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Laser Radiation for Cleaning Space Debris
from Lower Earth Orbits
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High-power laser radiation may be the most feasible means to mitigate the threat of collisions of a space station
or other valuable space assets with orbital debris in the size range of 1–10 cm. The utilization of a laser in orbit
is investigated. Use of the laser allows both the direct protection against an impact and the removal of all debris
passing at some distance. Under laser irradiation, part of the debris material is ablated and provides an impulse
to the debris fragment. Proper direction of the impulse vector either de� ects the object trajectory (defense option)
or forces the debris on a trajectory through the upper atmosphere, where it burns up (cleaning option). The
limitations of the laser method for both options are illustrated by sample calculations for an averaged pulsed laser
power of 100 kW and debris consisting of either aluminum or carbon. Under favorable geometrical conditions,
debris masses of 100 g at a passing distance of up to 70 km can be removed, and debris on a collision � ight path
can be de� ected by 500 m and more. An orbital debris removal system should be established and operated by an
international society.

Nomenclature
cm = coupling coef� cient, Ns/J
d = debris diameter, cm
d� yby = � yby distance, km
dv = velocity change by laser impulse, m/s or km/s
E = laser pulse energy, J
H = orbital altitude, km
M; m0 = initial debris mass, g
m i = remaining debris mass after i th impulse, g
Rd = minimum debris trajectory distance, km
Rm = laser range, km
r = relative � ight-path distance, Rd=Rm

s = debris � ight distance during laser operation, km
u = transfer velocity, m/s or km/s
v = velocity, m/s or km/s
v 0 = closing velocity of debris, km/s
w = debris velocity after impulse, km/s
® = angle between debris velocity vectors in the two

reference frames, deg
¯ = angular change of debris velocity vector, deg
1m = ablated mass, g
1v = effectively required velocity change, m/s or km/s
± = inclination differencebetween debris and laser orbit,

deg
µ = elevation angle, 1H=Rm

¸ = laser wavelength, ¹m
¹ = ablation rate, ¹g/J

Subscripts and Superscripts

A = apogee
bup = burnup
c = circular orbit
D = debris
e = exhaust, blowoff
f = � nal
P = perigee
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S = station
0 = station � xed coordinates

Introduction

M AN-MADE orbital debris is mainly the result of purpose-
fully destroyed satellites and of upper-stage explosions.1;2

Although passive methods and agreements to avoid such events
have been adaptedby some spacefaringnations, the total number of
operationaland nonoperationalspace objects is still increasingwith
an annual rate of approximately3% (Ref. 3) (Fig. 1). [At an altitude
of 600 km, there is an increase at a rate of nearly 5% (Ref. 4).]
About 10,000 larger bodies with diameters of more than 10 cm are
continuously monitored so that their orbital data are well known,
and dangerous encounters can be avoided. Objects with diameters
in the range between 1 and 10 cm are dif� cult to � nd from Earth,
cannot be observed continuously, and change their orbits rapidly
due mainly to gravitational forces. Their number is unknown but
exceeds those of the large bodies by at least an order of magnitude.5

These fragmentspose the main threat to spaceassets, in particularto
the very large and long-livingInternationalSpace Station (ISS). Be-
cause of the high relative speeds, any collision with such a particle
is equivalent to a high-intensity explosion. There also exists a vast
numberof evensmallerparticlesdown to the size of dust,which may
still be capable of puncturing the skin of a space suit or a pressur-
ized tank. However, crewed modules can be shielded mechanically
against particles of this size, and much like the overwhelming ma-
jority of natural meteoritic particles, they are not considered as a
deadly danger.

Can laser radiation clean orbital debris from low Earth orbits
(LEO)? With increasing concern about the growing number of de-
bris, about a decade ago the idea was independently born in the
United States6;7 and Germany8¡10 to use the radiationof high-power
lasers to annihilate dangerous particles up to several centimeters in
diameter.Annihilationwith laser radiationcouldbe done as a means
to shield a large and precious space asset from a direct collision, or
in a preventive way, by eventually clearing all of this debris from
LEO. The clearingprocedurecould be started from the orbit of such
an asset and continued in a next step in all Earth orbits up to 2000-
km altitude. The altitude range from 300 to 2000 km is where most
satellites operate and also where most man-made debris is located.
The process of annihilationwith coherenthigh-energyradiationcan
be by complete vaporization,7 ablation or fragmentationby thermal
and thermomechanicalprocesses, or by making use of the mechan-
ical impulse that is induced on a body by blowing off material from
it. The process of this latter case is equivalent to laser propulsion
by mass ablation.11 If the direction of the impulse is such that the
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Table 1 Summary of the assumptions for the model calculations

Assumptions Consequences

Circular orbit at HA D 500 Velocity increment 115 m/s
burnup altitude, km HP D 100

Laser
Pulse energy 1 kJ/pulse
Repetition rate 100 Hz Average power 100 kW
Pulse length 100 ns
Wavelength 1–2 ¹m

Optics
Aperture diameter ·2.5 m Focal diameter 10 cm
Range 100 km

Debris
Diameter ·10 cm Fluence 10 J/cm2

Mass ·100 g Intensity 108 W/cm2

Material Al C Al C
Coupling coef� cient 2 £ 10¡5 1:38 £ 10¡5 Ns/J Minimum mass fraction
Ablation rate 80 12.5 ¹g/J to ablate, % 37 10

Fig. 1 Development of the number of objects in orbit over time.

orbital velocity is reduced, the object assumes an elliptic orbit with
a lower perigee. If the perigee is low enough, the objectwill descend
into the atmosphere, where friction will further reduce the orbital
altitude until the particle burns up. If the created impulse is large
enough, this happens after half a revolution around the Earth.

Over the years, the laser method has been proposed several
times12¡14 and still seems to be the only feasible and economic way
to tackle the problem of small debris. A few years ago, a detailed
project study was undertaken by Phipps et al.15 and Phipps,16;17

who proposed a high-energy laser system called ORION. This sys-
tem is based on a large, pulsed, frequency converted, solid-state
laser, as is under development for the inertial con� nement fusion in
the United States (beamlet demonstration project at the Lawrence
Livermore National Laboratory). The laser should preferentiallybe
located on a high mountain to reduce the atmospheric attenuation
of the laser beam. It would be supported by detection systems, as
well as by an additional laser to probe the atmosphere and help to
compensatethe diffractiveeffect from turbulenceon the high-power
laser beam. Such a system is feasible in principle, and other types
of pulsed lasers have been suggested as alternatives to the beamlet
system. Phipps17 has presentedparameter charts for the selectionof
the most suitable and economic laser parameters for debris clearing
with an Earth-bound laser, including cost estimates.

