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ABSTRACT

Since its launch in 1990, the Hubbde Shace Telesope
hasbeenone d the most prodictive sciertific erdeawors
in history. Nonretheless all goodthings mug eventudly
come to an end, including the useful life of this
spacecaft. Snce Hubde has no on-board propusion
system, its orbit is currently decaying, and recent models
predict that without any intervention the telescope will
reerter the atmosphere, no eatier than 2031 Dueto the
very large sze d the spacecaft and the extersive wse o
materials that are expectied to survive reentry heaing, an
uncontrolled reentry would pose anunaccepale risk of
injury to the general public. The origind designs called
for the Elexope 0 be retievedby the Sace Shuttle &
the end of its mission, but that is no longer an opion. An
ealy study has been condicted to examine options for
disposing of Hubble in a way that would drasticaly
reduce the risk, or eliminate it ertirely. In order to lay
the founcaton for an ewentual decision several yeas
from now, four basic options for disposal were studied,
eachbased on three msdble tlexope hardware gatus
condtions The study induded an examinaion of the
feasibility, reliability, end-to-end risk, cost, and schedule
for eachpotertial aporoach A summary of the findings
of the feasihility, reliability, and risk assesaments from
that sudy will be presented.

1 INTRODUCTION

There is an international effort to limit the generation of,
and risks from, orbital debris. This international effort
has produced the Inter-Agercy Space [ehris
Coordination Committee (IADC) Space [ebris
Mitigation Guidelines and the United Nations Space
Debris Mitigation Guidelines. The U.S. Government
Orbital Debris Mitigation Standard  Pradices
(USGODMSP formdly adopts these pracices for all
United States govemment-sporsored missons  Within
NASA, the detailed policy and technical implementation
of orbital debris limitation are documented in NPR
87156, presenting policy aid  programmatic
requirements and NASA-STD 8719.14, presenting
technical requirements for NASA missons While there
are a total of fifteen NASA orbital debris limitation
requirements, for the puposes of the end of the HST
mission, two technical requirements clearly dominate the
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concems. those regarding the disposal method and the
reentry risk.

This paper will present a badkground on the Hubbe
Space Telescope (HST), providing detal on its
extraardinary 20+ year misson life and information on
how NASA has proacively takenthe initiative to apply
the alove mentioned guidelines ard Standard Pracices
to HST. Thes cktals are presertedthrougha dscusson
of the results of a NASA initiative study to assess
compliance nethoddogy and basc misson architecture.
Also preserted are implicaions and options available to
NASA to maximize compliance with the guidelines
while minimizing mission risk. While the focus of this
paper is on the dforts to minimize impact to the abital
environment, reentry risk to the pubic is recognized as
animportart ard necessary aspectof this study.

2 BACKGROUND

The basline asumption at this time is that HST will
remain an acive aml vital aset for at leas arother
decack, in parallel with the James Wekb Space
Telesope for at leas five years. If dill operatonal, it
would be desrade b continue cdlecing science urtil
the orbit decays to 500 kmbefore beginning any disposal
maneuvers. Current predictions indicaie that HST will
remain ebove 500 kmuntil at lesst 2024 s tha the
selecion of a dsposal approach does not need to be
mace for about arother five yeass.

The HST Projed is an international partnership with
ESA ard NASA. It isconsidered one  NASA’s most
successful internationd  partnerships, forging a
consolidated team of dedcatkd sciertists and ergineess
to execue six extremely complicated ard succesful
spaceshuttle missions. Thisrelationship is ever evolving
as ESA and NASA «ientists continue to expand our
knowledge d the Universe. As we aproach the
everiual disposal of the HST observatory, ESA and
NASA ergineess are canmitted to work together to
complete this important mission with same caperation
ard excdlerce leacership ashasbeendemonstrated over
the past 30-plus yeas.

