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IAC-10-A6.4.13
ORBITAL DEBRIS REMOVAL WITH SOLAR CONCENTRATORS

M. Vasile
Space Advanced Research Team, University of Glasgonted Kingdomm.vasile@aero.gla.ac.uk

C. Maddock, C. Saundefs

In 1993 solar concentrators were first proposedettect asteroids away from a collision course wiita Earth.
The original concept was expanded by the authars paoved to be effective and technologically felesi One way
to deflect the asteroid is to produce a slow deaxfays orbit by inducing a thrust via concentratadar light. Two
mechanisms have been investigated: the sublimatidhe surface of the asteroid to generate a jajasfand the
induced thrust by light pressure and enhanced Yakgoeffect. If the concentrators are reduced ie,sa similar
concept can be adopted to remove orbital debrisimed satellites. In this paper, we present aritalrlalebris
removal system based on concentrated solar liglg.vWM show how enhanced solar pressure, generayed
formation of solar concentrators, can be used telacate the decay of small inert objects orbithmgyEarth. A set of
modified proximal motion equations is proposed &salibe the relative dynamics of the solar cone¢mits with
respect to the target piece of debris. The pap#rpnovide an analysis of the cost of the optimahirol of the
concentrators during the deflection of the debnd a system engineering analysis. In particularwileshow that
the concentrator acts as an active solar sail wiutedeflecting, and as a hybrid solar sail (. orbit is maintained
with an auxiliary low-thrust engine) while deflawgi the debris. The results will show that objecith wven a small
area-to-mass ratio (down to 0.01) can be brougim fan 800 km to a 200 km altitude orbit in few hatldays of
constant operation. The paper will discuss alsopthesibility to vaporize some small size targetthviiigh power
solar pumped laser.

I. INTRODUCTION objects from the Geostationary Orbit (GEO), GPStorb
Over the past decade, numerous techniques foingter or Geostationary Transfer Orbit (GTO).
the orbital course of an object in space have been A set of modified proximal motion equations is used
studies, within the field of asteroid deflectiom&such to describe the relative dynamics of the solar
method proposes to use a solar concentrator tasfacu concentrators (or satellites) with respect to thmget
small beam of light, with a high power density,tlie  piece of debris. The following will provide an aysik
surface of an object, thereby inducing a sublirmtd of the cost of the optimal control of the conceturs
the surface material and creating a jet of defiitiés in  during the deflection of the debris and a system
turn produces a low thrust which alters the coofshe  engineering analysis. In particular, we will shdwattthe
object. For asteroids, using solar-powered collingat concentrator acts as an active solar sail while not
lasers onboard a fleet of satellites, the requirgmit  deflecting, and as a hybrid solar sail (i.e., thbitois
power is on the order of MW, with a reflector didere maintained with an auxiliary low-thrust engine) lehi
of 20 m. If instead of sublimating the materiale th deflecting the debris. The results show that obj@dth
pressure induced by a combination of absorbedven a small area-to-mass ratio (down to 0.01)bman
reflected and emitted light is used to create asthithe brought from an 800 km to a 200 km altitude orhit i
reflector diameter is around 60 m. few hundred days of constant operation. The pajler w
Using the asteroid Apophis (MN2004) as analso discuss the possibility to vaporize some sia#
example, the area-to-mass ratio (AMR) is 3.26¥10 targets with a high power solar pumped laser.
m?/kg. If the onboard reflector system is reducesine,
a similar concept can be adopted to remove orbitdll. Asteroid deflection method
debris and inert satellites an AMR in the range of In 1993, solar concentrators were first proposed to
0.0001-1 Mkg. The following will study the use deflect asteroids away from a collision course with
enhanced solar pressure, generated by a SpacecﬂéﬁrtH‘. In 2006, this initial concept was expanded and
formation of solar concentrators, to acceleratedibeay analyzed, proving to be both an effective and
of inert objects in Low Earth Orbit (LEO), and reweo technologically feasible method of altering the ibdf
an asteroid® A low thrust is induced by using solar
" Space Advanced Research Team, University of Glasgo radiation pressure by either directly sublimatirige t
United Kingdomc.maddock@aero.gla.ac.uk surface material of the asteroid, thereby genegaifet
TSpace System Engineering, QinetiQ, Farnboroughof gas, or, if the power density is below that rieegi for
United Kingdomgjsaunders@gqinetiq.com
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the solar cells and an 85% efficiency of the