There are, however,drawbacksof an Earth-deployedsystem:The
transmissionthroughtheatmosphererequiresextensiveinstallations
to compensate for the inevitable atmospheric beam distortion. The
optical problems in beam transmission through the atmosphere and
the impact on the � uence that arrivesat the target and on the residual
debris lifetime has been discussed by Campbell and Taylor.18 A
rather long distance, 350–1000 km, must be bridged to focus the
laser beam on a particle with a radius of only a few centimeters,
and an extremely high steering accuracy must be met. In addition
to a formidable target detectionand acquisitionsystem, a very large

beam directormirror is needed to obtain a high enough laser � uence
and power density on the target to produce a noticeable impulse. A
large fraction of the laser beam power will be wasted because the
transmitter telescope cannot produce a small enough focal spot at
these large distances. Only the continued processing of a debris
particle over several orbital revolutions may be suf� cient to lower
the orbit substantially and to allow the atmosphere eventually to do
its cleaning work. Another opportunity to continue the processing
on a certain particleexists only when it passesover the stationagain.
Several stations around the globe may, therefore,be preferred, if the
time for � nal eliminationshould be reduced.Clearly, the system can
only be used in a preventive way and cannot counter an immediate
collision threat.

In this work, the placementof a laser system in space is proposed
and investigated.This methodgivesmuch more � exibilityto counter
the debris problem, including the defense against a threateningcol-
lision with a debris object. The space-basedsystem is small and can
dispensewith features that are necessaryfor an Earth-deployedsys-
tem. Speci� cally, no means are required to compensate atmospher-
ical effects. Furthermore, the laser range can be reduced by almost
an order of magnitude.By the relying on the assumed availabilityof
a certain laser, the speci� c situation for a space-based laser system
will be outlined, and the possibilities, peculiarities, and its limita-
tions will be discussed. Numerical results of a computer study for
both de� ection and eliminationare presentedand discussedwith re-
spect to the scalingof variousparameters.Some deploymentaspects
of a space-based laser system are brie� y discussed.

Assumptions
The problem encompasses a multitude of possible parameters.

They begin with the given orbits and materials of the debris and
end with the selectable properties of the laser and its beam delivery
system. The latter determine the laser–matter interactionand the re-
actionof the debris.To simplify thedescriptionand for transparency,
certain simplifying assumptions will be made for the modeling of
the laser treatmentof debris.Without restrictingthe generalityof the
conclusions, these concern 1) the orbits of laser and debris, 2) the
characteristics of the laser and of the laser beam transmission, and
3) the size and material of the debris and its interaction with high-
power laser radiation. The assumptions are summarized in Table 1.
Results gained using these assumptions may serve as a baseline
from which scaling or interpolation to other conditions is mostly
straightforward.

Orbits
Although substantial amounts of debris are located at altitudes

up to 2000 km, with a maximum at 800 km, the calculations in this
work will be restricted to the interaction range of a laser placed at
an altitude of 500 km. Higher orbits are more demanding in terms
of required energy to remove a particle, yet pose no fundamental
limitation. In fact, the ISS is positionedbelow this altitude (approx-
imately at 400 km). The number density of the debris is also lower
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Fig. 2a Required transfer velocity from circular orbits at the altitude
HA into an elliptic orbit with perigee altitude HP .

Fig. 2b Required transfervelocities at HS = 500kmaltitudefor elliptic
orbits into a new ellipse with perigee altitude for burnup Hbup = 100 km.

there, with a likewise reduction in demands. Practically, it is most
reasonable to deploy a � rst laser system on or in the vicinity of
the space station. Later an autonomous, freely roaming antidebris
laser satellitemay be deployed in space for clearing debris at higher
orbital bands.

For simplicity, the debris and the laser station are assumed to
moveoncircularorbitsand, thus, in the same orbitalplane.In reality,
elliptical debris orbits with a small eccentricity are more likely and
may cross the station orbit under an angle of up to §3 deg out of the
orbitalplane.However, this eccentricitywill not changethenumbers
substantially and is rather a problem for the detection system.

The transfer velocity is the difference between the debris veloc-
ity in the original orbit and the apogee velocity of an ellipse with
a lower perigee height HP . It is a measure for the orbital energy
that the debris must lose. As a worst-case scenario, we intend here
to remove a debris object at once. Thus, a transfer into an ellipse
with HP D 100 km is assumed, resulting in an assuredburnup in the
atmosphere after half a revolution.This rather stringentassumption
is by no means imperative. When a certain number of revolutions
before burnup occurs is allowed, either a higher perigee becomes
possible with a subsequentlylower transfer velocity or the process-
ing of larger and/or heavier debris objects becomes possible. For
the assumed ellipse, the transfer velocity at 500 km is u D 115 m/s.
If the laser is placed in a higher orbit to deal with debris circling
near the outer edge of the cloud, higher transfer velocities would be
needed. Figure 2a shows the required velocities as a function of the
laser orbit height and the burnup perigee. Debris on ellipticalorbits
with the perigee below 500 km requires a smaller transfer velocity
than debris on a circular orbit, as seen in Fig. 2b. Here u is taken as

the difference of the velocities at the altitude of 500 km for debris
with a � xed apogee but different perigees.

Laser
A suitable laser will producea pulse energy of 1 kJ at a repetition

rate of 100 Hz and with a pulse length of 100 ns. This amounts to an
averagelaserpower of 100kW. Such lasersdo exist alreadyor canbe
scaledup immediatelyfromexistingdeviceswith a minoradaptation
in the pulse length. These lasers operate on the wavelengthof either
the CO2 or CO molecule at 10.6 ¹m or around 5 ¹m (Refs. 19 and
20). For smaller emitter optics and better couplingcharacteristicsto
most materials, a preferred wavelengthwould be rather in the range
of 1–2 ¹m.

