = Q GAMYMEDE = Z CALLISTD = O JUPITER = O

COVERALL COLLISION LIKELIRQOD = Q. 13

60




Kagayh, TLEOAR =EaTELL X TE ERMCOLUIMNMTER =TE&T L=T L0

11, 000 MUMBER OF EFOCHEZ =
F1.EE0 EFQCH INTERVAL =
10, GO0 DEC, 2E-2%, 1925

1Ea, 200

=47, QOO

FERI.OVE (R
FERIOQO{DAYS)
INCLIMATIGN(DES)
MNODE(QES)
ARG{DES)

o unn g

E TMITIAL ORREIT CORMDITIONG

MO IMNAL DREIT LIFETIME = S50 YEARS

TR

(T

EMU—OF-LIFE OREIT CONDITICONS
MEAN =0 MIN MAX

14,
h
14,
114,
134,
F1e.

FERIJOVE (RS 11,4 1.0 10,
FERIOD(DAYSE) 224 4. 8 164,
INCLINATION(DES) C e 1.7 .
MODE (DEG) 100 % 10, @ =4,
ARGUMENT (DEG) 11z & 10,35 ]
REVOLUTIONS O B 47. = T3,

D PN R
TN O s

EMTOUNTER FREGIUENCY DISTRIEBUTION - ALL ZATELLITES
(% OF all ENCOUNTERS)
MEAN =D MIN MAX

Cmemsn 0 OHGRC) [RERED IR

" 000 KM O, OO0 0, OO0 Q. QOO0 0, 000
. 10, 000 EM Q. QDO Q. OO0 0O, GO0 G, 0O0
A 2 0, 000 B Q. 053 0, 047 0, 000 Q, 145
< D0, 000 B 0, 122 O, 04k 0, 000 Q, 22w
A0 10, Q00 kM Q, 597 0, 14% (9 JINC et 0 234

[=:- -

EMCOUNTER MNURMEER DISTRIBUTION (FMEAN VALLIES)

in EVURGOFS SANYMEDE CALL I=TO TOTAL
MEAN s

< 00 KM 0, 0 0, 0 a0 0.0 a0 0.0
<10, 000 kM 0, O 0.0 0.0 0.0 0.0 0.0
30, 000 R 0,0 Q.0 .= 0. 3 i.a 1.7
- S0, 000 kM 0.0 0,0 o= 0. 4. 4 22
<2100, 000 EM a0 01 i3 3 4 = i % 4.9

FIRZT COLLISION RECORD (MUMBER OF SAMPLESDS)
oD =0 EURCOFA = O GANYMEDE = O CALLISTO = Q JUPITER = 0

OVERALL COLLISTON LIKELIHODD = O 00

ORIGINAL PAGE IS
OF POOR QUALITY




LI N B R S |

IMITIAL OREIT CONMDITIONS

FERIIOVE (R
FERIQD{ DAY

IMNCLINAT IO (DEG)

FICEE (DEG )
ASRG(DEG)

Hit 0y

11, 000

=1,
eing

200,

SO
OO0
IO

I, 400

NOMINMAL OREIT LIFETIME =

e E LD T e

=0 YEART

END-OF-IFE COREIT CONDITIONZ

FERIOVE (R
FERIOD{DAYS)

IMNCLINATION(DES)

NODE(DEG )
ARGIIMENT (DIES)
REVOLLIT IONS

EMCOURNTER FREQUENCY DISTRIEJITION - ALL

(Z OF ALL ENCOUNTERS)

0 OG0 EM
10, 000 EM
20, 000 BN

D 20, 000 EM

100, 000 BM

EMCOUNTER NUMEER

OO0 KM
10, Q00 KM
30, 000 EM
S0, 000 KM
o100, 000 EM

S S S .
Va0 e Ty

FIRST COLLISION RECORD (MUMEER OF SAMFLES)

10 =10

OVERALL COLLISTON LIKELIHCDOD

MEAN

MEAM

0
0.
0.
0,
0.

GO0
OO0
OO0
QOO
00

ErI IMTER

MHARER OF EPFDICHSE

EFOCH INTERVAL
LED, Z2-=-2%, 1935

DISTRIBUTION (MEAN VALUESDS)

.
0,
Q.
0.
Q.

m

"
0
&
%)
0

EUROFA = O

GANYMEDE

EURGFA

0,
0.
Q.
0,
0.