1.00E+01 1 semiconductor laser) but allows for a very high
1.00E+00 enhancement factor even at far distances from the
= target. The result is that the laser concept cpubdide
). RS significant deflection even with moderate size
% 1 00E.02 | spacecraft and reflectors. In the study, semicotaduc
® electrically pumped lasers were preferred to diyect
E 1.00E-03 1 pumped lasers as they offer a higher overall efficy.
= 4 00E.04 Furthermore the development of solar cells and
£ semiconductor laser (electrically pumped) is expetd
£ 100E-05 + progress faster, from a technology readiness |ehah
I Iight_ pu_mpeql lasers _due to _the numerous cross over
i applications in other fields. Given the constarigoess
1.00E-07 . : : { in the efficiency of solar cells, it is expectedttsolar
0 500 1000 1500 2000 arrays are going to soon reach their theoreticalt,li
Apogee Altitude (km) bringing the overall efficiency of the laser systeém
@ about 40%. _ _ _
In the case of the direct focusing of the solahtlig
the sublimation ceases once the mirrors are
2500 + contaminated. However it was demonstrated that &ven
the sublimation process is not started (i.e., tindase
» 2000 . temperature is not high enough), the asteroid titibe
3 deflected by simply enhancing the effect of theasol
E 1500 4 pressure and the Yarkovsky effécAn advantage is
S because there is no sublimation, and hence no sdebri
5 plume and contamination, the mirrors/optics do not
é e deteriorate; furthermore they can operate at farthe
= distances.
500 1 ' In order to keep the size of the reflector andhaf t
||"” ||l | spacecraft down, it is' proposed to haye multiple
0 e R et spacecraft of a small size rather than a single afne
$5888883383588¢8¢5% large size. The advantage of using multiple small
W ow w W w ww wwwww w ww w . . . . .
ceaeogegaegaasae reflectors is that the satellites will remain maregile
Areato-Mass Ratio {m~2/ka) and easier to deploy and control. Furthermorecthes
section area of each satellite will be smaller thus
(b) requiring smaller electric propulsion engines tatcol

] . o . the orbits and counteract solar pressure and dreggd
Fig. 1. Area-to-massratiosfor LEO debrisobjectswith an de-orbiting and altitude rising.

apogee altitude < 2000 km.

. . ) . . Il. DEBRIS POPULATION ANALYSIS
sublimation, by inducing a low thrust by light p§ese 1o 4 certain degree, space debris exists in aitabrb
and enhanced Yarkovsky efféct. regions around the Earth, although it is primarily
_In the case of sublimation, two methods wereconcentrated in those parts of orbital space treatrest
investigated in the study: i) the direct reflectioinsolar heavily utilized by operational spacecraft. Of the

light onto the surface of the asteroid; ii) the o§solar- ~ ~14200 objects currently tracked from the ground by
or electrically-pumped lasers to generate the requi space surveillance sensors, ~90% are ‘debris afject
sublimation process. either non-operational spacecraft, fragments from

The first concept has a very high system efficiency|lisions or explosions, expended rocket bodies,
as nearly 90% of the sunlight is expected to besed  mjssion fragments, etc.

onto the surface of the asteroid. However, the ighys In 2010. Musci et d. demonstrated. from
limit on the focusing and collimation of sunlight opservations, that in GEO there is a consistent
requires the spacecraft to operate in close prayinto population of orbital debris with high AMR (>12fkg)

the asteroid, with a consequent fast deterioradiothe 544 confirmed the simulations of Liou et alnd
optics. The second laser concept has a lower systeRhselmo et af, who showed that solar pressure causes

efficiency (about 25% of the input solar light is 5 gypstantial change in the orbital elements o hig
translated into laser light, considering 30% eéfigy of