Possible candidates could be the ArXe laser with a wavelength
of 1.7 ¹m (Ref. 20), a solid-state laser operating in a burst mode
(heat capacity laser, 1.06 ¹m) (Ref. 21), or even a pulsed chemical
oxygen– iodine laser (1.315 ¹m) (Ref. 22). The ArXe laser is an
e-beam sustained electric discharge laser, just like the cited CO2

or CO laser, and operates with a closed-� ow loop. Only leaking or
permanently chemically reacted gas has to be replaced eventually
in these lasers. The lifetime of a properly cooled e-beam foil, the
most critical element in this type of laser, can extend 107 shots
before it has to be replaced.Nonlinear optical methods are currently
investigated to produce near diffraction limited laser beams.23;24 A
heat capacity laser of the assumed power level has not yet been
demonstrated, but presently seems conceivable.After the emission
of a pulse sequence,the laser needsa certaincoolingtime, and it may
be unable to counter a double incidence.On the other hand, a solid-
state laser may not require mechanically driven parts or refueling
and is, thus, particularlyreliable.Finally, the oxygen– iodine laser is
operating on gas and liquids and derives its power from a chemical
reaction,which consumes fuel. From the speci� c energy of the laser
of about 100 J/g of laser fuel, it can be estimated that about 10 ton
of fuel have to be provided to remove 100 kg of orbital debris. This
mass corresponds to the amount of debris in the considered size
range within a shell of 100 km thickness and requires on the order
of 1 GJ of laser energy for removal.

The power of 100 kW is selected for simpli� ed scaling only,
and smaller lasers may suf� ce. Continuous-wave lasers are also
not principally excluded. In this case, an intensity >105 W/cm2

would be preferable at the target. This, however, demands quite
large laser powers. Shorter wavelengths and shorter pulse durations
could improve the ablation process and the mechanical impulse
to the target.25 However, low laser ef� ciencies of existing short-
wavelength lasers (¸ < 1 ¹m) would drive up size and costs for
such installations.

Laser Beam Transmission
Let the maximum range of the laser beam be de� ned as that for

which the beam can just be focused down to the size of the largest
debris for a realistic handling by the laser method, namely, 10 cm
in diameter. If this range were 100 km, a director mirror of 2.5 m
in diameter (similar to the Hubble telescope) would be needed to
project a near diffraction limited, 1–2-¹m-wavelength laser beam
onto a 10-cm target. For the assumed pulse energy and length, the
� uence at the target is then 10 J/cm2 and the intensity 108 W/cm2.
If the target is smaller than the focal diameter of the transmitted
laser beam, energy is wasted. On the other hand, with a variable
focal length a higher � uence is possible on a smaller target if the
target is closer. Reducing the laser pulse energy, but maintaining
the same energetic conditions on the target, implies a reduction of
the focal spot and, thus, a proportional reduction in range if the
mirror diameter is kept constant.

Debris Material
Aluminum and carbon are selected as typical materials of the de-

bris.Alsomost laser–material interactiondataare availablefor them.
The mechanical impulse that is exerted if some material is ablated
can be related to the incident laser pulse energy with the aid of the
impulse coupling coef� cient m1v D cm E . A coupling coef� cient
cm D 2 £ 10¡5 Ns/J (D 2 dynes/J) for Al and 1:4 £ 10¡5 Ns/J for C is
assumed consistent,with the spread of typically found experimental
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values and the laser characteristics speci� ed earlier.25¡27 The cou-
pling coef� cient could be higher by a factor up to � ve by proper
matching of the laser parameters such as intensity, wavelength, and
pulse length to the debris material.25 In the light of this freedom,
the assumed cm values can be considered as rather conservative. A
compilation of scaling laws for the estimation of the laser–material
interaction parameters, in particular, the coupling coef� cient, has
been presented by Hammerling and Remo.28 It is more dif� cult to
� nd total ablation rates¹ for variousmaterials in the literature.Total
ablation rates are the sum of directly vaporized and ionized mate-
rial, as well as of fragmentized pieces from thermal stress in brittle
materials or from the expulsion of liquid by the pressure pulse. In
fact, if no precise material ablation is required, as is the case in in-
dustrial lasermaterialsprocessing,expulsed liquid may make up the
largest part in the ablation process.29 Expulsion of liquid occurs in
particular for Al and for laser pulses with pulse lengths from tens of
nanosecondsup to microseconds.Knowledge of the ablation rate is
important for repetitivepulseoperationbecause,for a � xed coupling
coef� cientcm , the achievablevelocityincreaseswith reducingmass.
For the i th laser pulse, the velocity increase is 1vi D cm ¢ E=m i with

m i D m0 ¡
X

i

¹E

where m0 is the initial mass and E the laser pulse energy. In accor-
dance with Kuznetsov and Varygin13 and with Lenk et al.,26 a total
ablation rate ¹ D 80 £ 10¡9 kg/J D 80 ¹g/J is assumed for Al. A
lower ablation rate delays the achievement of the � nal transfer ve-
locity. For this reason, alternativecalculationshave been performed
for carbon as the target material, using cm D 1:38 £ 10¡5 Ns/J and
¹ D 12:5 ¹g/J from Lenk et al.26 The hypothetical limit is ¹ D 0,
which is equivalent to a single pulse operation, where mass change
is unimportant.

From the momentum equation m1v D 1meve D cm E and using
1me D ¹E , the blowoff velocity can be expressed as ve D cm =¹,
yielding a value of 250 m/s for Al and 1100 m/s for C. Although
the number for Al might seem rather low, note that it is an effective
valueand includestheexpulsionof liquidin the formofdroplets.We
remark that, althoughfavorable in reducing the debrismass for little
energy expenditure, the expulsion of liquid in the form of droplets
adds to the total number of debris. However, these droplets are very
small (micrometer size29), distribute rapidly, and pose no serious
danger. The process of liquid expulsion from meltable materials
can be signi� cantly enhanced if a double-pulsemode is applied. A
second laser pulse of very short duration (picoseconds range) and
comparatively low energy can create a megabar pressure pulse on
the liquid surface and drive out the melt sideways.

Knowledge of the blowoff velocity ve allows the estimation of
the minimum mass 1m that has to be ablated and, from this, the
minimum laser energy for achieving the requiredvelocity for atmo-
spheric entry, that is, u D 115 m/s. Applying the fundamental rocket
equation in the form

1m=m0 D 1 ¡ exp.¡u=ve/ (1)

results in a minimum mass fraction of 37% for Al and 10% for C
under ideal conditions. As will be explained later in detail, orbital
geometry will dictate higher ablation fractions.

It is implicitly assumed here that the thrust vector lies in the di-
rection of the laser beam. Irradiation of a skew � at plate will blow
off ablated material normal to its plane and, therefore, experience
a different thrust direction. However, for tumbling fragments and
irregularly ablating surfaces, the average thrust vector over several
pulses will point in the direction of the laser beam emitter. A direc-
tional ef� ciency factor between two-thirds and one may be used for
the achieved dvi if such a situation is to be considered.

Mass Models
For the change of the motion parameters, debris mass is the more

relevant quantity, whereas the dimensions are important for the op-
tical coverageof the debrisbody.Of course, the connectionbetween
these two quantities is determined by the geometry of the particle,
which may be completely arbitrary.