(W
0
0
)
0

g MIN
Q. = 10. 5
0.3 20, &
0, = PRI
1.3 164301
a4 2 18 7
14, 7 215, 0
SATELLITES
=L MIN
Q. 000 Q, OO0
L 00 0, QG
0. QOO0 0. 000
. 000 Q. 000
G 000 O, 000
GANYMEDE CALLISTO
0,0 0.0
O, 0 0, 0
0.0 0. 0
0,0 0.0
Q.0 0.0
=0 CALLISTO = O

0, 00

62

=TAaT I=T I

1%

b
o
g

Do 0D )

7 DAYS

MAX

0.
0.
0.
Q.

O

QOO0
M
000
QOO0
Qo0

MEAN

0.0
00
O, 0
0.0
0.0

JUPITER

TOTAL

1l
o

o

coccoco®
SO0 oo



Erad

L

L XL =t

FERTJOVE (R}
FERIOD(DAYS)
INCLIMATION{DESD)
NODE (DEG)

ARG (DEG)

FERIJOVE (R}
FERICD(DAYEH
INCLINATION(DED)
NIZDE (DEG)
ARIGLIMEM | (DES)
REVOLUT LGNS

ENCOLINTER

q.....,..._,.
-k

E

e ™ P

100, 000

L

EMOCOUNTER NUMBE

OO0 KM
10, 000 EM
D0, D00 BN
S0, Q00 kM

160, 000 EM

WA SECEP LY

MIMINAL CREIT LIFETIME

.
0.
Q.
()
0.

L TR I I |

IMNITIAL COREIT CONDITIONS

L EOO
L 00

. OO0

ﬁ:ﬂ

S50 YEARES

—~OF-LIFE COREIT CONDOITIONS

ME AN
1z 7
2b, 5
bz W

123 5

248 o

7797

MEAN

0
0,
0,
Q.
Q.

I

]
0
9]
in]
0

0

OO0
Q00
00
D0
QOO0

OVERALL COLLISION LIKELIHOCZD

ELROFA GANYMELDE
Q. 0 Q0 Q.
0, O 0.0 0.
Q.0 0,0 Q.
0,0 0.0 0.
0.0 0.0 Q.
SAMPLES)
GANYMEDE = 0O CALLLISTO =
0, OO
63

EOLLISION RECORD (NUMBER OF

]

O
Q.

0

0.
Q.

=ZATEL LT TE ERNCOILIMTER

NUMEBER 0OF EPDCHS

EFOCH INTERVAL

OES. 22-29, 1925

S0 MIN
0. % D b
Z0 Z22.Y
1.4 &1.7
Z 0 1%1. 7
AR )
0.3 Fa4b, O

FREBUERNCY DISTRIBUTION -~ ALL SATELLITES
“OOF ALL ENCOUNTERS)

=0 MIN

[RIRIN) O, OQ0
000 Q. 000
Qo0 0. 000
00 Q. 000
00 O, 000

DISTRIBUTION (MEAN VALLES)

0-83(1 'D‘\

-

CALLISTO

MAX

G -

I O N XN

AENE R RN

OO N 1

m

MAX

. DO0
000
o006
Q00
000

LLooeoD

MEAN

.

0.

Q.
.

isR el allely

JUFITER

Eﬁﬂﬂﬁﬂ

It

=ETAaTIiIEsET IrE=

sD

Q. ¢

Q.