Hubbe is a Ritchey-Chretien design Cassgrain
telecope with a 24 meter mirror. It is 15.9 meters long
and has a dameter of 4.2 meters. The aigind
observatory (including the spacecaft bus aswell asthe



ingruments) weight was approximately 11,000 lg. It
was origindly launched with five scientific ingruments

On April 25,1990,HST was deployed into its low earth
orbit, (nominal orbit 590 kmor 320 rmi, inclined a 28.5
degees from the eqiator), by the cew of the Sace
Transportation System (STS) mission, STS-61. In the
subsequent 23 yeas of onorbit operations, the
observatory has been visited five times by shuttle
astronauts to upgrade, replace and/or repair spacecaft
systems and science ingruments

One characerlistic that makes HST unique among
science satellites is its capability to be serviced by
astronauts during dedcated Space duttle flights, also
known as HST Sevicing Missons (HST SM). Five
HST SMs were succesdully conducted between 1994
ard 2009 Thes five missons had specific dbjecives
and each mission left the vehicle in better shape than
before. For example, the rew Wide Held Plaretary
Camera-2 ard the Correcive Qptics Space Telesope
Axial Replacement (COSTAR), installed in the first
servicing mission, HST SM-1, eraledthe HST Program
to succesqully achieve its Lewvel 1 requiremerts. The
find misgon, HST SM-4, ypgraded the diservatory to
full operational redundarcy of the gacecsft systems ard
resored operatonal capbility of two science
ingruments The mission aso expandedtheresolution of
science observations through he ingdallation of Wide
Field Camera -3 and the Cosmic Origins Spectograph
(COS).

NASA proacively prepared the spacecsft for disposal
by ingalling the Soft Capture Mechanism (SCM). The
SCM is intended to provide dodking compdaibility with
roboic and human gpaceflight misdons, including
various internationd ISSresupgy vehicles and mannel
vehicles (e.g., Orion). Photography of HST, usng video
cameras that were camlidates for future srvicing
vehicles, recaded imagery of HST's final flight
configuration during release.

3 SUMMARY OF REQUIREMENTS

It isimportant to note that while the current reguirements
in NASA-STD 871914A are @gpplied to existing
operational missons, they were rot in existence atthe
time d the launch of HST. In some cass, therebre, the
mission was not designed with them in mind, and it may
be impassilde to med them with the existing operational
hardware ard plars.

Disposal methodsand timing for NASA’s LEO misgons
are gecifiedin NASA-STD 871914A, Requirement 4.6-

1. There are three ladc options soecified for the
disposal: atmospheric reentry, maneuvering to a storage
orbit, or dired retrieval. Atmospheric reetry can be
acheved either through natural decay that reailts in
reentry within 25 yeas after the completion of the
misgon (but no nore than 30 yeas after launch), or by
controlled reentry soon after the mission is complete
The requiremernt defines a storage orbit baween
2000km dtitude and 500 kmbdow GEO, excluding the
commonly used region of 19200km to 20,700km.
Direct retrieval refers to caguring the acecaft and
returning it to the ground intad. This last approachis
not currently a pradical option for NASA missions since
the condusion of the SpaceShuttle program.

This requirement presents both restrictions on the
disposal of HST ard options for atemative approactes
The primary purpase of limiting the time in operational
orbit regions is to mitigate the risk of large objed
collisions which oould generate a generous quantity of
secandary delris objecs. As implied by the
requiremert, this can be aclieved either by raising or
lowering the orhit to outside of the protecied operational
regions

It is interesting to note that the USGODMSP and the
international guidelines on removal from operational
orhit regions refer only to removal within 25 years after
the end of the misson. As a result, HST can probably
meetthose guideli nes even without any intervention, but
will likely violate the more dringent NASA disposal
requirement (30 yeas since launch) even while the
mission is still operational. In the case of such a
valugble and productive misgon, however, the extended
orbital lif etime is considered reasonable ard accepale.

NASA-STD 871914A, Requirement 45-1 limits the
probability of colli sion with large objeds (those >10 an)
during the orbital lif etime of the mission to no more than
0.00L To date, HST is edimated to have alread/
accunulated about double that alowance, with no debris
strikes that have produced new longlived debris objeds.
There ae smaller drikes occurring oongantly, as
evidercedby inspecions of returned hardware.

The risk to the genea public from reeriering NASA
space ehicles is controlled by NASA-STD 871914A,
Requirement  4.7-1. An overadl endto-end risk
(including ary acive dsposal) of a tuman casialty from
surviving debris of 0.0001 (1 pat in 10000) is defined
asthe accembe risk threshold. The requirement further
defines a threshold of 15 Joules as the minimum impact
erergy for anobjectto becgpabde o inflicting a casalty.



The ‘buffer zone’ arund land masses for controlled
reeriry into the open ocean is also defined by
Requirement 4.7-1.

