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COLLISION RISK MITIGATION IN GEOSTATIONARY ORBIT

L. Anselmo® & C. Pardini’

The short and long-term effects of spacecraft explosions, as a function
of the end-of-life re-orbit altitude above the geostationary orbit (GEO),
were analyzed in terms of the additional contribution to the debris flux in
the GEO ring. The simulated debris clouds were propagated for 72
years, taking into account all the relevant orbital perturbations.

The results obtained show that 6-7 additional explosions in GEO would
be sufficient, in the long-term, to double the current collision risk with
sizable objects in geostationary orbit. Unfortunately, even spacecraft re-
orbit in between 300 and 500 km above GEO would not improve
significantly the situation and an altitude increase of at least 2000 km
should be adopted to reduce by one order of magnitude the long-term
risk of collision among geostationary satellites and explosion fragments.
The optimal debris mitigation strategy should be a compromise between
the reliability and effectiveness of spacecraft end-of-life passivation, the
re-orbit altitude and the acceptable debris background in the GEO ring.
However, until the re-orbit altitudes currently used will be less than 500
km above GEO, new spacecraft explosions will have to be absolutely
avoided for the long-term preservation of the geostationary environment.

INTRODUCTION

Due to the rapid increase in the number of spaftemna apogee kick motors in the geo-
synchronous region, a growing concern mounted & 1880s, regarding the possible
overcrowding of the geostationary orbit (GEO) ahd tonsequent menace to its long-
term utilization and exploitatidn®. The risk of collision between space objects inOGE
was estimated, in particular to devise affordabtel a&ffective end-of-life disposal
measures, such as satellite re-orbiting the following decade it became clear that also
spacecraft and upper stage breakups contributéhetoGEO debris environment and,
recently, an international campaign of optical etatons has confirmed the presence of
a large population (~ 1600) of decimeter sized abjeprobably generated by several
undetected explosiohs.
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A few years ago, in order to preserve the geostatioorbit for future use, the Inter-

Agency Space Debris Coordination Committee (IAD@posed a re-orbiting strategy
for the geostationary spacecraft at the end-of-lifdey should be disposed to a region
above the geostationary altitude and passivatedider to reduce the risk of inadvertent
explosions. The recommended perigee of the dispodat should be higher of the

geostationary altitude by an amoud (km) given by

AH =235+ C, x1000x A/m 1)

whereA is the satellite average cross-sectional areéj, (mis the satellite mass (kg) and
C, is a radiation pressure coefficient, typicallyvibeen 1 and 2, specifying the amount of
solar radiation transmitted, absorbed and reflelbtethe spacecratft.

In a series of previous papers, the long-term &ffexf spacecraft and upper stage
explosions, in terms of the additional debris digngi the geostationary ring, were
analyzed in detail with a new modeling approach, particular to evaluate the
effectiveness of end-of-life re-orbiting for debnsitigation™**. This work, and the
associated modeling, has now been extended todeche debris flux, making easier the
evaluation of the long-term risk associated withlegions in, or near, GEO.

EXPLOSIONS SIMULATION

In the present study, a 2000 kg spacecraft was csgobto suffer a low intensity
explosiort? ** at five different heights, between 0 and 2000 krove the geostationary
altitude (Tables 1 and 2). The breakups were sitedlaising the CLDSIM software
developed at CNUCE, while the fragments — 1733 with a diameter gretiten 1 mm —
were propagated for 72 years with a modified, rllject version of the ASAP
trajectory predictor, developed at the Jet Propulsiaboratory (JPLJ. The perturbations
taken into account were the harmonicsx(8) of the geopotential, the luni-solar third
body gravitational attraction and the direct so#ahiation pressure with eclipses.

Snapshots of the debris clouds evolution were nbthand saved at specific explosion
elapsed times (0, 1, 6, 12, 18, 24, 30, 36, 4254860, 66 and 72 years), during the 72
years interval considered in the simulations. Eaththese snapshots represented a
population of objects that could be analyzed taaettthe information sought for, in
particular regarding its interaction with the GE@gr defined as the volume of space
centered on the geostationary orbit (mean altiwfdd5,786 km, zero inclination), 75

km in altitude and: 0.1° in declination.