20




Eemll ILLES ST EL L T TE ERNCIODINTER =STSaS T I=ET X0

INITIAL OREIT CONDITIONS

FERIJOIVE (R = 11, Q00 NUMEER OF EFOCHEZ = 13
PERIGQO(DAYS) =  F1, 330 EFOCH INTERVAL. = 7 DAYS
INCLINATION(DEG) = 0. 000 NED. Z2-2%, 1983
NCOOE(DEG) = 24, SO0
ARG{LEG) = IS AQOQ
NOMINAL ORBIT LIFETIME = S0 YEARS
END-OF-LIFE OREBIT CONDITIONS
MEAN ST MIN A X
FERIJOVE (R.) 13 4 Q.7 i1.7 id4 =
FERIOD(DAYS) 1, 3 202 14, & 230
INCLINATION (TES) B 1. & 8% & FUC AR
NODE(DEG) 207. 5 2. 04 204, 0 211. 2
ARGLUMENT{DEG) ZEE 10 % =211 A 4%, 0
REVOLIITITNS SeE 2 IR T S1x 0 219 Q
ENCOUNTER FREGIZENMCY DIISTRIBUTION ~ ALL SATELLITES
(% OF ALl ENCOUNTERS)
MEAN =l MIN MAX
“ OO0 EM O, D00 Q. OO0 Q. OO0 Q. OO0
< 10, 000 M Q. Q00 0. OO0 Q. 000 0, 000G
0 30, 000 KM 0. 000 O, 000 . 000 Q. Q00
<0 50, 000 KM Q. 300 0, Q00 Q. Q00 O, 000
<100, 000 EM 0, OO0 0. 000 0, 000 0. 000
ENCOLUNTER NUMBER DISTRIBUTION (MEAN VALUES)
I ELIROFA GANYMELDE CALLISTR TOTAL
MEAN =0
4 Z0CG0 KM 0, O 0.0 0, QO Q. 0 0,0 Q.0
<< 10, 000 EM 0,0 Q.0 0.0 0.0 Q.0 0,0
0 30, OO0 KM 0.0 Q.0 0.0 00 0.0 0,0
< S0, Q00 EiM 0.0 0.0 G0 G, 0 0.0 0.0
100, 000 KM 0.0 0.0 0,0 0,0 Q.0 0.0

FIRST COLLISIGN RECORD (NUMBER OF SAMPLES)

10 = 0 EUROFA = O GAMYMEDE = O CALLISTD = O JUFITER = 0O

OVERALL TOLLISION LIKELIROOD = 0, 00

64




Gyl ILESMN SOTELLLITE ERCIINTER =STaT LT Iz

INITIAL OREIT CONDITIONS

FERI.IVE (R = 11,000 NUMEER OF EFDOCHE = 15
FERIDD(DAYS) = &0 000 EFOCH INTERVAL = 7 LAYZ
INCLINATION{DES) = 0. 000 LED, 2229, 1985

NODE {DEG) = 171. 200

ARG (DED) = 1, 000

MOMINAGL OREBIT LIFETIME = S0 YEARS

EMD--OF-LIFE OREIT CONDITIORNE

tomay waeram =" Tilm—— e L] ol Erarend

MEAN =3} MIN Max
FERIJOVE (R 13 & w0 0.3 4. 4
FERICD(DAYE) 1201 11,7 0 % G473
INCLINATION(DES) 0.0 00 0.0 0,0
MODE(DEG? a1 Z.0 -4, Z 601
ARGUMENT (DEG) 122 7 45, = 5 258, 2
REVOLUT IONS ZR7.09 413, 5 &7 0 1640, O

ENCOUNTER FREDUENCY DISTRIBUTIOMN — ALL SATELLITES
{4 OF ALL ENCOUNTERS)

MEAN 29N MIN MAX
i 000 K 0,091 Q. 125 Q. 000 0, 397
<0160, 000 KR G, 204 0, Z44 0. 000 0, 777
£ F0, 000 EH 0,974 0. &44 0. 270 Z 271
= 50, 000 KR 1. &%0 0. Y73 0. £21 . L24
<100, 000 KM =423 1. 72% 2149 7. 985

ENCOUNTER MUMEBER DISTRIBUTION (MEAN VALUES)

1o EURCFA GANYMEDE CALLISTO TOTAL
MEAN S0
e OO0 KM 0.4 0. 7 0. & 0.2 1.9 A
<0010, 000 EM Z 0 K =0 1.0 T 12 9
{ £ 30, 000 M LD SR b7 3.0 21. = 40, 3
L 20, 000 kM i0. 5 8 o= 119 57 T b G
<. 100, 000 kM 2105 123 235 11. & o3 138, 7

FIRST COLLIZION RECORD (NUMEBER OF SAMPLES)

i =0 ELROFA = O GOANYMERDE = 5 CALLISTO

1 JUFITER = 0

OVERALL COLLISION LIKELIHOODD

0. 40

ANl b et e o 3 . ~ - a T . L 45‘.“"




Sl FiloESAnNN ESTELL I TE ERMCOUUINTER S TS 7T IS I8

INITIAL OREIT COMDITIONS

FERLIIVE {RJ) = 11l OGO HUMEBER OF EFOCHE = 135
FERIOLIDAYS = &G, 0060 EFOCH INTERVAL = 7 DAYE
IMCLINATIGN(DESD) = O, 500 BEC. 22-2%, 1725