IAC-10-A6.4.13 Page 2 of 11



61% International Astronautical Congress, Prague, ZLALO

AMR bodies in GEO. Anselmo et al. also proposed are likely to be lower than might be expected.
similar analysis for high AMR bodies in GPS orbits. Conversely at periods of solar maximum, the B* and
Despite the change in orbital elements demonstratediMR values from TLE are likely to be higher than
by Musci and Anselmo, high AMR bodies in GEO andmight be expected. Of course, the values in the atee
MEO do not decay and instead continually intersect, not the actual AMR of the object (this is fixed g
remain in close proximity, to their original orbit, physical properties), but are its reported valwanfthe
especially if the AMR is below 5ftkg. High AMR  orbit determination process. As a result, the \alaee
bodies could be easily moved out of GEO andorobably an underestimate of the actual AMR of the
transferred to the graveyard orbit by the use dérso object if this was to be determined purely fromatea
concentrators that can properly direct the solesgure. and mass.
Alternatively, their perigee could be progressively For the majority of objects in the TLE data, the
lowered until an intersection with the Earth atmeme  AMR ranges from ~0.05 to ~0.0002%kg, with the
by acting at the apogee with a constant solar press median value being ~0.001%fkg This corresponds
This approach could also work well for any debnishie  reasonably well to published data on the fragmantat
GTO, or any highly elliptical orbit. The use of emted and break-up of satellites in LEO, as well as faadt
and controlled solar light is not limited to high/R  satellites that are non-operational, and hence hmn
bodies in GEO: a constant application of enhanotat s considered as debris. The data presented by Anz-
pressure to bodies with an AMR of 0.01/kg can Meador and Pott&t shows the AMR values for a set of
significantly accelerate their decay. LEO fragmentation events, ranging from ~1 down to
A key parameter for this analysis is the debrisaare 0.001 ni/kg. Another paper by Pardini et’alin 2009
to-mass ratio which directly influences the effeetiess considered the deliberate shoot-down of the degayin
of the momentum transfer of the lased photonssatellite USA-193. Based on an analysis of it deedg,
Unfortunately, getting an accurate estimate ofAMR  the authors estimated an area-to-mass ratio of
for a piece of space debris is non-trivial. All ~0.0044 r’kg for the intact satellite, assuming a value
surveillance missions of the orbital population areof 2.5 for the drag coefficient.
conducted by remotely sensing therefore accurate For debris objects in GEO, the situation is more
estimates of both the object’'s cross-sectional argh complicated because in GEO, there is obviously no
its mass are extremely difficult. In the USAF TLE atmospheric drag, and the AMR must then be
representation of the object, there is no direcasnee  determined through the orbit determination procgas
of the AMR. Instead, there is a B* value, whichais the effects of solar radiation pressure on the abbje
modified ballistic coefficient containing informati on  Furthermore because GEO altitudes are so high
the objects drag coefficient as well as other patars. compared to LEO, typically only optical telescopes
It is further complicated by the fact, that oftanthe used to survey GEO, and as a consequence there is a
orbit determination process, the B* value is ussedaa typical minimum size limit of 1 m — 0.5 m on theeiof
free parameter to ‘soak up’ the effects of mis-ntede detectable objects, and such there is a ‘lack’ eifrid
physical forces (e.g., incorrect gravity modelsgnde objects in the USAF orbital catalogue for GEO. Even
the published B* may not be a true representatidhe for those GEO or near-GEO objects characterized as
real AMR. It is however, generally a reasonably djoo debris or old rocket bodies in the TLE cataloghe, B*
estimate (as force models are generally well dpesly  value is given as 0.0005 for all the objects, iatiitg
and is used here in lieu of any other data. Ushg t that this has simply been fixed at an arbitraryeal
conversion outlined by Valladbwe can convert to a In GEO, a particular problem is non-operational
true ballistic coefficient, which is the AMR value spacecraft that are either left in GEO at the entthair
including a value for the drag coefficient. Deteming  mission, or else are not de-orbited to a sufficadtitude
the drag coefficient is also very difficult (it isighly above the GEO ring. Because of the particular
dependent on object shape and orientation), bugravitational dynamics of the GEO ring, a satelléé
assuming a constant value of 2.5, reveals the AMR fin or near GEO will librate between longitudinal
all the debris objects in LEO. This data is shown i boundary values indefinitely, thereby causing disioh
Fig. 1. (and potentially radio interference) risk to other
It should be noted that, as discussed above, this B* satellites. This has occurred recently, with theodoit
an output from the orbit determination processislt failure of the Galaxy 15 satellite in April 2010hi$ is
therefore a variable parameter that actually depermd now a large piece of debris drifting around GEOd an
the state of the atmosphere at the time of theill continue to do so for thousands of years usles
determination. The density of the upper atmospliere control of the satellite can be regained, or it dsn
itself correlated with solar activity, and theretemes removed from GEO.
such as now when the sun has just passed solar A new population of debris has recently been
minimum, the reported B* and AMR values from TLE discovered in GEO using the ESA 1 m telescope in
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GEO obijects, not just those near the longitude e/tiee
fragmentation occurrely.

It can be seen that potentially the GEO environment
contains debris that spans several orders of maimit
of AMR ratios. In terms of risk to other users oEG,
the major target would seem to be larger intact ioun-
operational) GEO vehicles or other large bodieshsuc
upper stages from launch vehicles. This is for two
reasons:

1) Larger objects have a larger collision cross
section (i.e. are at a greater risk of sufferingrapact)
and hence subsequently producing further debris
fragments which will in turn pose a risk to othéjexts.

9= == — ‘ ! 2) Larger objects generally have more mass, and
0 = L T A0 hence if a collision does occur more massive fragme
RergseAun.ce flan) could be produced and these would again then pose a
Fig. 2. Perigee versusapogee altitudesfor debrisin LEO. risk to other objects.