Detaled modeling of the spacecaft has shown tha an
unoontrolled reentry would result in a reentry risk of
approximately 0.004, or 1 in 250 odds of a singe
significant injury. One way to envision this risk is that
even if 250 spacecaft like HST were o reerer
uncontrolled, you would expect only one significart
injury to occur. Clealy, thoudh, the risk exceals the
level that is considered accepable by afacor of 40, s0 it
is prudent to study options to reduce the risk.

Any sort of actve dispasal of HST becanescomplicaed
by the lack of anexisting populsion system on-boad the
spacecaft. Several basc methods of orbit change were
studied, induding propulsion systems, tethers, sails, and
others, and mos involved a need for rendezvous and
capure d the HST spacecaft. The reedfor significant
control authority for targeted reenry precluded non-
contact de-orbit options, so these were not studied in
detail. Becawse an acive dsposal of HST cantherebre
only be brought about through the launch and
rendezvous of an additional disposl vehicle, it is
necesaty to include the reliaklity of the launch ard
rendezvous in the end-to-end risk estimate.

Another complication in early planning for HST disposal
is the inability to accurately predict what condtion the
spacecaft might be in atthe ime of disposal. Idedly, at
least the attitude control system would be functional, so
that the vehicle calld be aiented and steadied duiing
rerdezwous. Becawse that can not be relied uponin a
vehicle tha may by then havebeenon-orbit for 35 yeas
or more, it is necesary to plan for the worst-ca®
scerario of a noncoopeative ‘dead bird’ during
rendezvous. It is gill desirable, though for the disposal
vehicle design to retain the capahblity of continued
scierce @erations if the HST hadware suppats that
goal.

4 STUDY GOALS CHARTER/OBJECTIVES

Prior to this study, engineering judgment within NASA
was thatin order to achieve the desired risk reductions, it
would be recesary to planfor a redundart misson. The
first missian would have a @rtain probability of success
but in the ca® d a launch vehicle failure a other
misson failure, a second system would need to be built
and launched. Based on this, NASA was going to need to
start building the first system early enough tha, shoud it
fail, a second could be built and launched. This meant

budget planning to dlocate fundng in relaively eaty
yeass, a potential disposal while HST was dill
operational, ard other unatracive measres The
primary goal of this study was to inform NASA as to
whether its original scerario was necessary, or whether
there were reduced cost options that would have lower,
and later, impacton the NASA budget

The gudy would also ersure that all asets neeced to
prepare for a future misson were cagured, and that all
prior study on HST disposal was taken into account In
2003, after the Shuttle Columbia was destroyed duiing
reentry, NASA dedded that return of HST via the
Shuttle payload bay was no longer an option, as it was
too risky to the crew. Plans began for induding hadware
in the final servicing mission that would enable a
controlled reentry. This effort centered on apropusion
modue 1 be cariedto spacein the Shuttle, ard installed
onto HST during the misson, and lay dormant urtil
neeced yeass later. In 2004 the Congellation Program
was darted amd with an eatier plamed erd to the
Shuttle program and other safety concems, the final
servicing mission was carcelled by the Ageng. Work
began on a misdon tha could rendezvous and
capture/berth or dodk with HST, atadh a propusion
modue, and ether deorbit right away or wait urtil HST
ceagd operatons. Within a dort time, Congess
authorized a study of a more ambitious HST Robaic
Servicing and Deorbit Misgon. During one year, the
study team designed the deorbit propusion modue, plus
a servicing roba, special tods, ard redacenent parts to
both extend the life of HST and prepare for disposl. In
2006,new NASA Administrator Mike Griffin developed
a plan to condwct afinal Shuttle-based servicing mission,
and outfit HST with a docking fixture tha would make
HST compatible with the Constellation Program. This
misson occurred in May 2009

This latest HST De-orbit Study began with a combined
NASA Headjuarters and Cosmic Origins Program
Office tcics meetng in June 2011 The key study
objedive was to identify a misson concept cambe o
auonomously acheving a safe dsposal of HST ard
minimizing the overall misgon cost to Scierce Misson
Diredorate. The study was to look at existing vehicles as
well as fresh designs and emerging techndoges. By
January 2012, an Aerogpace Corporation study tean
completed a 6 month study effort and delivered a sk
report containing high level architecdure and coging
information. The Aerospace report served as refererce
material for the subsequent, 3-month HST Disposl
Architecure Dedgn Laboratory (ADL) sudy. The
agerry intertion wasto erabe te efort to erter a “Hold



Phase” at minimal cost, monitoring further
developments, until work needed to resume. The
objective of the study was to provide recommendations
for enabling a Pre-Phase A project at a later time.