For statisticalpurposes,a model, suggestedby Eichler and Rex,30

has been employed. In this model the mass is related to some power

Fig. 3 Mass vs diameter
for different shapes and
materials.

Fig. 4 Object � ux vs debris diameter.

of the diameter (m / d2:26). A graphical representation is given in
Fig. 3 and comparedwith the relation for either a sphere (m / d3 ) or
a thin disk (m / d2). According to this model, a 10-cm-diamobject
would have a mass of 70 g if it were Al and 40 g if it were carbon.

Debris Environment
The number of debris particles per cubic kilometer is a function

of the altitude and the inclination of the orbit. It can readily be
assumed that the distribution of the smaller debris with altitude
and orbital inclinationcorrespondsclosely to the distributionof the
large, trackable bodies, in particular at higher altitudes, and hence,
it is known. Unknown, however, is the number density, which is
required to estimate clearing times and total energy. Estimates for
the total number of small debris vary by large factors, depending
where the limits are set, but 100,000is takenas a reasonableaverage.
Figure 4 displays the object � ux in the orbit of the ISS as a function
of the diameter according to the current assumptions.5

The angle ± between the orbital inclination of the laser station
and of the debris at the encounter de� nes the closing velocity v0.
This relationship is visualized in the two vector diagrams of Fig. 5,
which show the velocity of the station, vS , and of the debris, vD ,
in an inertial frame. Because of the assumption of circular orbits at
the same altitude, both are equal in magnitude, namely, being the
circular velocity vc for that altitude. The debris is approaching the
station with the relativevelocityv 0, which is the vectorialdifference
between the velocities vS and vD . The closing velocity is important
in calculating the available irradiation time and the � ight trajectory.
From the distributionof the debris cloud over various inclinations,30

one can calculatevelocity spectra of the debris as shown, for exam-
ple, in Fig. 6 for a low and for a high inclination of the station. We
note that in the � rst example with ± D 28:5 deg, the bulk of debris
has a closingvelocity between 4.5 and 13.7 km/s, the most frequent
velocity being 11.2 km/s and the mean velocity 9.5 km/s. Although
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Fig. 5 De� nition of the clos-
ing velocity v0 and its change
with the inclination angle ±.

Fig. 6 Relative particle numbers for different closing velocities and
inclinations at an altitude of 500 km.

beingan arbitrary selectionto some extent, these four velocitieswill
serve as exemplifyingparameters in the section on the calculations.
The second example, with ± D 51.6 deg, holds for the ISS. A promi-
nent peak appears here at 12.5 km/s. Hence, results for this velocity
class will lie approximately halfway between those for 11.2 and
13.7 km/s and are not worked out explicitly.The latter spectrumex-
tends almost homogeneouslyto velocitiesas low as about 1.5 km/s.

Geometrical Situation in Orbit
Collision Trajectory

Figure 7 analyzes the general geometrical situation during a near
encounter between a laser station S and a debris particle D in their
common plane and in a coordinate system that moves with the sta-
tion S (primed notation). A laser beam directed from S toward the
particle D with closing velocity v 0 would induce a deceleratingve-
locity increment dv on D according to the created impulse. The
particle D, therefore, changes its velocity in magnitude and direc-
tion to w0 D v 0 C dv. In the special case that D is actually going
to hit S at the encounter point E (the marked distance Rd is zero),
the exertion of an impulse by the laser generally cannot prevent the
collision. The velocity v 0 is then only altered in magnitude and not
in direction, because no side component of the impulsive force acts
on the debris. In fact, before the debris would lose all of its closing
velocity and stop in front of the station, it would be vaporized com-
pletely, provided that there is suf� cient laser power and interaction

Fig. 7 Effect of laser action on the
debris � ight path.

time available; or, if the encounter could be delayed long enough,
the debrison its enforceddescent trajectorymight dive deep enough
to pass underneath S.

It must be acceptedthat in many cases a laser cannotdefend a sta-
tion against a direct collision as long as it is deployed on the station
itself, exceptby beingable to destroythe targetfully.However, a full
destruction is possible in many cases: The highest closing velocity
in the presented scenario with some probability is 13.7 km/s. Be-
ginning the laser interactionwith the debris at a distance of 100 km
would allow a maximum irradiation time of 7.3 s until impact, cor-
respondingto the vaporizationof 58 g of aluminumor 9 g of carbon.
According to the mass model, this corresponds to a 9-cm-diam Al
or a 5-cm C object. Therefore, debris smaller than this, in principle,
can be annihilated. As shown in Fig. 4, the great majority of the
debris is indeed smaller.

A way out of the restriction to smaller debris is to place the
laser aside of the asset that is to be protected.8;14 In this case, the
impulse imparted on the debris has a side component, which leads
to a de� ection of the trajectoryaway from its original destinationby
the � yby distanced� yby (Fig. 7). This de� ection effect will be larger,
the farther away the laser is located from the encounter point E
(Rd > 0). Of course, the offset, Rd , must be much smaller than the
laser range Rm . Alternatively, the laser source may still be placed
onboardthe station,but the laser beamis redirectedby a relaymirror
at some distance from the station. In the real application, the laser
or, in particular, the relay mirror will coorbit with the station on
the same trajectory, either ahead or behind of it. Any other orbit
would otherwise imply a continuous relative motion between the
two bodies.

Near Encounter
The immediate collisionthreat is a rare occasion in comparisonto

a near encounter or close � yby within the range of the laser. There-
fore, the available laser should always be used to eliminate every
closely passing debris. In the case of a near � yby, the geometrical
situation is the same as in the earlier example with a displaced laser
or mirror as shown in Fig. 7. The only difference is that now E is
the point of closest approach and is set off from the space asset lo-
cated at point S. The opportunity to eliminate a particle depends on
various geometrical parameters, such as the maximum laser range
Rm , the � yby distance Rd , and the laser beam angle ®. The laser
beam angle is the angle enclosed between the laser beam and the
� ight path of the debris and changes during the operation as indi-
cated in Fig. 7 (indices 0 and 1 mark two situations during laser
operation).

The required transfer velocity is reached if u D jvcj ¡ jw f j with
jvc j denoting the scalar value of the original circular vector velocity
and jw f j denoting the scalar value of the � nal velocity that leads
to the descent to HP . The beam angle can be fairly large, and it
becomes even larger as the debris comes closer, as seen in Fig. 7.
The effectively needed total 1v for slowing the debris grows with
increasing beam angle. An expression for the ratio 1v=u can be
derived from the trigonometric relation

w f D vc ¡ u D
p

v2
c C 1v2 ¡ 2vc1v cos ® (2)
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Fig. 8 Increase of the effectively necessary velocity increment D v with
respect to the beam angle ® and as a function of the closing velocity.