In order to numerically identify, if any, its ins&ction(s) with the GEO ring, any object of
a cloud snapshot was propagated for one full oobiiaining its state vector at fixed mean
anomaly stepgIM = 0.75. In total, 360/4AM = 480 state vectors were obtained for each



object, but only those corresponding to positiarsde the GEO ring were retained (i.e.
between ~ 500 and ~ 15,000 state vectors for eglenyd, soon after the explosion,
depending on the breakup altitude above GEO). iWdk¢ state vectors were therefore
used to build, for any debris cloud snapshot, a rgwesentative population of fictitious
space objects, each weighted by a fractional sagndtctor AM/360° = 1/480. The
reason for that was to obtain a set of debris @djmuls which could be processed and
analyzed by using the Space Debris Impact RiskysiglTool (SDIRAT}® 1.

Table 1

EXPLOSION ALTITUDES ABOVE GEO

Simulation Altitude above GEO
Number (km)
1 0
2 300
3 500
4 1,000
5 2,000

Table 2

CHARACTERISTICS OF THE SIMULATED FRAGMENTATION EVENTS

Explosion epoch 11 May 1999
Explosion right ascension 298°
Explosion declination 0°
Fragments > 1 mm 1733
Fragments > 1 cm 1630
Fragments > 10 cm 705
Maximum debris AV 1.94 km/s

SDIRAT is a software code developed at CNUCE tesss$he orbital debris impact risk
on a specified target in earth orbit, in termslox frelative and impact velocity, direction
of the incoming particles, debris mass and diameBased on a new deterministic
approach, it can use in input any debris populatmovided that each representative
particle is identified by its mass, size, weightisgmpling factor and state vector at a
reference epocft . All this information was available, at any snapstime, for the
debris clouds simulated as described above andapptication of SDIRAT was,
therefore, straightforward to assess the impaktaimsthe GEO ring, both short and long-
term, due to the explosion fragments.



For the study presented in this paper, the tardggt with respect to assess the collision
risk was the geostationary one. The radid® € + 75 km) and latitudinal4d = + 0.1°)
amplitudes of the control cells used by SDIRAT auhe target orbit were chosen
coincident with the GEO ring, as defined at theifaigg of this section, while one
degree of right ascension was adopted for the fodigial amplitudeda =+ 0.5).

First of all, in order to obtain a benchmark wigspect to compare the effects of the
simulated explosions, SDIRAT was used to estintatecollision risk for a geostationary

spacecraft due to the existing debris populatian. this purpose, the 1999.0 CNUCE
Orbital Debris Reference Model (CODRM-$9)°was employed, with the same control
cells sizes previously described. Moreover, ondy timcontrolled spacecraft crossing the
GEO ring, plus spent upper stages and debris, vaen into account, for obvious

reasons.

This analysis was separately repeated for all #ptosion events (5) and debris clouds
snapshots (14) considered in the study, for a tftélx 14 = 70 runs of SDIRAT (plus
one for the background population). The resultsaioled were then analyzed and
compared with the impact risk due to the existingimnment, in order to assess the
long-term consequences of satellite explosionsomnear, the GEO region and to
evaluate the effectiveness of the possible mibgatneasures that could be adopted to
preserve the geostationary ring, such as the IA@Gmmendatiofs

THE BACKGROUND POPULATION OF UNCONTROLLED OBJECTS

Abandoned spacecraft, upper stages, mission-relabgeicts and breakup fragments
contribute to the orbital debris collision risk geostationary orbit, although the typical
relative and collision velocities are significansignaller than at low altitude. The results
obtained with SDIRAT using the CODRM-99 populatiare summarized in Table 3,
while Figures 1-3 show the debris cross-sectiored #lux as a function, respectively, of
the azimuth, elevation and relative velocity, fbte tobjects larger than 10 cm. The
azimuth and elevation angles are referred witheetspp the local horizontal plane in
geostationary orbit.