2000 1

1500

1000 4

Apogee Altitude (km)

500 +-

Il.I. Debris orbit characteristics

Fig. 2 shows the perigee and apogee altitudes of
debris objects in LEO (here assumed to be < 2000 km
altitude), while Fig. 3 shows the mapping of the
eccentricity and inclination. The data was colldcte
from the Two-Line Element (TLE) catalogue (as afidu
2010) from the United States Air Force, and then
filtered for those objects identified as either rieb
(‘DEB") or rocket bodies (‘R/B’).

As can be seen, most objects are in circular or nea
circular orbits. There is a significant populatidom
slightly eccentric orbits; which has implicatiors fany
system design. It can be seen that there are $evera
: clusters of ‘popular’ inclinations. The main groagiis
0 0.02 0.04 D.06 0.08 01 0 centered on 100°. This corresponds to objectsghtsy

Eccentricity (-) retrograde orbits that are sun-synchronous or sear-
synchronous. This region is popular with remotess®n
satellites, hence the large preponderance of dabris

Tenerife? This has uncovered a new bopulation Ofthis region. There are other clusters around 80°a88
' pop also around ~65°, the later is probably associatitid

debris with very high area-to-mass rel""t'onshIlosmissions flying at or near the so-called ‘critical

(>20 nf/kg). This is thought to be pieces of multi-layer clination’ of 63.4°, where the argument of pesge
insulation that has become detached from spacecraﬁ‘| A

This debris poses an interesting challenge, asalite oes not rotate (i.e., frozen orbits). There is idew

. o . . range of operational altitudes at all inclinatio@ven
very high AMR values, the eccentricity of its orb#n o ) .
change from near zero to over 0.5 in ~1 year, drt the possibility of a cascading effect in LEO, whnre

solar radiation perturbations. This results in viamge hypervelocity collision occurs creating a cloud reiw

variations in the perigee and apogee altitudeshef t debris fragments, which in turn can collide witthert
object peng Pog objects creating further fragments and so on, éee

There have also been explosions of rocket bodies I%ensmle to envisage that an active debris removal

. : . System such as the one proposed here, should be
GEO, with two events confirmed and potentially : - . .
evidence for over 10 such eveftsAssuming the focused around these high density regions. In

breakup models developed for LEO and other redgions the large cor_lcer_ltrapon of objects near _the sun-
be the same in GEO (there is no evidence to Suggestsynchronous inclinations should be considered a
the contrary) then this would produce debris witle t priority, as thi; Is a highly utilized resource forany .

same basic spread of AMR values as for the LEOscaseﬁirgsoigens sensing, mapping and earth  observation
Debris from explosions such as this can rapidlyagr '

throughout the GEO ring, posing a collision risk &l

160

(=1 [ I
Q (==} (=]

Inclination (deg)
[==}
==

Fig. 3. Eccentricity versusinclination for debrisin LEO.
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Il.Il. Debris physical characteristics contribution of absorbed and reflected light sefedya
In terms of material type, debris can essentiadlffrom  The total acceleration due to light pressure is:
any of the materials that were used to construet th

original source that produced the debris. For large qp T Arefterr T Rapsord

objects such as non-operational spacecraft or tocke S (1)
bodies then the material type will be construction zzm—gwcré(/](l—a)+a)
material of the spacecraft. For this approach, the m

important material is that on the exterior of tlehicle, where A/m is the AMR, a is the absorptivity of the

as this obviously affects the reflectivity of theject, surface materialC, is the enhancement factde,is a

and as such also effects the momentum imparteleto tscattering factor that account for reflections wery

object via the solar concentrators. possible direction over a hemisphe®,, is the solar
For debris that has been produced via collisions gpressure at 1 AUSy/c = 4.562x10¢ kg/m-s),r is the

explosions, then the material type could theorllyidee  distance from the Sun,is the efficiency of the reflector

any of the materials used to construct the progemf andv is a Boolean variable that has a value of 1 when

the debris. Typically this might include metals Isias  the reflector is in sunlight, and 0 when is not.eTh

aluminum and titanium, carbon fibre and otheraccelerationap is assumed to be in the opposite

composites, glasses used on solar cells, and wmateridirection to the velocity of the debris.

such as mylar and multi-layer insulation. Another e

important factor is that many spacecraft exteriot )

surfaces are painted or covered in specific masefia A

thermal control purposes. This may include colorec - =

paints, second surface mirrors and various typeapes e "

(e.g. Kapton). These can change the reflectivitd an 47 P ‘:N

absorptivity of the debris object (compared to its .

nominal value), and furthermore can change wittefim 7 voE

as ‘space weathering’ (e.g. effects of solar ultidet avq |

radiation) can darken the materials and change the %t i‘r \

¥

%

=~
%

optical properties. Furthermore, objects in lowiges
orbits that spend a significant amount of time ) ol B 1/
undergoing atmospheric interactions, can have the 5 / N
physical properties changed. This can result in th N S~e 7w