Fig. 9 Flyby of debris with velocity vD in front or behind the laser
station (simpli� ed by neglecting the turning of the � ight path during
laser irradiation).

for the triangle formed by vD , w, and dv in Fig. 5. The vectors vD

anddv enclose theangle®. In a single-pulseapproximation,w f D w
and 1v D dv. Solving for 1v yields the relation

1v=u D
h
vc cos ® ¡

q
v2

A ¡ v2
c sin2 ®

i.
u (3)

In Eq. (3), vA.D vc ¡ u) is the apogee velocityof the descent ellipse.
For ® ! 90 deg, the ratio of 1v=u goes to in� nity (Fig. 8). The only
effect is then a turning of the particle trajectory by the angle ¯. If
® becomes even larger than ®max D 90 deg, then the debris will be
accelerated again and assume an orbit with higher apogee.

The beam angle is connected to the closing velocity by the
following relation (simpli� ed for the case vS D vD D vc ):

tan ® D
q

2
¡
v2

c

¯
v02

¢
¡ 1 (4)

It is seen that ® is small for large v 0. By the introduction of Eq. (4)
into Eq. (3), the necessary total velocity increment can also be ex-
pressed as a function of the closing velocity (Fig. 8). It is a measure
for the requiredenergy to removea debrisparticlefromLEO forever.
In contrast to the intuitive expectation,slowly approachingdebris is
much more dif� cult to eliminate than debris with a high closing ve-
locity. The larger angle ® for slowly passingdebris reducesboth the
ef� cient generation of the decelerating component of the impulse
and the available irradiation time. The irradiation of the debris can
only go on until the maximum beam angle ®max D 90 deg is reached.

Figure 9 is a comparison of the passing of the debris in front and
behind the station S in the station � xed system by showing three

different positions of the debris as it reaches the laser range. The
debris velocity at these positions is vD0 in the inertial system and v0

0
in the station-� xed system. The directionof the station � ight path is
indicatedby the � ight vectorvS in the inertial system.From Fig. 9, it
is immediately suggestive that, for a passing in front of S, the � ight
distance smax for ® reaching just 90 deg decreases with increasing
� yby distance, Rd , and hence so does the available irradiation time.
The reason is the limited action radiusof the laser, Rm . The situation
for a � yby behind S is much more favorable. The reduced initial
beam angle ® � rst allows a more ef� cient impulse generation and
second a much longer interactiontime. Because ® may even change
its sign, the distance over which the debris can be irradiated with
a decelerating effect can even be longer than the maximum range
of the laser, Rm . Unfortunately, the � yby side cannot be chosen at
will. Thus only one side of the station S may be cleared ef� ciently
over a great distance. The situation can be improved somewhat by
surrounding the station to be protected with two laser sources or
relay mirrors at some distance in front or behind of it, just as is
necessary for a protection against a direct hit. Only the favorable
laser beam would then operate.

Debris at Different Orbit Altitudes
The laser interactionis not limited to the orbital plane of the laser.

Hence, debris at other altitudes,differingby 1H , can be reachedas
well. However, in this case the effective dv is reducedby the cosine
of the elevation angle µ , which is de� ned as sin µ D 1H=Rm . A rea-
sonably effective vertical range is, therefore, given approximately
by two-thirds of the horizontal range. Thus, debris can be removed
within an eccentricellipticcross sectionaroundthe orbit of the laser.
A slight change in the transfer velocity u must be accounted for at
different orbital altitudes.

Model Calculations and Characteristic Results
Numerical Model

The � ight trajectory has been calculated for the assumptions laid
out in an earlier section, and the following two problems have been
analyzed: 1) de� ection of a collision trajectory by a total angle ¯ 0

so as to miss S by a safe distance, d� yby, and 2) elimination of de-
bris passing at some distance Rd by slowing it down to the apogee
velocity vA of a descent ellipse with perigee height HP D 100 km.
The model calculations start at the maximum radiation distance
Rm D 100 km and end if either the required transfer velocity is
reached, the necessary de� ection is achieved, the maximum beam
angle is exceeded, or the debris is vaporized in the meantime. The
integration is carried out numerically by adding up the changes of
velocity and mass for each individual laser pulse. The following
parametershave been varied: closingvelocity in the range of signif-
icant debris � ux, that is, from 4.8 to 13.7 km/s; debrismass up to the
maximum removable or de� ectable size; and distance of the debris
trajectory from the station S or, respectively, the offset distance of
the laser source or relay mirror from the station to be protected. For
comparison, the hypothetical limits, reached if the loss of debris
mass by ablation or vaporization,¹, is set to zero, have been deter-
mined as well. The following sections characterize and summarize
the most important results.

Results for Debris De� ection
The de� ection of the trajectory for the object to miss the station

requires a placement of the laser or a relay mirror some distance Rd

away from the protected asset (Fig. 7). The asset is located at point
E, and the laser beam is emitted or redirected from point S. During
the time of laser operation, the beam angle changes from ®0

0 to ®0
1.

At this point, the summed-up de� ection angle ¯ 0 is large enough for
the subsequent trajectory to pass E at a given distance d� yby . The
changeof the energeticrequirementsfor the laserwith increasing Rd

has been investigated.The distance d� yby D 500 m has been chosen
and is considered to be safe even for such a large structure as the
ISS with its approximate diagonal extension of 150 m.

For aluminum targets, envelopes for three velocitiesv 0 are shown
in Fig. 10, which describe maximum masses that can be handled in
differentways. The lowest triangular regime enclosesdebris masses
that can be vaporized completely. The next set of curves, termed
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Fig. 10 Maximum masses on a collison trajectory that can either be
vaporized or de� ected to a � yby distance of 500 m, depending on the
separation between laser beam source and protected station (aluminum
target).

deceleration,marks the limits for masses that are not only de� ected
by the given distance d� yby but also experience a decelerating mo-
mentum, forcing them into an orbit with lower perigee. Within the
displayed range, the induced velocity increment even surpasses the
transfer velocity for descent into the atmosphere and, thus, in addi-
tion to the appropriatede� ection, these objects are eliminated from
LEO also. However, even higher masses, up to the curve marked
acceleration, can be de� ected appropriately. However, during the
engagement process with the laser radiation, these heavier bodies
will � rst be deceleratedand then acceleratedagainbecausethe beam
angle� nallyexceeds¼=2.Suchdebrisassumesanorbitwith a higher
apogee and may remain dangerous for some encounters in the fu-
ture. Because S and E must move along the same trajectory, there
is a difference whether S � ies in front or behind E , as discussed
for Fig. 9. However, as long as Rd ¿ Rm , the difference is small.
Hence, the result for only one of the two possibilities is shown.