The ADL is the newest expansion of the Integrated
Design Center (IDC) at NASA’s Goddard Space Flight
Center. As with the other IDC laboratories, which focus
on specific mission and instrument designs, the ADL
brings together subject matter experts from a number of
disciplines for a focused short-term study. In the case of
the ADL, a wide variety of options is studied, to identify
the most practical approach to solving new and unique
challenges. The HST Disposal Study was the first to be
conducted by the ADL.

5 STUDY METHODOLOGY AND RESULTS
5.1 Orbit Predictions

Both the collision potential and the minimum timing
until performing any active disposal of HST (and thus
the timing for a decision on the disposal approach) are
driven strongly by orbital decay from the current 554 km
X 559 km x 28.55° orbit. That orbital decay process is in
turn driven strongly by atmospheric drag, which is a
function of solar flux. The solar flux varies during an
approximately eleven-year cycle. Natural variations in
the sun cause the solar flux to be relatively predictable
over about one cycle, but less so beyond that point. This
variability in the solar flux predictions is one reason to
delay the decision until the orbital decay can be more
clearly estimated.

Figure 1 illustrates the predicted decay in mean altitude
over time, assuming the current starting altitude, a
ballistic coefficient of 82 kg/m’, and current Schatten
solar flux predictions. The plot also shows projected
mean altitude for both the earliest and latest credible
solar flux cases (Schatten +20 early and -20 late,
respectively). The nominal expected reentry date is in
2040, but for planning purposes the earliest date will be
considered. It is believed that 500 km represents the best
compromise between continued collection of science
data and the stability needed for a potentially non-
cooperative capture by a disposal vehicle. Thus, baseline
planning at this time is for disposal to commence in
about 2024.
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Figure 1. Orbital Decay Profile Predictions for HST.

It is desirable to delay the decision process regarding
HST disposal as long as possible for several reasons.
Just during the duration of the study, the reentry date
predictions for HST varied by greater than one year,
demonstrating the value of actual data in the planning
phase. Technology development also advances at an
unpredictable pace, so that new technologies may
become practical at a faster or slower pace than is
currently expected, including advances in launch vehicle
reliability. While it is hoped that the HST spacecraft bus
systems and instruments will be functional for a long
time, short-term failures may affect the disposal
complexity or timing. By delaying the final decision
until roughly 2018, each of these factors will be more
definite, enabling a better data-driven decision than
could be made today.

5.2 Disposal Options Examined

As described above, NASA-prescribed basic disposal
options for reducing the reentry risk for HST are limited
to controlled reentry or raising the spacecraft into a
storage orbit. The feasibility of both of these options
was studied, as well as various methods to achieve these
goals. It quickly became clear that some options were
highly impractical, and they were not studied further for
HST disposal.

Controlled reentry requires a precise change in velocity
applied to the vehicle at exactly the right time, to ensure
that reentry occurs in a targeted location. It is beneficial
to use a series of phases to refine the trajectory, with the
final phase intended to produce a perigee of 50 km or
less. Various methods for delivering that change were



examined, induding cemicd propulsion, dag
erhancemert, electrodyramic tethers, ard laser nudging.
Some d thes large caegoriesinclude several detaled
optiors.

Orhit raising requires the gpplication of thrust to increa®
both apogee and perigeg circularizing the final orbit for
longterm gability. Methods studied for delivering that
thrust included chemical propusion, solar electric
propusion, electrodyramic tethers, ard solar sails.

Mog of the disposl methods studied include a reedfor
rerdezwous ard capure d the target vehicle. The
existing hardware configuration of HST was examined,
to determine the pracicality and remaining development
necessry for docking. While a docking ring was
installed onto HST during the find manned servicing
misson, the development of a mating ring for the
docking vehicle was not completed Other atach points
were casidered, but provide les caphility to deliver
the necessary thrug through the Center of Gravity.