Table 3

DEBRIS IMPACT RISK IN GEO DUE TO THE BACKGROUND POPULATION

Objects Average Relative | Average Collision Cross-Sectional

Diameter Velocity [m/s] Velocity [m/s] Area Flux [m2yr’]
>10cm 136 807 6.649 x 10”
>1cm 235 1234 1.267 x 10°
>1mm 1120 2150 1.334 x 107
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Figure 1. Background flux in GEO, as afunction of azimuth, of debris= 10 cm
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Figure 2. Background flux in GEO, asafunction of elevation, of debris= 10 cm



x 10

[(1K NES XN|4 Baly |[BUONDSS

Ss01D

0
%)

Relative Velocity [km/s]

asafunction of relative velocity, of debris= 10 cm

Figure 3. Background flux in GEO

[(1A NEE XN|4 BalyY [BUOI}8S-SS0ID

Azimuth Angle [deg]

Oyears)
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Figure 7. Flux of debris= 10 cm in geostationary orbit, asa function of azimuth,
dueto an explosion in GEO (explosion elapsed time
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54 years)

dueto an explosion in GEO (explosion elapsed time



[(1A NES XN|4 B3Iy [eUOI}I8S-SS0ID

Elevation Angle [deg]

Figure 11. Flux of debris= 10 cm in geostationary orbit, asa function of elevation,

54 years)

dueto an explosion in GEO (explosion elapsed time

x 10

, , , ,

| | | |
| | | |
| | | |
| | | |
| | | |

S ) A - [ —
| | | |
| | | |
| | | |
| | | |
| | | |
| | | |

| === 4= === === t=—====—
| | | |
| | | |
| | | |
| | | |
| | | |
| | | |

il e B CTTT Tt
| | | |
| | | |
| | | |
| | | |
| | | |

- = L= P - - — - — U ——
| | | |
| | | |
| | | |
| | | |
| | | |
| | | |

T T T T L B === =-= T = =7
| | | |
| | | |
| | | |
| | | |
| | | |
| | | |

I e cTTT T Tt
| | | |

| | | | —I—
| | | |
| | [ [
— | |
— 1 1 1 1
— © © < N o
=} =} o =}

[(4A NES XN|4 BalyY |BUOI}I8S-SS0ID

15 2.5 3.5

Relative Velocity [km/s]

0.5
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Figure 13. Flux of explosion fragments= 1 mm in geostationary orbit, asa function of the
breakup altitude and elapsed time

10"

Explosion in GEO [ 7
77777777777777777777777777777 —— GEO + 300 km -
fffffffffffffffffffffffffffff —%— GEO + 500 km F
—— GEO + 1000 km | _|
—— GEO + 2000 km

iy
On
o

Cross-Sectional Area Flux [/(m2 yn)]

10_10 I I I I I I I I I I I

Explosion Elapsed Time [years]
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breakup altitude and elapsed time
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The vector characteristics of the flux, evidentFigures 1-3, basically depend on four
populations of objects:

1. Objects in near-synchronous orbit, with inclinaienl5’;

2. Objects in low inclinationg 30°) geostationary transfer orbits;
3. Objects in high inclinationX40°) geostationary transfer orbits;
4. Objects in drifting (uncontrolled) Molniya orbits.

These four groups of satellites can be easily ifledtin Figure 3, which presents the
cross-sectional area flux in GEO as a functionhef telative velocity. The objects in
near-synchronous orbit are grouped below 900 inéset in low inclination geostationary
transfer orbits are found around 1.5 km/s, thod@gh inclinations geostationary transfer
orbits, coming from Baikonur launches, are founouad 2.5 km/s and those in drifting
Molniya orbits account for the peak around 3 kn#ssimilar correspondence can be
drawn from the peaks appearing in Figures 1 amtaki)g into proper account the relative
orbit geometry.