L
s

object becoming more diffusely reflective fa R i )
e gl —

Ill. MODEL DESCRIPTIONS

The operational concepts for debris in LEO and GEO
are, respectively, depicted in Fig. 4 and Fig. be T
reflector is effectively a hybrid solar sail. Thght of

the Sun is reflected on a secondary directionafranir
and from there onto the piece of debris. The raflec
needs to be controlled in close proximity to thecpi of )
debris (few meters) to achieve the desired enhaesem  <__

factor. = Py
Note that the term enhancement factor here refers M
the ratio between the cumulative effect of all beams

of light projected onto the target and the nornigihtl
pressure that the target would experience if direct
exposed to the Sun. Therefore, if a single cona&mtr ||, |1 Laser sublimation model

(i.e., spacecraft) can achieve an enhancementrfatto A first understanding of how the laser ablationteys

10, with the total required system enhancemenofaft  \yorks can be obtained from an adaptation of theehod
100, then 10 solar concentrators will be needed tBresented in papers by Vasile ef¥t*’ The amount of
operate in the proximity of the piece of debris. sublimated massn, is a function of the input power
Pi» per unit area, which depends on the efficiencthef
laser, the thermal power that is dissipated through
radiationQ,,y and conductio®@.,ng, and the sublimation
enthalpy of the materi&,,

Fig. 4. Operational concept for solar reflectorsin LEO.

Fig. 5. Operational concept for solar reflectorsin GEO.

[Il.I. Solar pressure model
The light pressure model is similar to the one psmul
by Pardini and Anselnp however we consider the
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Cm=10 uN/W, ISP=6505

d
% = é(Pm = Qs ~Qora) (2) 10 A - Ablated it
—A=10m
Note, that the minimum required power f@y, is the —— A=20m?
one that allows a sublimation of the material. —— A=30m?
The average velocity of the gas can be calculated 10* H— A=40m’
by using the Maxwell distribution for particles ah Do
ideal gas. The gas velocity is dictated by the
sublimation temperaturd,, the Boltzman constark
and the molar masd,,;

Decay Time [day]
Ablated Material [kg]

V= KT, (3) L
an

Given the velocity of the particles and the rate o 4 Conirinn Coninin
expelled mass we can compute the force acting en t 10 10° 0
asteroid. The force, or thrust, acting on the piete Mass of the Debris [ke]
debris Tyy due to the sublimation process can be
calculated by dividing the thrust produced by the s
evaporation of the surface material corrected weith
scattering factor Sy accounting for the plume

dispersion:

Cm=18 iN, I =22455

Tsubl = Sscvrnexp (4)
This model assumes that the material on the sudfce
the debris is sublimated, i.e., converted direftbm
solid to high temperature vapor (excluding any gebr
fragments). The enthalpy and sublimation tempeeatul
values are taken based on the boiling point incaiwean
of the specific material of the debris.

From literature on photoablatibh however, the
laser is more likely to ionize the surface materia
thereby producing hot plasma. The thrust in thiseda
a function of the momentum coupling coefficiedt,
For pulsed lasersC,, is defined as the ratio of the
momentum producedhAv) to the laser pulse energy
(ED); for continuous lasers, it is the ratio of thrast

Decay Time [day]
Ablated Material [kg]

1
Mass of the Debris [kg]

Fig. 6. Decay time (and ablated material) as a function of
the area-to-massratio of the debris.

incident power, debris,go is gravitational acceleration in a vacuum and
mAv _ T ls, is the specific impulse. Fig. 6 shows various geca

C = =—>T,.=C &.Q 5 » - .
" E R s = Co (SA ) (5) times and amount of ablated material for different

where$, is the solar flux density (WAnat 1 AU (this AMRS. If the piece of debris is not homogenous,, &g
can be scaled using the inverse square of the SuHPPer stage, the laser will target specific areasit®
satellite distance); is the absorptivity of the debrig, ~ Surface. _ _

is the laser efficiency is the cell efficiency anf, is _As an example, we can consider an aluminum plate
the surface area of the solar arrays. Experimeesailts ~ With emissivity of 0.035. The sublimation enthalgyis
show that a momentum coupling fac®y, between 10 10 MJ/kg, the material density 2700 kg/mthe

and 18uN/W can be obtained for various materials withSublimation temperature 2792 K, the heat capacity
anlsp of 650-2245 s. 896 J/kg/K and the conductivity 156 W/m/K. If thiafe

Assuming a constant thrust and a circular orbitS Not connected to a radiator and is slowly ratatthe