Onorbit denmlition of the gacecaft was also briefly
studied, but quickly dismissed as an option. Examining
jug the main mirror (representing aout 2 percent of the
total risk), it was determined that the 1000 kg mirror
would redal to bereliably broken piecessmaller than 67
grams in order to reduce therisk to the public. This is
becawse eachpiece d surviving delris canendarger ary
person within an area approximately 0.3 m arourd it.
Increasng the rumber of surviving pieces rapidly
increags therisk, analogows to a shotgun patern versus
arifle bullet. Until those pieces are so small that their
impact erergy is less than 15 Joules they are cansidered
dangerous If the mirror coud be broken pafedly into
67 gram particles, it would creat alout 15000 pieces
thoughof course in actuality there would needto be even
more bre&up to accaint for sze \aration. Any more
than 14 churks larger than 67 grams would increase the
risk from the mirror, relative to intact reentry. Given the
extent of demolition needed to make een this one dece
of the spacecaft safer, complete dedruction to reduce
the risk is obvioudy not feasible.

53 Basic Feasbility

Non-contad disposal options offer the advantage of
lower operations complexity, and potertially lower cost.
In the case of laser orbit modification, the ladk of a
launch vehicle is also atracive. Frozen mist has been
proposed for orbit modification through decderation, by
distributing droplets of liquid or tungsten dust in the path
of the target vehicle, without the need for docking.

Unfortunately, these methods can cawse only gradud
orbit decay ard are therebre insufficient to reault in a
positively targeted reentry point necesary to reduce
reerry risk. These methods have no applicaionfor orbit
raising on the <ale needkd to reach a torage abhit.
Moreover, some non-contact methods have the potertial
to increag the drag on other acive gacecaft in the aea
of influene, which the dfected satelite goerators would
consider unaccepate.

Drag enhan@ment techniques were studied, induding
the hallute (nflatabe decebrator), solar sail, ard drag
erhancemert tethers. Again, these approaches provide
insufficient control authority to accomplish a targeted
controlled reentry. While they could hasten the reentry
date, the colli sion probability is largely unaffeded, due
to the greakr crosssecional area d the asembly. The
sdar sdl is considered impradicd for boosing HST into
a storage orbit due to likely conflicts with the large lar
arays on the gacecaft. Cleaty, drag erhancement
methodshave no goplication for orbit raising.

Eledrodynamic boog tethes amd solar electic
propusion both have the capability to impart low thrust
over a long peiod of time, with minimal monitoring
effort. This could be used to hasten reentry, and reduce
the collision probability, but the thrust would be
insufficiert for targeted reerry. While this would not
suppat controlled reertry, these agproaches may have
potential for booging HST into a storage orbit, Snce that
canoccu over a longer time consistert with their lower
thrust. Thes tedniques are cmsidered worthy of
further sudy, particularly as thetedhndogy matures.

Chemical propusion is by far the most conventional and
well-understood ofthe orbit modificaion approaches. A
wide variety of propellants can be casidered, from
hydrazine to the newer ‘greeri propellarts currently
under  development. As broad caegories
monopropdlant and bipropellant techndogies were
studied separately for feasbility. While either approach
could provide te recesary control auhority for a
targeted reentry, it was found that bipropellant designs
are likely the ketter choice n terms of delivering higher
thrust per unit mass thus reduding launch mass It was,
however, determined that the amount of propellant
neeced evenwith a dpropellant desgn, was impracical
to achieve the 2000 kmdefined gorage orbit region.



5.4 Option Refinement — 1200 km storage

Since raising the orbit of a spacecraft as large as HST to
greater than 2000 km by traditional propulsion requires
an impractical amount of propellant, other potential
storage orbit options were studied as well. Figure 2
shows that there is a region between 1200 km and
1350 km where the orbital debris density is very low
(about the same as that of the current HST orbit), which
is within the reach of standard chemical propulsion
systems. The low existing debris density results in a
relatively low collision probability for any objects left in
that orbit, thus lower long-term debris generation
potential. Such an orbit would be stable for centuries,
essentially eliminating any concerns over reentry risk.
This approach, however, would require a very significant
deviation from NASA and US Government policies, as
well as the international guidelines described above.
Nonetheless, for the purposes of this early study, it has
been retained as an option to be studied further.
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Figure 2. Spatial Density of Orbital Debris across the
LEO Region (data supplied by ODPO)

5.5 Large Object Collision Potential

The effect of simply leaving HST in place, to slowly
descend to reentry could affect the existing orbital
environment by presenting a greater risk for collision
with large objects capable of causing pieces of the
spacecraft to break off as new debris objects. The
probability of such a strike is estimated using the average
cross-sectional area of the spacecraft and the orbital
debris flux considered across the altitude profile shown
in Figure 1. The estimation tool used during this study
(DAS 2.0.2) uses the ORDEM?2000 orbital debris model,
so the results are believed to be somewhat under-
conservative, particularly for the period since 2007.
Since the purpose of these estimates is to perform
relative comparisons of the different disposal options,
though, these results can be used in a general sense.