THE EFFECT OF A SATELLITE EXPLOSION IN GEOSTATIONARY ORBIT

The simulated low intensity explosion in geostadignorbit produced a sizable amount of
fragments affecting the GEO ring. Immediately aftex event, the average debris cross-
sectional area flux on a geostationary spacecrast 2/53x 10°, 2.37x 10° and 9.85x
10° m2yr?, respectively, for particles larger than 1 mm,m and 10 cm. These values
were approximately 1/5 of the debris backgroundpfticles greater than one millimeter,
while the flux due to centimeter and decimetergiftagments was higher, respectively,
by 90% and 50% with respect to the background adjaun.

Figures 4-6 show the cross-sectional area fluxE®©Glue to the fragments larger than 10
cm generated by the simulated explosion, as a iumctespectively, of the azimuth,
elevation and relative velocity. To be remarkedthseaverage collision velocity smaller
than 100 m/s (Figure 6) and the almost omnidireetiaebris flux (Figures 4 and 5).

In less than one year also the flux of fragmentar than 1 and 10 cm resulted to
decrease below that of the background environméong mainly to the luni-solar
attraction. However, in the long-term it stabilizedound 1.7x 10° m?yr?, for
centimeter sized particles, and around® 102yr?, for decimeter sized debris, with a
residual modulation by 30-50% due to the orbitatyrations. These results mean that
6-7 additional low intensity explosions in geosiaary orbit would be sufficient, in the
long-term, to double the current collision risktire GEO ring with objects larger than 1
and 10 cm.

Even though the average flux resulted approximagtabilized five years after the
simulated explosion, the effect (mainly) of theitaalar perturbations induced dramatic
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changes on the debris cloud orbital geometry, modjfthe “quality” of its interaction
with the GEO ring, as summarized, for the fragméatger than 10 cm, by Figures 7-9
(24 years after the explosion) and Figures 1082 ygars after the explosion).

EFFECTS OF EXPLOSIONS ABOVE THE GEOSTATIONARY RING

The time evolution of the average cross-sectiomah dlux on the GEO ring due to
spacecraft explosions at and above the geostayi@tigude is shown in Figures 13, 14
and 15 for, respectively, debris larger than 1 rhram and 10 cm. Figure 16 presents the
time evolution of the average impact velocity ofdy the decimeter sized fragments, but
the results obtained for smaller particles wereg ganilar.

The variation of the average impact velocity (Feg@6), as well as that of the directional
properties of the flux (see Figures 4-12 for thplegion in GEO), is a direct consequence
of the debris orbital plane evolution, with a pdrmf about 54 years, due to the luni-solar
perturbations. Smaller debris density oscillatiamsGEO, with periods in between 27
years and one month, are induced by the luni-sdteaction and the low degree and order
tesseral harmonics of the geopotential, while tbkarsradiation pressure plays a not
negligible role only on the trajectory of the srealbarticles.

Even for the explosions above the geostationaityidé, the same general patterns found
for the fragmentation in GEO were observed (Figr@45), but with a reduction of the
debris flux in the GEO ring for increasing brealalfitudes. The explosion simulated 300
km above GEO, an altitude close to that obtainedapplying Eq. (1) to typical
communication satellites, produced on the GEO ringnediately after the event, an
average debris cross-sectional area flux of 4.69°, 4.46x 10° and 1.94x 10° m2yr™,
respectively, for particles larger than 1 mm, 1 amd 10 cm. These values were
approximately 1/30 of the debris background fortipls greater than 1 mm and about
1/3 of the background for centimeter and decim&terd fragments.