WMOGDE{DEG) = 3171 200

1
ARG {DEG) O, 000

= 53 YEAREZ

=

MOMINAL DREIT LIFCSTIN
ERD-~-OF-LIFE OREIT CONGITIGNS

MEAR 1538 ] MIN MAX

FERIJGOVE(RJ} 1i. 1 0, & 16, 1 12, &
FERICD(DAYE) WE, =78 =RT7 SD&. 0
INCLINATICON(DES) =03 2.7 Q.0 10, =
WOOE (DES) D031 wE 3 203, ¥ 413, 8
ARGLMENT (DEG) =448, 4 IC 136, 7 I

REVGLUTIONS EFE 7 oE 4 1835 0 AbbE 0

ENCOUNTER FREQUENCY DISTRIEBUTION — ALL SATELLITES

(X uF ALl eNCDUNTERET)

>
n
>

MESN SL FMIN

“ IC18 NN L O, Lo 0. 0= O. Qoo 013z
<L 10, 00 kit 0. G&Z 0. 05% 0. GG 0, Z36
< B0, D00 M 0,517 0, 15% . ioa 0. 754
< 50, G00 KM Q. 201 0. Z41 O, SaE i, 234
<100, 000 K Z244 0. db&ds 1. &£z24 o141

ENCOUNTER NUMEBER DIZTRIBUTION (MEAN VALUED

ID ELIRCFA GANYMEDE CARLLISTO TOTAL

MEON S0
S000 KM 0.0 0.0 0.1 G.Q 0.1 0.3

L0 10,000 EM 0.0 0.1 0. & Q.1 0.7 0. ¥
2 30, Q00 B 0.0 O, 1 4.1 1.9 & 1 22
< S0, 000 KM 0.1 001 7.3 PO 10.7 4. 3
L0100, D0C 1M 01 1.5 1&. 4 &8 5 2&4. 3 7.4

COLLISION RECORD (NUMBER OF SAMFLES)

T
=4
A1
(£}
-]

Id =0 EURDFA = O GANYMEDE = 1 CALLISTO = O JUFITER = 0

OVERALL COLLISION LIKELIHOOD = 0, 07
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Sl RALESN SETELLL I TE EMNTOUNTER STAT IST ICE=

INITIAL OREIT COMDITIONS

FERIJGVWE (R} 11, QOO NUMEER OF EFOCHS = 1S
FERIOG(O&YE) &G OO0 EFOCH INTERVAL = 7 DAYS
INCLINATIGRNIDES) . 000 DEC. Z:E~5%, 198

. B00
L D00

NODE(DEG?
ARG (DEG)

LI O [ I B

—

k
~}
T bk

MOMIMAL OREIT LIFETIME = 230 YEARS

EMD-0F~LiFe OREIT CONDITIGNT

MERh =h MIid {1ax
FERIGOVE{R.) 1i. 4 Q. i0 1
FERIOG(DAYS LA 22, =4, 10
&

INCLINATIGN(DED)

)
LS ) B R B
L] :3‘
G300 = N0 R

L T
CF U0 @ O p
O N kY g

MOOE({DEG) Z=5E 0 110 71i. =7
ARGUMENT (DEG) 177, 4 o3 4, 29
REVOLLTIGKS Dk 2 =0, Z23. 45

ENCOUNTER FREGUENCY DISTRIBUTION - ALL SATELLITES
(% OF ALL ENCOUNTERT
FE RN =98] MIN T

“ S000 HiM 0, OG04 0, 014 0. Q00 0, 055
w10, 000 1M 0. 037 0. O5% G. GO0 0 174
4 B0, GO0 0. 345 O, 202 0. 235 0 8515
<2 30, 000 EM 1. 0S4 G 243 0. 31% 1. 430
<100, OGO M z. 457 0. 3£3 1. 205 Io0=0