The advantage of an increased distance for the placement of the
laser from the station to safely de� ect larger masses is apparent
from Fig. 10. The curves for successfulde� ection and complete va-
porization meet at Rd D 0, highlighting that for the direct collision
threat complete vaporization is the only solution. Slower moving
debris has more chances to be de� ected, and higher masses can be
handled.The requiredirradiationtime outsideof the regime for total
vaporizationdependslittle on Rd within the consideredrange.How-
ever, the vaporized mass fraction for the maximum mass decreases
rapidly from 100% to between 55 and 70% as Rd is increased to
7 km and would decrease even further for a larger distance of the
laser from the protected space asset.

Figure 11 shows the same situation as that in Fig. 10 for the
maximum aluminum masses with v 0 D 11.2 km/s, however, now in
comparison with carbon. Also included are the corresponding hy-
pothetical cases, � rst with no ablation at all (¹ D 0) and second
the ultimate lower limit for the highest probable closing velocity of
13.7 km/s. Because, for carbon, the ablation rate is already small,
the hypothetical limit is only a little lower compared to aluminum.
To effect a maximum protection for all practical situations and for
masses up to 100 g, the distance Rd of the laser source or relay mir-
ror might be extended to approximately12 km. As the displacement
distance Rd increases, placing of the laser or the director mirror be-
hind theassetbecomesslightlymore advantageousover theopposite
side. The reason is a higher initial beam angle ®.

Results for Debris Elimination
For the elimination of debris by atmospheric reentry, the require-

ment is a deceleration of the debris by the transfer velocity u. In
this case the passingdistance Rd (analogousto the offset distancein

Fig. 11 Comparison of the maximum de� ectable mass in the same
situation as in Fig. 11, but for different material constants.

Fig. 12 Maximum removable mass as a function of the relative � yby
distance for some characteristic closing velocities (aluminum target).

the preceding section) is arbitrary, and a stronger difference arises
for debris passing in front of or behind the laser source. In Fig. 12,
valid for aluminum, the passing distance is normalized to the laser
range as r D Rd=Rm D sin ®0, where ®0 is the beam angle in a sta-
tion � xed-coordinate system. Positive r denote a pass in front of
the station. Again, Fig. 12 shows for three, respectively, four clos-
ing velocities the maximum mass that can be eliminated by either
complete vaporization or by the appropriate deceleration. For pos-
itive r , the maximum mass decreases rapidly, both with increasing
passing distance and with decreasing closing velocity. In this case,
the maximum beam angle is reached after a short � ight distance.
For example, for aluminum debris with a velocity of 11.2 km/s,
nothing can be affected beyond a distance of 60 km, even against
the smallest particles. A debris mass of 100 g can be eliminated
only if the passing distance is less than 7.5 km for v 0 D 4.8 km/s or
less than 16 km for v 0 D 13.7 km/s. Slowly approaching debris are
clearly more dif� cult to eliminate than faster approaching debris if
it passes in front of the station.

A passing behind the laser source (negative r ) dramatically in-
creases the manageable mass and the trajectory distance because
the beam angle remains favorable even when the debris has already
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Fig. 13 Maximum removable mass for targets with different material
constants.

passed the station S. The situation also changes with respect to the
closingvelocity in the sense that slower moving masses can be han-
dled over a very long time, and hence, they may be quite large. At
a most favorable � yby distance of about 30 km, a maximum debris
mass of almost 200 g with v0 D 11.2 km/s can be eliminated.A mass
of 100 g can be downed in the least favorablesituationwith the high-
est closing velocity of 13.7 km/s outward to a trajectory distance of
70 km.

In Fig. 13, the results for aluminum are compared with those for
carbon. It is seen that the removablemass drops approximatelywith
the ratio of the coupling coef� cients of the two materials. For very
small r , a mass of 156 g of aluminum debris with v0 D 11:2 km/s
couldbe removed,but only 86 g of carbon.To demonstratethe effect
of the mass loss of the target, the hypotheticallimits for no ablation
are again includedin Fig. 13. Keeping the couplingcoef� cient � xed,
but reducing the ablation rate ¹ to zero, also reduces the maximum
removable masses. Clearly, objects with higher initial mass can be
removed if moremass is ablatedper laserpulse.As was the casewith
de� ection,for carbon the differencebecomesonly marginalbecause
of the already small ablation rate. At r D 0, the mass limit drops to
116 g for aluminum and to 80 g for carbon. At closing speeds above
11.2 km/s, 100 g of carbon is removable only in a small range of
negative r . The decrease in maximum mass with the ablation rate is
found to be almost linear, thus allowing easy interpolationfor other
ablationrates. Finally, the masses for a closingvelocityof 13.7 km/s
without any ablation are included in the graph as well. Based on the
couplingcoef� cient of carbon, the curve representsa lower limit for
all relevant encounters and materials.

The energy consumption for the laser increases proportionally
with the debris mass and with the available time because every sec-
ond an energy of 100 kJ is transmitted to the target. Depending on
the actual situation, it may not be economical to attack massive de-
bris that is far away. An exampleof the dependenceof the necessary
laser operationtime on the closingvelocity is given in Fig. 14 for the
special case of 100-g Al passing very close to the station (r ! 0).
Whereas for the maximum consideredvelocity of v 0 D 13.7 km/s of
a 100-gparticleonly5 s of operationtime is requireddue to the more
favorablebeam angle, this time grows to 12.5 s as the closingveloc-
ity is reduced to 2.5 km/s or less. In this case, the eliminationoccurs
by total vaporization. For the most frequent velocity of 11.2 km/s
and for three debris masses, 50, 100, and 150 g, Fig. 15 shows how
the required laser operation time and energy consumption change

Fig. 14 Necessary interaction time for the removal of a debris mass of
100 g as a function of the closing velocity and for a very close � yby: for
v 0 < 2.5 km/s, the debris is removed by complete vaporizationbefore the
transfer velocity is reached.