(e=0), the de-orbiting time can be estimated from t minimum power per unit area can be estimated to be
integration of the variation of the semi-major actigdt 27700 kw/nf. If the laser provides 10% more than the

in Eq. (7), minimum power per unit area, i.e., 30470 kW/ithe
| mass flow is 0.25 kg/sfm The speed of the gas at
t:Mex \/E g (6) 279K, assuming a molar mass of 27 g/mol, is

T P 1479.2 m/s which vields a force of about 235 R/ih

wherea is the semi-major axig is the gravitational We assume that the spacecraft is equipped witHaa so

constant,m is the initial or unsublimated mass of thearray delivering 10 kW, the laser system has an
efficiency of 30% and the absorptivity of the méatkis

IAC-10-A6.4.13 Page 6 of 11
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0.3, then the size of the illuminated spot is 3 de_2(e+cosf)  rsinf
with a resulting thrust of 7 mN and a mass flow of E: v - a "
7.5x10° kg/s. For a 1000 kg spacecraft, the acceleration i
is 7x10° m/<. If the laser is applied continuously, the di _rcosf @)
time to decay from an 800 km orbit down to a 200 km dt h "
orbit would require 549 days. dQ rsin@
Given the flow rate, this would translate into 3&p ot = hsini "

of material, which represents a limit for this cept

because the speed of the gas depends on the stittima dw_2sinf u

2ae+r cosf r méc os
+ u - u

t n

h

temperature; hence this system would be equivatent dt ev aev hsini
rocket engine with arlg, limited by the sublimation df _ h 2sinf - Zae+r cosf u
point. Because the thrust level can only be charmed a2 ey ! aev n

increasing the flow rate an accelerated decay matl  \ynere [, u, uy] is the disturbing acceleration vector in
reduce the mass of ablated material. In other wahes  the tangential-normal coordinates (in this caseabtu

fraction of ablated material will remain almost stant an), [a e i, Q, w, f] are the Keplerian orbital elements
for a variation of the initial mass of the debrisppwer  ith 9=f+w©, h is the angular momentum and the

of the laser. ) radial distance and the velocity relative to the Sun
Therefore, as for spacecraft propulsion systermes, thare,

operational concept for the laser ablation systasitbh 5

be mass efficient. On the other hand, experimental r= a(l—e ) v= [%_ﬂ
results on the achievable coupling coefficient 1+ecosf r a
demonstrated that i, of 2245 s can be obtained for \yherey is the gravitation constant of the Sun.
aluminum with a coupling coefficient of 3GN/W. In

this case a 1000 kg piece of debris can be brougint lIL1I.1 Debris proximity

800 km to 200 km in 118 days with a total of 15dég The formation of solar concentrators will have Ifo
ablated mass. Therefore, the sublimation in vapsec in close proximity to the piece of debris. The proal
in Eg. (4) underestimates the performance as ¥notion dynamics will be described in a local, rivtgt
considers the temperature of evaporation and et theference frame (Hill frame) centered on a virtahief
one of ionization. The actual energy transferredh®  spacecraft’. The motion of both the reflectors detris
expelled gas can be higher with a resulting higfes il be described with respect to the virtual chief
speed and total impulse. o spacecraft. The forces acting on the reflectorriuthe
multilayered or inhomogeneous materials can cause tpressure. Gravity comprises the gravity field o th
generation of undesired splinters. Furthermore, thearth and third body effects, which are particylarl
sublimated material could potentially re-aggregaterelevant in GEO. The solar pressure instead depends
ThUS, not all the parts of an inactive satellitea ba used the Specific Configuration' For the 0perationa| mt
related to the use of high power lasers in spaiceild&  represented in Fig. 7 based on the normal vectohef
issues prevented the implementation of ground las@gflectors.
systems like the one proposed in the Orion program. The force acting on the primary mirror will be
partially balanced by the force acting on the sdaon
A low thrust propulsion system is needed to cortnel
remaining imbalance between forces, and to tra¢k wi
the movement of the debris as the reflector wiltheo
Xhase the debris. Recent experience with the GOCE
spacecraft has shown that it is possible to agtivel
control a spacecraft with electric propulsion dawrihe
mN level (and potentially lower) using an autonos\ou
on-board feedback control system taking inputs from
da _ 2<’:12Vu external sensors. Such a system could be usefuhéor
dt u o removal concepts presented in this study, as the
maximum efficiency the system should operate in a
closed-loop manner.

[IL1l. Orbital Dynamics

To alter a satellite’s orbit, the added acceleratio
induced by the solar concentrators can be used
conjunction with the Gauss non-singular planetar
equation$’ below and integrated until the altitude
(either the perigee, in the case of LEO, or thdatad
distance from the Earth, in the case of GEO) remehe
given threshold.
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Fig. 7. Schematic of the reflector system showing the net
force vector on the reflectors (mirrors) due to the
solar radiation pressure.

x A
I | VIRTUAL REFERENCE FRAME

EARTH

Fig. 8. Schematic of the virtual local reference frame
(radial x, transverse y and out-of-plane 2).