Isog S il ot pienEg Fsang Wi s it

ENCOUNTER NUMEER DISTRIEUTION (MEAN VALUES)

i EURDOFA GANYMEDE CALLISTO TOTAL

MEAN =21
“ 000G KM 0.0 o0 Goi 0.0 Q1 0.3
<0010, 600 Kb 0 0 G, O 6.5 o1 0.3 0.
| 0 Q00 B 0,0 0.4 SN 1. % 7.3 3.3
2 D0, 000 K Q.G 0 2 Y. 7 4. & 14, 5 3. &
' £ 100, 000 KM Q.0 1.3 20. 3 10,7 JOMENIRC 9, &

1 FIRST COLLISION RECORD (NWUMBER OF SAMPLES)

In=20 EURGFA = O GARNYMELE = 1 CALLISTO = O SJUFITER = Q

OVERALL COLLISION LIKELIROQD = O, G7




5

S B
‘Lo

SO N G S8 ) o |

IMTITIAL OREZIT CONDITI

FERIJOVE (R4
FERIOD{DAYS)
INCLINATION(DEG)
NODE(DEDR)

ARG (DEG )

NOMIMNAL OREIT LIFETIM

=SdyTEL LI TE

s

11, Q00
a0, OO0
. 000
153 100
13 700

T (I VI | I 1

iE = 50 YEARS

EMD-OF-LIFE OREIT CONDITIONS

FERIJOVE (R
FERIDD{DAYE)
TNCLINATION(DEG)
MNOTE (TEG)
ARGUMENT{DES)
REVOLUT IONS

ENCOUNTER FREGUEMCY DISTRIEBUTION

(7 OF ALL ENCOUINTERS)

kM
EIPi
(AN
EM
M

L =000

14, OO0
T =0, 000
L /D, 000

L0100, 000

ERCOUNTER NLRMEER

ODISTRI BT ION

MEAN

11. =
77. %2
o0
L
120, 5
2877

MEAN

0 014

0, 0Z24
3, 150
0, AL
1, &A%

10

< 2000 KM 0.0 0.0
<L 10, GO0 ER 00 0.0
o030, 000 EM 0, 0 0.0
< 'O, 000 KM 0.0 0.0
20100, 000 KM 0,0 Q.2

FIRST COLLIZION RECORD

I0 =0

DVERALL COLLISION LIKELIHOGD =

ELUROFS = Q

(NLUMEBER OF

- AlLL

ELROPA

GANYMEDE = Z

EiiTraand T e

NUMBER OF EPQCHS
EFOCH INTERVAL

DED. Z3-2%, 1983

= MIN
0.5 10, &
=1.7 27. 3
1.3 Y
20,2 SET
1.7 &304
7o, 3 132 0

SATELLITES
=h MIN

0. 047 0, 000

Q. 065 . 000
0.110 0, Q00
0 14: 0. 01

0, 3274 1. 147

(MEAN VALLUES)

GANYMEDE

0.1 O.Q
0= Q1
1.3 0 =
I 0, =
14, = oL

SAMFLES)

CALLIETO = 0

O 12

68

STAOTISTIC

15

7 DAYES

MAX

1z 2
AT )
o2
114 4
1&61. =
472, O

MAX

0. 120
Q. 120
0,310
Q. £20
2. 082

CaLLISTO

=
m
D

M N 2

[y
nep=Co

JUPITER

TOTAL

(4]

SI

oo
Mo D



e W) SR R R

i T B SaTELL I TE ERMCODOUONMTER STATIST =

INITIAL OREBIT CONDITIONS

11, 000 NUMEER OF EFQCHS 15
HO, OO0 EFQOCH INTERVAL

DEC. 2H-2%, 1935

FERIJOVE (R
FERIOQD(DAYS)
IMNCL INATION(DES)
MNCEDE (DES )

ARG (DES)

DaY:s

I A | I I
T 0o D
-
-
o
.-"’b
.,
e
[T}
~J

MOMINAL OREIT LIFETIME = S0 YEARS

END-OF-LIFE OREIT CONDITIONZ
FMIN MAX

MEAN =0
FERIJOVE (R 11. 1 0 2 10,8 i1. 5
FERIDD(DAYS) &3 2 7.4 L o339
INCLINATION(DEG) 24 0.5 7.6 @4
NODE (DER) 1532 & 10,1 1258 A 1t 2
ARGLIMERNT (DEG) CE= R 10 & 230% &5 3
REVOLUTIONE 30301 16.7 2550 nz4,. 0