Fig. 15 Necessary irradiation time for the elimination of different
masses, closing velocities, and relative � yby distances in the case of
aluminum targets.

with the normalized distance r . On the left-hand side of the graph,
the required time, in particular for the smaller masses, is fairly in-
dependentof r over a broad range. Furthermore, in this range it also
depends little on the closing velocity, as long as the velocity does
not become too small and the operation limits are not approached.
Otherwise, the operation time increases drastically. The variation
with the closing velocity is indicated in Fig. 15 for a debris mass of
50 g. The inverse dependence with the velocity as demonstrated in
Fig. 14 holds actually for all relevant passing distances.

The fractionof vaporizedmass is directlyrelated to the fractionof
the actualoperationtime to the time necessaryfor totalvaporization:
50, 100, and 150 g of aluminum would be totally vaporized in 6.25,
12.5, and 18.75 s, respectively. Figure 16 shows the fraction of va-
porized mass for v 0 D 11.2 km/s for the maximum removable mass
as well as for three distinct masses. The vaporized mass fraction
is very similar in all cases. It increases also with r and approaches
100%. The minimum of about 40–50% of vaporizedmass and, thus,
the minimum of the required total energy is found for the maximum
mass at a passing distance between 5 and 15 km behind the sta-
tion. For smaller masses, the minimum is shallower and extends
farther to negative r . All of these numbers presume the ablation rate
of 80 ¹g/J of aluminum or, for the given pulse energy and repe-
tition rate, of 8 g/s. The mass limit changes, of course, with this
number.
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Table 2 Power effects on maximum masses for elimination

Pulse energy, Frequency, Maximum mass Maximum mass
kJ Hz r D 0, g r D ¡0.6, g

1 100 158 181
1 50 80.5 90.5
0.5 100 55.5 63.5

Fig. 16 Fraction of vaporized mass for different initial masses, a clos-
ing velocity of 11.2 km/s, and aluminum targets.

Scaling
In the preceding section it was shown how a change in the laser–

material interaction parameters cm and ¹ affects the system capa-
bilities. These parameters are functions of the debris material, but
also of the laser wavelength, the pulse duration, and the intensity
at the target, as already described. In particular, the difference in
the selected two coupling coef� cients shows the trend in removal
performance if a proper combination of laser parameters, that is,
wavelength,pulse length, and intensity, and debris material yields a
highercm value.Otherparametersmay be changedat will for scaling
purposes: These concern the assumptions for the orbits, in particu-
lar, the orbital height and eccentricity,and the power characteristics
of the laser. Different orbital characteristics arise from 1) another
station orbit altitude, 2) a higher perigee of the debris target orbit,
and 3) highly eccentric initial debris orbits. All of these modi� ca-
tions will result in a different transfer velocityu. If, for instance, the
debris is allowed to have a remaining lifetime of up to one week, a
perigee altitude of 200 km may suf� ce,31 and only 85 m/s is needed
for the velocity change at the 500-kmorbit.Let the � yby distancebe
small (r D 0) and the closing velocity be 11.2 km/s, then the maxi-
mum removable mass of aluminum rises from 158 to 197 g. On the
other hand, if the laser orbit were at 2000 km, the required transfer
velocity would be approximately450 m/s, resulting in a drop of the
maximum mass to 81 g under otherwise similar conditions.

The averagepower of the laser can be changedby either changing
the pulse energy or the pulse frequency. To demonstrate the effect
of such alterations Table 2 summarizes the removable aluminum
masses for the following conditions: elimination for two � yby dis-
tances at r D 0 and ¡0:6 with v 0 D 11.2 km/s and u D 115 m/s. For
halving the average power the effect of the pulse energy is much
more dramatic than for halving the pulse frequency. The lower en-
ergy reduces the masses to about one-third compared to one-half
for the lower frequency. The reason is that the lower pulse energy
of 500 J results in a reduction of the laser range by the square root
of the energy ratio for otherwise unchanged radiation parameters at
the target. Hence, Rm D 70 km has been assumed for this case. By
the reductionof Rm , the dependenceof the maximum masses on the
power becomes nonlinear. Table 3 presents similar results for the

Table 3 Power effects on maximum masses for de� ection

Pulse energy, Frequency, Flyby distance, Maximum mass,
kJ Hz km g

1 100 0.5 197
1 50 0.5 98
1 100 1.0 147
1 50 0.25 156
0.5 100 0.5 98

de� ection capabilities. In this case a separation of the relay mirror
from the laser station of 5 km has been selected. The effect of a
different � yby distance is also included in Table 3.

Clearing Time for LEO
With the obtained data it is possible, in principle, to extend the

integration and calculate the number of eliminated debris particles
and the necessary total energy as a function of the time in orbit. For
this calculation, the object density as a function of the inclination
distribution or of the velocity spectrum (Fig. 6) must be taken as
initial condition, togetherwith the size distribution(Fig. 4). Finally,
a further re� nement would include the material spectrum.

A positioning of the laser on or near the space station does not
only allow clearing out a tube around the orbit of the laser with a
diameter accordingto the effective laser range. In fact, if the orbit of
the station is considered stationary in space, there exists a relative
azimuthal drift of the debris orbits that dependson their inclination.
This motion is a consequenceof the oblateness of the Earth, which
leads to a precession shift of every inclined orbit in the azimuthal
direction. Therefore, new debris constantlymoves into the range of
the laser.Also the differencein orbitalvelocityfor differentaltitudes
makes new debris material accessible to the laser in the direction
vertical to the orbital plane. Finally, debris is seeping gradually
down into the range of the laser from higher orbits due to residual
atmospheric friction.

A crude estimate can be made on the clearing time of the shell
accessibleby the laser. For every revolutionaround the Earth, a (ec-
centrical) tube with a cross section of approximately 70 £ 70 km
may be cleared.Because of the differential velocities, this tube will
be partly re� lled after one revolution. If the re� lling per revolu-
tion is assumed to be 25%, then it takes 3530 revolutions or 230
days to engage most of the debris (»104 objects) within a shell of
70-km thickness.After this time, only a fractionwill be left over for
which the phase shift was too large (debris being on the opposite
side of the Earth and not catching up to the station within that time)
or the crossing angle was too small. This leftover fraction will have
to be eliminated later. Another estimate concerns the required to-
tal power for this initial clearing.According to a more recent debris
model,5 the object � ux for fragments in the diameter range from 1 to
15 cm is approximately 44 £ 10¡7 objects/m2 year. During the � rst
phase of operation, the object � ux sums up for the assumed elliptic
cross section to 1:6 £ 104 year¡1 or about 1 object every 35 min. If
the average fragment has a diameter of 3 cm and a mass of 5 g, of
which 3.6 g has to be vaporized, one needs 45 kJ per object. Let the
laser have a total ef� ciency of 2%; then only slightly more than 1
kW of electric power has to be collected and stored continuouslyin
the earlyphase from solar radiation,for instance (energy for support
systems is not included). At a later stage of technologicaldevelop-
ment, it may be possible to put a laser system of a comparable size
onboard an autonomous spacecraft with an elliptic orbit between
400- and 2000-km altitude and with a more favorable inclination
with respect to the bulk of the debris. Such a system would then
be capable of cleaning up all LEO of the small debris within a few
years.

