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ences between the planar and conical shock-wave detachment angles
and behavior become greater as the ratio of specific heats decreases
from 1.67 to 1.0+. The usually available results for y = 1.4 are
not good approximations over the possible range of ratio of specific
heats. A complete set of charts, in the format of Ref. 1, is available
in Patel et al.3 for y = 1.0+, 1.1,1.2,1.3,1.4,1.5,1.6, and 1.67.
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I. Introduction

IN the near future, human space activities will result in significant
increases in spacecraft size and the operational time in the orbit.

One important issue to be resolved before this new era of the space
development is the collision between spacecraft and orbital debris.
In low Earth orbit the quantity of man-made orbital debris exceeds
the number of natural meteoroids.1 The pieces of debris that range
from 1 to 10 cm are the most threatening because although they
are too small to detect from the ground they are too large to shield.
In this paper, we propose a method to remove the orbital debris of
1 ~ 10 cm from low Earth orbit. We propose the use of laser pulses
to generate drag to the debris; the orbital altitude will be lowered
until the debris enters Earth's atmosphere and is burned up because
of atmospheric heating.

It has long been known that a giant laser pulse irradiated to solid
surface can produce thrust. The concept of using such a thrust for
rocket propulsion is not new. Kantrovitz proposed the use of a laser
beam to launch a rocket from the ground.2 The principle of the debris
deceleration is the same as the laser rocket propulsion. The pulse
of a laser is radiated from a laser satellite to a solid target. Then
the target surface is heated by the laser beam, the surface material
vaporizes, and plasma is ignited in the vapor that absorbs the laser
energy further. The high-temperature gas expands into a vacuum,
converting the thermal energy into kinetic energy. The momentum
of the hot gas is given to the remaining mass of the debris, just as
in usual rocket propulsion.

In the present Note, we first describe the basic specifications of
the laser satellite system. Second, we do numerical simulations of
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the debris removal to calculate how much laser energy is needed to
remove the debris. Third, we discuss our findings.

II. System Specification
A schematic picture of the laser satellite system is shown in Fig. 1.

We propose to put a laser satellite into the Earth-circulating orbit at
700-km altitude. This altitude is chosen because the debris mainly
is distributed within a 300-1100 km altitude.1 The range of a laser
beam is assumed to be 500 km, so one satellite can cover the en-
tire area. The satellite power is provided by 25 kW solar arrays.
We distribute 20 kW to the laser power supply and 5 kW to other,
housekeeping uses, including the telescope operation. Because the
satellite cannot always find debris, a battery is used to store the elec-
tricity while the laser is not operating. Assuming that the maximum
operational rate of the laser is 10%, the laser can use 200 kW on
average. For a laser efficiency of 5%, the laser average output is
10 kW.

As the laser source, we choose a 0.25 /im KrF excimer laser,
because of its high power output and short wavelength. The laser
beam is pointed by a gimbaled telescope. The laser pointing accu-
racy of 0.1 /irad is assumed, which is technically challenging but
not impossible, judging from the state of art of the laser intersatellite
communication.3 As the spot diameter, weassume 0.1 m at 500 km
distance. This spot can be made by a mirror of 1.6-m diam at the
satellite. The spot diameter at the target is adjusted so that

</spot = (1)

where A. = 0.25 /zm, Am^r = 1.6 m, and R is the distance to the
debris. The minimum spot diameter is set at 1 cm because if we
focus the laser beam too much, the resulting vapor pressure might
exceed the material strength of the target material, thus producing
more debris.

To deliver the appropriate momentum to the target, the target
surface must be vaporized and plasma must be ignited. Reference
(4) shows the momentum change of several materials induced by
KrF laser irradiation. The momentum change becomes significant
for a laser fluence higher than 3 x 104 (J/m2). Below this fluence, the
laser intensity is not strong enough to cause the vapor breakdown.
Because the spot diameter at 500 km is 0.1 m, we assume 500 J as
the laser energy per pulse and 50 ns as the pulse time. Then the laser
intensity at the target is IL = 1012 (W/m2). Because the laser can
use 200 kW in the operation, the repetition frequency is 20 pps.