ENCOUNTER FREGLUENCY DISTRIBUTICON - ALL SATELLITES

(X OF ALL EMCOUNTERS)
MEAN =30 MIN MAX

< 2000 EM 0, OO0 Q. Q00 0, OO0 Q. 000
s 10, OO0 kM 0, OO0 O 00 Q, Q00 0, QO
a0 IO, QOO0 EM 0, D05 o, 0Z0 0, Q00 0, 077
S 30, 000 EM 0, 015 1, O&0 G000 0, 221
<2100, OO0 EM 0, 0OoZ 0110 0, Q00 Q.21

ENCOUNTER MUMBER DISTRIBUTION (MEAN VALLESZD)

- 10 ELRDPS GANYMEDE CALLISTO TOTAL
MEAN a0

§ oA OO0 KM 0.0 0.0 0.0 0.0 0.0 0.0
200 10,000 KM 0.0 0.0 00 0.0 Q.0 0.0

o, D0, D00 KF 0.0 Q0 0.1 0.0 0.1 (LAC:

S0 S0 000 KM 0.0 0.0 L 0o 0z Q. &

o 100, 000 KM 0 0 0,1 04 oo 0.7 i.4

FIRST COLLISION RECIORD (NUMBER OF SAMFLES)

I = O ELURCFA = 0 GANYFEDE = 0 CALLISTO = O JUFITER = 0

OVERALL COLLISION LIKELIHOOD = O 00

69




IS, TLmasN SaTELL. I TE ENCIOLINTER

INITIAL OREIT CONDITIONSD

FERIJOVE (R = 11 000 MUMEBER OF EFOCHS
FERIDD(DAYS) = AL Q00 EFIJCH INTERVAL
INCLINATION(DES) = 20, 000 DEC. 22—-2%, 1725
MODE (FIEG) = ZO0. 200

ARG(DEDS) = TIZE 400

MOMINAL OREIT LIFETIME = S0 YEARS

END--OF-LIFE CREIT CONDITIOMS

MEAN =38 MINM
FERIJOVE(R.D) 151 (RNC 14, A
FERIOD(OAYE) aE 1 2.0 AN
INCLINATION(DEG) 41. 3 1. 4 7.
NODE(DESG) 1wE & 1.1 1946, 7
ARGLIMENT (DEG) B DA 1.4 249, 4
REVOLUTIONS @15 19, 2 287. 0

ENCOUNMTER FREGUENCY DISTRIBUTION - ALL SATELLITERS
(7% OF ALl ENCOUNTERED

MEAN =3 MIN
: OO0 EM O, 007 0, QZ& 0, OO0
<010, 000 EM 001w Q. 025 Q. QOO0
S 20, 000 kM 0. QOSs 0. 057 O 000
o T0, 000 EM 0. 10% 0,102 0. 000
20100, 000 KM 0,142 0, 103 0. 0G0

EMCOUNTER NUMEER DISTRIRBUTION (MEARN VALLIESD)

10 EUROFA GANYMELDE CALLISTO
< 000 KM 0,0 0, 0.1 o0
210, 000 EHM 0.0 .0 0. = 0.0
£ 20, 000 EF .0 0.0 1.0 0.0
a0 50, D00 EM 0.q 0.0 1.2 0.0
< 100, 000 KM 0.0 (RN 1.7 Q.0

FIRST COLLISION RECORD (NUMRER OF SAMRLES)
I =10 EURDFA = O GANYMEDE = 1 CALLISTO

COVERALL COLLISION LIKELIHOQOD = O 07

70

0

MaX
1o 2
a¥ 7
45 2
200, =
=255, 0
ZER 0
MAaX
0 101
0, 202

0., 20z
0, 204
O, =04

JURITER

sl A

TOTAL

=TZI

Q

sh
O
0.

N




I i, YLE SR SSTELLITE ERCOUNTER STaT Ii=T Irs=

INITIAL OREIT COMOITIONE

204, AHO0

FERI.ICVE (R.) = 11,000 NLUMBER OF EFOCHS = 1S
FERIOD({DAYS) = A&O 77 EFOCH INTERVAL = 7 DAYE
INCLINATION(DES) = &0, ) DEL, &2=2%, 1533
MODE (DEG) =