5.6 Reliability

The reliability of a successful disposal of the HST
spacecraft is a major driver in the disposal method
selection, as well as the design choices in the hardware to
carry out that design. An early study such as this
requires that several simplifying assumptions be made in
order to estimate the probability of success. These
assumptions include the expected launch vehicle
reliability (0.98), the availability of an exact replica of
the docking fixture now on HST, and the ability to make
four attempts at the docking to HST, learning from each
successive attempt if necessary (0.9999 after four
attempts). Hardware reliability estimates were based on
time-related failure rates as well as estimated hardware
complexity, so that the reliability depends heavily on
disposal mission duration. Early estimates indicated that
solar electric or electrodynamic tether propulsion to 2000
km was impractical without redundancy in portions of
the systems, so redundancy was assumed for the
reliability of those approaches. This study found that
reliability of up to 0.9749 could be achieved if
conservative design guidelines are followed.  The
acceptable risk requirement can be met with an end-to-
end reliability of 0.976, so it is believed that a single
mission will be sufficient, in terms of the disposal
hardware.

5.7 End-to-End Reentry Risk

One of the main drivers for even discussing the
intentional disposal of HST is the result of a previous
assessment of the HST reentry risk. In 2004, the Orbital
Debris Program Office (ODPO) at NASA/JSC used the
Object Reentry Survival Analysis Tool (ORSAT),
version 5.8, to simulate the reentry of HST. Through a
detailed study of the construction of the spacecraft, it
was estimated that there is a risk of about 0.004, or 1 in
250 odds of a single significant injury, if HST were to
reenter in a random location (within the 28.5°N to 28.5°S
latitude region). There are plans to update this baseline
DCA to account for hardware changes during the final
HST servicing mission, which occurred in 2009.

When estimating the end-to-end risk for various HST
disposal scenarios, it is necessary to consider each phase
of the disposal mission, and the probability of success for
that phase. For example, the launch vehicle could
potentially fail, leaving HST on orbit, with no
improvement over the original uncontrolled reentry
scenario (a launch vehicle failure here is assumed to
occur prior to achieving orbit, so any disposal vehicle
debris would reenter harmlessly over water). The risk



was estimated for each possible outcome: launch vehicle
failure, unsuccessful disposal, and successful disposal —
and the results were totaled for each disposal scenario.
Where reentry of HST integrated with the disposal
vehicle was a result of the possible outcome,
representative hardware was considered to add to the
reentry risk. The probability of success, DCA, and
reentry year vary from scenario to scenario, so that the
total end-to-end risks varied by more than a factor of ten.

6 RESULTS

After an initial wide range of options was studied, four
basic disposal approaches were selected for detailed
consideration: 0) do nothing (baseline), 1) controlled
reentry, 2) boost to 1200 km, and 3) boost to 2000 km.
These options are represented graphically in Figure 3.
The reliability, total risk, schedule, and cost of each was
examined in order to form some early baseline
comparisons.
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Figure 3. Altitude Profiles for Disposal Options Studied

Large object collision probabilities were estimated for
each of the primary disposal options studied, and are
summarized in Table 1. For reference, the collision
probability since launch has been estimated as
approximately 0.00200. By 2024 the probability is
expected to be 0.00300 total. If the spacecraft is raised
to one of the storage orbits being considered (Options 2
or 3), there is a very small but ongoing risk of collision
with objects large enough to produce additional debris.
Any new debris objects generated, though, would remain
in these high altitude orbits along with HST due to
extremely low atmospheric drag forces. The probability
of collision for the 1200 km storage orbit is estimated to
be about 7 times that of the sanctioned 2000 km orbit.
To do nothing, and simply allow an uncontrolled reentry
would result in about the same collision probability as

five years storage at 1200 km. Immediate controlled
essentially reentry curtails all probability of large object
collision following the decommissioning, using a
maneuverable spacecraft and conjunction avoidance to
prevent any potential collisions.