The dynamics of both the reflector and the debrit

can be expressed using the same general set dfralox
motion equations that defines the motion of a bwdk
respect to a chief point, e.g., the virtual chiafedlite)
with coordinater.X in a rotating reference frame (see

Fig. 8), whereX is the unit vector in along theaxis®
(£, +%) = 2wy - wy - (r, + x)o”

i+cx

m

=Ll va+

g+ 20(1, +X)+ @1, +X) - yo?
__HM

r3

(8)

Sy
y+a, +E+Cy
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y=-H,4 +i+

2 3 z+a, - C,
where the vectoc = [c,, C,, ¢ is the control vector in
the case of the reflector, and the enhanced smdsspre
in the case of the debris. The disturbance vextofay,
ay, 8, takes into account all the perturbations acting o
either the debris or the reflector (e.g,effect), while
the vectors=[s,, s,, S] is the solar pressure acting on
the reflector only.

The control required to maintain the reflector
close proximity to the debris can be implementedrie
of two ways. Either the reflector is maintainechdixed
point with respect to the piece of debris, or thiéector
can orbit periodically in the general proximity tife
debris. In both cases, the relative motion between
spacecraft and debris is imposed a priori, with the
control obtained from Eq. (8) by solving an inverse
problem. For example, with reference to Fig. 4, the
reflector can be placed ahead of the debris onransa
identical orbit. Thus, the low-thrust control autiy
(the peak thrust level) is comparable to the farctng
on the piece of debris as the reflector have tcktthe
debris. For example a 1000 kg spacecraft placecth 30
from the debris would require a 45 mN thrust engine
and about 50 kg of propellant for a complete feaok-
deorbit loop from 800 to 200 km, assuming lgnof
4500 s. A 10 kg micro-spacecraft would need 0.45 mN
that could be achieved with a FEEP system withgan
of 6000 s and a propellant consumption of 0.09 kg f
an equivalent fetch-and-deorbit loop. Note thatta8 is
without assuming that the reflector is used asilat@a
regain altitude. On the other hand, a 1 fiat surface
flying perpendicular to the flow of air at 200 kmillw
experience a drag of 8.5 mN which will need to be
compensated to avoid re-entry. A further limitatioh
the light pressure enhancement concept, therafotiee
minimum acceptable altitude before the reflector re
enters with the debris. For example, stopping &t 36
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Fig. 9. Distance between the solar concentrator satellite
and thedebrisasa function of thetarget aperture.

Page 8 of 11



Cross Section Area of the Reflector [m2]

61% International Astronautical Congress, Prague, ZLALO

would decrease the required thrust to 0.58 mNM
Alternatively, if the satellite is operated only at
apogee, the attitude at perigee can be such tlagt di
can be substantially reduced.

In the simulations of the test cases, two sets ¢
equations are solved simultaneously: the dynamiics
the debris subject to the desired control action i
integrated while the control required to maintaie t
reflectors is obtained from the dynamic equation:
governing the motion of the reflector by imposing ¢
constant relative motion with respect to the debris

Due to the angular aperture of the Sun at 1 AU, th
focusing capability depends on the distance from th
target. For a cubesat-like piece of debris, fomepla,
the required focusing distance is 11 m; thereftee t
satellite will have to operate in very close proiinto

the target debris. For multiple debris de-orbiting

scenarios, the solar concentrator satellite(s) @oul
follow the piece of debris during de-orbiting arebn
re-gain altitude to fetch a new piece of debrisisTh
fetch-and-deorbit (e.g., 800 km to 200 km) loop dor
single cubesat would cost 0.1 kg assuming a lowsthr
engine withlg, = 6000 s. Fig. 9 shows the range ol
separation distances as a function of the minimut
target (debris) aperture size.

ILIILII Effects of drag
In the case of LEO, the effects of drag must benak
into account. The atmospheric dengitwas calculated
based on the altitude above mean sea leiel km),

In p=-28.59¢ 015-h 200

46+ 5
h-200)°

62

)
+0.028+ 0.01

Fig. 10 shows the magnitude of the drag on algatel
assuming a concentration ratio of 100 and co-effici
of dragcy of 2.

Cd=2, Differential Drag for a Cr=100, in log(N)

—
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Fig. 10. Measure of the differential drag based on the
cross-sectional area of the solar reflector, and the
satellite altitude above mean sea level.
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Time tg transfer a piece of debris from a 800km to a 200km circular orbit. Constant sunlight.
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Fig. 11. Timeto bring a piece of debrisfrom an 800 km

orbit down to a 200 km orbit with a constant thrust, and
piece of debrisassumed to bein constant sunlight.