ARG{DESG) = TRV, 200

NOMINAL OREIT LIFETIME = S0 YEARS

EMO-OF-LIFE ORDEIT CONDITIONS

i._
MEAN S0 MIN Max
E FPERIOVE (R} 248, & 1.7 PEACIINE 22, 4
FERIOD(DAYS) a8, 2 B ) £, A i7a. =
INCLINATIOGN(DEDS) &%, 7 1.0 7.0 7i. =
)| NODE(DES) 2020 A1 120 4 205, 8
ARGLUMENT (DES) o0, 4 oo =530 oo, 3
' REVIOLUT IONT Zhda T 47, 0 100, 0O 2%1. 0
ENCOLUNTER FREGHLIENCY DISTRIBUTION — ALL SATELLITES
(X OF ALL ENCOURNTERE)
MEAN BN MIN MaX
L QDD Ei Q017 0, &S . Q00 Q. 250
w10, 000 EM 0 017 0. &S 2, Q00 Q. 220
o 20, 00 KM 0,017 o, Q&S O, 000 Q. 2530
o 50, 000 EM 0, D44 0. 071 Q, 0080 O, 250
o 100, QD0 Em 0O, 070 O, 073 0. OO0 0, Z50
EMCOUNTER NUMBER DISTRIBLUTION (MESN VALLIES)
E 2
I ELROFA SCANYMEDE CALLISTO TOTAL
r MEAM <D
+ SO0 EM 0. 0 .0 0,1 0, O 01 0=
o010, 000 EM Q.0 0.0 1 0.0 Q.1 .3
€030, 000 ENM Q.0 0,0 01 0.0 Q.1 Q.3
< 5O, 000 KM Q.0 0.0 0.4 0.0 0. 4 05
<100, 000 EM 0.0 Q. O 0.7 Q, 0 0.7 Q. &
FIRST COLLISION RECORD (NUMBER OF SAOMPLES)
It =0 EURDFA = 0O GANYMEDE = 1 CALLISTC = 0O JUFITER = 0O
CWVERALL COLLISION LIKELIHOOD = O, O7
71




e, T LB

INITIAL OREBIT CONDITIONS

ZEaTELL I TE ERCTITDUONTER

FERIIOVE (R.) = 11,000 NUMBER OF EFOCHS =
FERIDD{DAYSZ) = &0, Q0O EFOCH INTERVAL =
INCLINATIONC(DREG) = 20, Q00 DEC. Z2-2%, 19385
MODE(DES) = F0be, B0
ARG{TELG ) = 3FE. ADO
NOMIMAL OREIT LIFETIME = S50 YEARS
END~OF-LLIFE OREBIT DORNDITIONS
MEAN =0 FiIN
FPERIJOVE (R.) 230 7. 4 1z 2
FERICD(DAYS) &4, & 101, 5 7.0
INCLINARTICON{DED? 223 309 25 04
NODE(DEG?) 207, 8 i1. 2 127. &4
ARGUMENT (DEG ) 3ER 4 4% 7 17%. 1
REVOLUTIONS 2E0D, 1 147. 7 Z0Z 0
ENCOINTER FREGUENCY DISTRIBUTION — ALL ZATELLITES
(¥ 0OF aLL ENCOUMTERES)
MEAN oL MIN
< 2000 EM O, Q00 0. OO O, D00
<10, 000 EM Q. 000 0. QGO Q. 000
£ R0, OO0 KM 0, O30 0 O54 0, OO0
< 30, 000 EM 0. Oz5 0. 053 O, GO0
2100, 00D WM 0. 07 Q. 0&4 Q. 000
ENCOUNTER NUMEER DISTRIEBUTION (MEAN VALUES)
o ELIROFA GaMYMEDRE CALLISTO
< 2000 KN 0.0 0, O G0 0.0
< 10, OO0 BM o, 0 0, 0 G0 Q0,0
<30, 000 B 0.0 0,0 a3, = 001
< 50, 000 KM 0.0 0.0 Q. 4 0,1
<100, 000 EM 0.0 a0 Q& 032
FIRST COLLISION RECORD (NUMEBER OF SAMPLES)
In =0 ELUROFPS = O GANYMEDE = O CAtLISTO = O

OVERALL E0LLISTION LIKEL THOOD

12

O, Q0

~ iR

nAay:z

fMAX

42,
404,
102,
227,
71,
7E4,

g R

MAX

Q40
Q00

163
O, 143
0

0.
0.
0.

JUFITER

=TAaTIiI=TLE

=0
O
Q.
o,
G

N

0
Q
&
e
0