Due to the slower passage through altitudes with
relatively higher spatial density, an additional risk was
studied for the 2000 km storage orbit disposal option.
The risk of collision with objects larger than 10 cm was
estimated using recent ODPO debris flux predictions for
the worst-case almost two year path from 500 km to the
2000 km storage orbit altitude. It was found that the
probability of such a collision randomly occurring is on
the order of 0.04 percent, about the same as 40 years
storage once the orbit is achieved. Any impending
collision predicted thorough conjunction assessment
activities could be mitigated, though, by discontinuing
the thrust for several days, until the threat passes, altering
the disposal orbit slightly. It was concluded, then, that
while a risk of large object collision during orbit raising
does exist, that risk is small and can be mitigated.

Option 0| Option 1 | Option 2 | Option 3
Disposal Large Object 0 0 0 0.00040
Collision Probability
Postmission Large 0.00035 0 0.00007 | 0.00001
Object Collision per year | per year
Probability
Orbital Lifetime 7 years | 1 month |Centuries | Centuries
(from 500 km date)
Total Reentry Risk 0.004323]0.000111 ] 0.000111 ] 0.000376
Odds of an injury 231 8995 8995 2658
(1: XXXX)

Table 1. Risks for the Main Disposal Options Studied

As shown in Table 1, the overall reentry risk to the
public is estimated to decrease dramatically through any
of the intentional disposal options studied. Using either
a controlled reentry or raising the orbit to 1200 km, it is
possible to reduce the risk by a factor of 39 times, to
nearly 1 part in 9000. Raising HST to the sanctioned
storage orbit altitude of 2000 km reduces the reentry risk
by a factor of almost 12, to better than 1 part in 2600.
Launch vehicle reliability is the major driver preventing
the NASA design requirement of 1 in 10,000 from being
met in this preliminary study. Updated reliability values
for the specific launch vehicle chosen may very well
demonstrate that the NASA requirement is achievable.
In any case, it is feasible to greatly reduce the reentry
risk by a number of approaches.




It is important to discuss the role of the misson
operations timeline in these results. While controlled
reentry or 1200 km storage might be achieved within a
month &ter laundh, <solar-electric  propusion or
eledrodynamic tether to the 2000 km storage orbit is
edimated to take reaty two yeas to complete. As
described abowe, time is a maor cortributor to the
reliability estimates, so that those disposal options that
take longer to accanplish will cary a rlaively lower
reliability estimate, resulting in a higher overall reertry
risk. The longer time 1 traverse the atitude range from
500 kmto 2000 kmaso imposes a @llision risk, as
described alove.

The cog of each disposal option was aso examined,
using an estimation model drawn from acual cost data
colleaed from over 130 pace misgons. The modd is
driven primary by the expected complexty, dry mass
and opeational misson time, to prodwce a rough
edimate for the purpose d comparing several
architecures  Estimates ranged from $440 M for
controlled reentry through $620M for 2000 km storage
orbit disposl, induding launch <rvices, for a
conventiond sngleflight mission implementation.
Adaptation of existing vehicles appears feasble, with
added cost for necessary modificaions. Cost estimates at
this time on such vehicles would likely be obslete by
the time a disposal mission is initiated. Emerging
vehicles dedicated to active orbital debris mitigation or
satellite servicing might also be adapted, a unknown
cost

Tabe 2 summarizesthe benefits and chadlenges inheent
in each of the disposal options for HST.

Disposal Option Advantages Disadvantages
0) Uncontrolled Zero cost Unaccepal e pubic
Reertry risk
1) Controlled Lowest cost Sensitive to errors
Reertry Short time High visibility
Mature echmology
Acceped approach
2) Bood4 to 1200 kn|Short time Violates NASA
Low cogt requirements and
Insensitive to errors| International
ageamens
Higher collision risk
3) Boog to 2000 kn|Mees all disposd  |Longest time
requiremens Highest cost
Insensitiv e to errors | Technology maturity

Table 2. Advantages and Disadvantages of each of the
Main Options Identified

7 CONCLUSIONS

One of the primary goals of this study was to determine
whether HST disposal cauld be aclievedwith a snge
mission. It was demonstrated that not only is disposal
feasible, but depending on launch vehicle reliability the
NASA requirement may be ahievedin a single attempt.
At least three options have been identified for disposal of
the gaceceft, each carying both advantages and
disadvantages. The collision probabilities for each
approach have keen studied, ard while risks exist they
are casiderabdly lower than HST has alread/
experienced during its misson. Destruction and drag
erhancemert were gudied and foundto nat be feasible
for disposal of HST. Finaly, it was shown that not only
is it posside to delay the fina dedsion on a disposal
approach, but it is advantageous to do ®, for beter
knowledge of the key fadorsin the dedsion.
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