In a few years the flux dropped to a long-term Bloyiiim value close to Idm?yr?, for
particles larger than 1 cm, and tex8.0° m?yr?, for fragments greater than 10 cm, with
the above mentioned oscillations, characterizeda byjaximum total amplitude of 20-
40%, superimposed. These results demonstrate thait den explosions of typical
spacecraft, at the end-of-life re-orbit altitudeaemended by IADC, would be sufficient
to double the average flux, in the GEO ring, ofrtetarger than 1 and 10 cm, matching
the effect of the existing background. An increasthe re-orbit altitude to 500 km would
not significantly improve the situation (the lorg+nh equilibrium flux obtained was
smaller by just 20-30%), as shown in Figures 13-15.

To reduce by one order of magnitude the long-teverage flux of explosion fragments

larger than 10 cm with respect to the breakup wsgionary orbit, a re-orbiting altitude
at least 2000 km above GEO should be used. Incts®, about one hundred spacecraft
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catastrophic explosions would be necessary forymiog an additional debris flux on the
GEO ring comparable to the existing background. elmv, for centimeter sized
particles, the same threshold would be reachedapimoximately 1/3 of the breakups.

CONCLUSIONS

The short and long-term effects of spacecraft estptes, as a function of the end-of-life
re-orbiting altitude (0 — 2000 km) above the getatary orbit, were analyzed in terms
of the additional contribution to the debris fluxthe GEO ring. The simulated clouds of
fragments were propagated with a high precisiojedtary integration code, taking into
account all the relevant orbital perturbations.

In the altitude range considered, the fragmentsiymed by the different explosions
display a similar evolution of the average relatarel impact velocity (Figure 16) with
respect to a satellite in geostationary orbit. Thelative contribution to the collision risk
in the GEO ring is, therefore, mainly a functiortloé average fragment density there and,
as expected, the explosion in geostationary odsitilited to be the most detrimental for
the GEO environmefft

The debris density and relative velocity in the GEQy are both affected by a large
periodic variation, due mainly to the luni-solartpebations, with a period of about 54
years. However, the density and relative velocitgnges are out of phase Imfi.e. 27
years), and the overall resulting effect is therapimnate long-term stabilization of the
debris flux F in the GEO ring, occurring less than six yearsrafthe simulated
fragmentation, irrespective of the explosion attéuaccording to the relationship

F=K,+ cho{z?ﬂtj +K, co{%”tj )

wheret is the explosion elapsed time akgl K; andK; are three constants, functions of
the breakup characteristics and altitude. Relatigehall oscillations, due to the lunar
nodal regressionl(= 18.6 years), the advance of the lunar line ofdgss{l = 8.9 years),
the tesseral harmonics of the geopoteniiat @ years) and so forth, were superimposed
to the general trend of the long-term debris flppraximated by Eq. (2).

The results obtained show that 6-7 additional latensity explosions in geostationary
orbit would be sufficient, in the long-term, to dde the current collision risk in the GEO
ring with objects larger than 1 and 10 cm. Unfoattaty, even the adoption of the end-of-
life re-orbiting recommended by IADC, resultingr ftypical satellites, in an altitude
increase in between 300 and 500 km, would not inpmuch the situation, because a
dozen of explosions would be sufficient to doulble average flux of debris larger than 1
and 10 cm, matching the effect of the existing lgaoknd. To significantly reduce the
long-term average flux of explosion fragments lartipan 10 cm, a re-orbiting altitude at
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least 2000 km above GEO should be used. In tha, @mut 100 breakups would be
necessary for producing an additional debris fluxtbe GEO ring comparable to the
existing background.

In conclusion, the optimal debris mitigation stggten geostationary orbit should be a
compromise between spacecraft end-of-life passinagiffectiveness, spacecraft end-of-
life re-orbiting altitude and the acceptable delyéskground in the GEO ring. If the
preservation of the existing background is assumaedgoal by the international

community of space agencies and operators, thermeemded end-of-life re-orbiting

altitude would depend critically on the level ofpéipation, reliability and effectiveness of
satellite passivation and long-term explosion aao@k. Therefore, the re-orbiting
strategy recommended by IADC would only be adequiatatellite passivation was

extensively and successfully carried out. Howevethis was not the case, higher re-
orbiting altitudes should be considered.
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