System Implementation Considerations
An operationaldebris removal system comprisesmore than just a

pulsed high-power laser. In fact, to some extent it is similar to a laser
weaponsystem,suchas, for instance,the airbornelaserof the United
States, only at a much smaller size. The debris removal system
consistsofa surveillancesystemto detectand trackdebrisfora range
exceeding the effective laser range, a system to aim and deliver a
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focused laser beam to the target and keep it locked to it, and � nally
some data processor to calculate the debris trajectory before and
after the laser interaction. Furthermore, operational power must be
provided for the laser itself and for all of the subsystems.Of course,
as a rule, the laser shall not be operated if by some constellationthe
beam could harm another operational asset. This requires further
means to exclude such an incidence.

No attempthasbeenmadeat thispoint to estimatesizeandcostsof
a space-baseddebris removal system. The cost will have to include
the development, manufacturing, transportation and deployment,
and the maintenance. Among these issues, transportation to space
may be the most crucial and of equal importance to the technical
feasibility.As the technicalmaturity is approached,installationand
maintenance costs have to be addressed and balanced against the
potential gain of security for either ground- or space-based option.
The technology to establish such a system is largely at hand today,
although some power upgrading and the adaptation to the space
environment will need further developmental work. It is believed
that the total size of a system will � t in at most one or two shuttle
loads.

Particularly dif� cult and even political questions concern the
pro� t in terms of saved satellites, as well as the institution that
operates the system. Our modern society depends more and more
on a � awless stream of data from space. The interruptionof the data
� ow from a damaged satellite may prompt even higher losses for
dependent services on the ground. Fortunately, only little damage
by debris has occurred so far. Maybe this lucky circumstance and
the expected development and deployment costs will prevent the
large spacefaring nations from taking actions toward installing a
debris removal system in the very near future. On the other hand,
signi� cant amounts of money � ow into research for hardening the
space station, an effort that can produce only limited assurance
against a fatal event. This money would be better invested into
some means that overcomes the threat all together. However, a sin-
gle nation will most likely be highly reluctant to provide a system
that serves other nations in equal manner without being compen-
sated for this service. (There exist counterexamples though; for in-
stance, the global positioning system.) On the other hand, as more
and more satellites of private companies populate LEO, interest
in keeping these satellites alive and healthy will rise. If a colli-
sional incidence occurs, for instance, by a leftover space object,
and its former owner can be determined, the problem boils down
to a (possibly international) legal affair. As the number of fatal
incidents increases due to the growing number of debris, the � nan-
cial pressure from equally increasing insurances rates will support
efforts to establish some more ef� cient means against the possi-
bility of collisional losses: � rst by consequently avoiding the pro-
duction of debris and second by active means for its remediation.
At present, the only practical procedures of collision avoidance be-
side the continuous observation of space and the issuance of early
warnings are to adjust, at additional costs, the � ight path and ma-
neuver to trajectories that avoid, or minimize, the possibility of a
collision. No internationalorganizationis actually operating a gen-
erally agreed upon monitoringsystem. Presently it is the U.S. Space
Command, a national and even military organization that main-
tains the premier resident space objects catalog. Recently, Ailor3

raised the question about who in the future will pay for the con-
tinuous operation and upgrading of the sensor systems, the data
acquisition hardware, and the provision of risk data for customer
demands.

The solution can only lie in the foundation of an international
institution.It could well be a private consortiumwith satellite oper-
ators and satellite insurance companies as members. The problem
that has to be resolved is the question how all users of space can
be motivated or forced to contribute to the establishment and op-
eration of an independent space observation system. Once such an
organization is established, however, it would be natural to extend
its tasks from the passive observation and warning service to an
active one that attempts to remedy physically the collisional threat
by actively reducing the number of debris. Certainly there are many
implications associated with the construction of such an organiza-
tion, as has been outlined by Ailor3 in detail. Therefore, he calls for
a quick start “to develop a plan to ensure availability of robust situ-

ational awareness services.” It is appropriate to include in this plan
the option to establish an active debris removal system. The most
meaningful of such systems for the large number of small debris is
one based on laser radiation interaction.

Conclusions
A repetitively pulsed, space-based laser with an average power

of about 100 kW and a wavelength in the 1–2-¹m region appears to
be a valuable tool to mitigate the serious threat of a fatal collision
of a space asset such as the ISS with debris up to at least 10 cm in
diameter. In contrast to a similar, but much more complex, installa-
tion on Earth, it cannot only defend a station againstan immediately
threateningcollisionby vaporizingor de� ecting an approachingob-
ject, it is also capable of entirely cleaning up a shell in which the
laser is orbiting. Aluminum and carbon have been selected as typi-
cal debris materials for sample computations: The assumption has
been made that the debris detection system and the beam direction
system allow interception approaching debris at 100-km distance.
Under favorable conditions, debris of masses of 100 g at a passing
distance of up to 70 km can be removed from orbit. The maximum
laser energy for this task is less than 700 kJ per aluminum particle.
A complete removal of debris is achieved by reducing the orbital
velocity of the debris, thereby sending it down into the atmosphere
where it burns up. For this purpose, a momentum is exerted on the
objects by ablatinga fraction of its mass. The inspectionof the geo-
metrical situation in the orbital plane showed that great differences
in demand exist. Objects with a low closing velocity are more dif-
� cult to remove. The practical range of the laser depends on the
side on which the object passes the laser source or, alternatively, a
relay mirror for the laser beam. To de� ect a direct-hit trajectory of
an object by, for instance, 500 m, the effective laser beam source or
a relay mirror should coorbit the protected station at a distance of
up to 12 km. According to the results of the calculations,the chosen
laser power of 100 kW is more than suf� cient to deal with debris
of size up to 10 cm. It has been shown how a reduction in laser
power and in the requirements for the transfer velocity will change
the capabilities of the system.

The results encouragesuggesting that a smaller, space-proofsys-
tem be deployed at an early stage of the ISS lifetime to prove the
concept of protecting the station and to serve as a debris sweeper to
a minor extent. The system could be deployed and operated by an
internationalorganizationthat should be established for the control
of space traf� c.
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