800km to a 200km debris transfer. Si 1 idnigt idday.
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Fig. 12. Timeto bring a piece of debrisfrom an 800 km orbit

down to a 200 km orbit, assuming a midnight-midday
Sun-synchronous orbit.

IV. CASE STUDIES
Two scenarios were studied: de-orbiting a piece of
debris from LEO into the atmosphere where it would
burn up, and raising the orbit of the debris froE@sto
the graveyard orbit,

IV.I. LEO Decay
Fig. 11 and Fig. 12 show the operational time as a

function of AMR required to de-orbit a piece of LEO
debris from an 800 km altitude circular orbit, ta a
altitude of 200 km. In this case it was assumed ttha
debris is mainly covered in solar cells with an
absorptivitya = 0.8, reflector efficiency; = 0.9, and a
scattering factor. = 4/(3¢). Higher reflective material
and more regular, non-tumbling objects can be redov
even faster.

IV.lIl. GEO to Graveyard Transfer

For the case of a piece of debris in GEO, the targe
disposal orbit can be the graveyard one. The gexdey
orbit altitude depends on the AMR and optical
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i i i i fe i f debris from veyard Orbi lluminati
properties of the debris. According to the IntereAgy i to transfer a piece of debris from GEO to Graveyard Orbit. Constant Illumination

Space Debris Coordination Committee, the minimun 3 -
perigee altitude above the geostationary akbishould wr —— G108y

—Cr=157

be (in km):
Ah =235+ 100C, (A ) 10y g

based on the solar radiation pressure coefficigspt
(typically between 1.2 and 1.5) and the area-tosmas=
ratio A/m of the debris. The Gauss planetary equation 1’ ¢
were integrated assuming that the perigee hassto ri | ‘ ‘
above the prescribed altitude variation expressed k '°i0? 10° 10" 10°
Eq. (10). AMR /i)
Compared with LEO, raising the semi-major axis to_. . .
o . Fig. 13. Time to transfer debris from GEO to the
the graveyard orbit is easier. For example, a Trdcket . ; : o
bodg 'thyAMR — 0.001 rika can beptransferred in graveyard orbit, assuming constant illumination for
y wi = g , ' different concentration ratiosC,.
1 year by 3 satellites each with a 5 m diametdectdr.

Fig. 13 shows the time to transfer a piece of @efodm o, the achievable momentum coupling. In additibe, t
the GEO orbit to the graveyard orbit, for various|aser can be operated at larger distances compatbd
concentration ratios and AMRs. light pressure (direct imaging from the solar
concentrator) but for better efficiency the satelstill

V. CONCLUSIONS . needs to track or chase the piece of debris. Tdig li

s b-:—'rrjneatpnse tﬁ; zOIr?;C(éonmcaetgtrrgltoéf'be't'erlob?.’ d;r:Ct%ressure system meanwhile is not dependent on the
ublimating u ; y exploitirg subsurface material while the laser ablation system

pressure, based on these results proves t(.) beraspig might require homogenous surfaces. The light pressu
method for the removal of space debris around th nhancement system is limited by the size of the

Earth. There are a number of advantages an%flector and by the minimum altitude
disadvantages between the two methods, and a numberA number of issues still remain to be investigated,

OI c(ijen |_s|:_iues that V‘;'” peed to dk?t? mvgsltlgateﬁhfm.rsej bsuch as a thermal analysis and issues related to
stu |es.| ‘ne (ionceplti lgroun. Eas? ?ngelrs do?h € tumbling. A requirement of this method is that the
removal 1S not completely new. karly et alan € debris must have an available surface to be ablated

NASA Orion program are prev!ous eX‘?‘mp'es of the_ us homogeneous or multilayer materials also carry th
of ground based lasers to sublimate pieces of sleina risk of generating splinters.

g]?nerate ‘Ethﬂ:ftl' The n_cl)_\éelty Of th|3 contcephesfu:se Lastly, the current TRL of this concept is quitglhi
8 Sp;‘ie ase aserj.t tﬁ main ad vban age 0 h& 59194 on average) as both laser and EPS have bded tes
ased faser compared 1o the ground based onenare. i, space or in lab environment, and advancements in

laser can be operated along the whole orbit, tere lasers and solar cells are expected to be fast tineer

atmospheric mte_rference that degrades the qualitlye next 5-10 years independently of space-based
beam, a lower installed power is needed, Oﬁersemorapplication

precise control over the sublimation point and ban
used in any commercial orbit.

The laser ablation system appears to be suitable fo
all commercial orbits although its applicabilitypgds

._
o-‘
r

ransfer Time [day]
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