We now discuss the pointing and tracking scheme. The debris is
first detected by the onboard telescope. The telescope, with 1.6 m
aperture diameter can detect debris as small as 1 cm from a 500-km
distance by detecting the visible solar reflection with a charge cou-
pled device (CCD) sensor. The field of view of one CCD pixel must
be large enough to keep the object within view while it accumu-
lates the electric charges. Therefore, the debris orbit still has a large
uncertainty of 10-100 /xrad, depending on the field of view of one
CCD pixel. Once the debris is detected, the fine pointing is made by
laser radar using the KrF laser A in Fig. 1. The probable positions
of the debris masses are scanned by the laser pulses, arid the light
reflection is measured by the UV detector. After the debris orbits
are determined within the accuracy of 0.2 /md, a giant laser pulse
is shot from the KrF laser B to generate drag. Once drag is given to
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Fig. 1 Schematic picture of debris-removal laser satellite.
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the debris, the debris motion departs from the expected path. The
correction is made by measuring the reflection of the laser pulses
shot from the laser A in Fig. 1.

in. Simulation
We now simulate the orbital motion of a debris fragment under

the laser irradiation. The laser satellite is at the equatorial circular
orbit altitude of 700 km. We assume that the debris is initially at
a circular orbit with the radius rd and the orbital inclination /. The
laser beam is always at the direction rd — r/, where rd and r/ are
the position vectors of the debris and the satellite taken from the
center of the Earth, respectively. The laser beam is shot only when
the tangential velocity of the debris is decelerated. As long as this
condition holds and the debris is within the 500-km laser range, the
laser pulses are shot toward the debris. The debris velocity V and
the mass md after the nth laser pulse are given by

"+l==m"-CvJ

(2)

(3)

where / is the laser energy per pulse, J = 500(7), and £/ is the
unit vector in the direction of rd — r/. The factor <ft represents the
fraction of the debris cross section within the laser spot area. It is 91 =
Adebris/ASpot when Adebris < Aspot and unity when Adebns > Aspot.
The spot area is given by Aspot = nd^/4 from Eq. 1. We assume
that the impulse is generated in the opposite direction of the laser
beam because the hot gas expands one-dimensionally, absorbing the
laser energy. In Eqs. (2) and (3), we call Cm and Cv the momentum
and vaporization coupling coefficients, respectively. From Ref. 4,
we assume Cm = 2 x 10~5(N • s/J) and Cv = 6.4 x 10"9 (kg/J).
These numbers correspond to a specific impulse of 320 s.

Between the laser pulses, the debris motion is affected by the
atmospheric drag and the Earth gravity. The atmospheric density
is modeled by the 1976 U.S. Standard Atmosphere. The drag co-
efficient is assumed to be 1.0 and the cross-sectional area is given
by Adebns = l.2(md/pd)2/3, where pd is the debris mass density
pd = 2.7 x 103 (kg/m3). The debris orbit is integrated until the
perigee point becomes less than 160 km. Once the perigee point
becomes less than 160 km, the atmospheric drag will quickly de-
celerate the debris, and we do not need the laser to impose the
artificial drag. From the 160-km altitude, the decay time to a 100-
km altitude is less than one month for debris lighter than 1 kg.
For the simulation, we choose rd, i, and md as the input pa-
rameters. The debris and the laser satellite are initially 180 deg
apart, except rd = r/ where the initial separation is taken to be 2
deg.

In Fig. 2 we show the total laser energies required to remove
the debris from the orbit. The laser energies are between 104 and
108 J. The right axis of the figure indicates the number of laser
shots. For most cases, a few thousand pulses are enough to remove
the debris. Because the repetition frequency is 20 pps, the required
time is several minutes. When the debris altitude is the same as
the satellite, it requires the least laser energy, because the direction
of the vector rd — r/ becomes the most antiparallel to the debris
tangential velocity.

When the debris has a nonzero orbital inclination with respect
to the laser satellite, the required laser energy does not differ so
much from the zero-orbital inclination case. However, the larger the
orbital inclination is, the shorter time the debris is within the laser
range. Therefore, for a large orbital inclination, it is likely that we
cannot remove the debris during the first encounter. We have to wait
until the debris again approaches the satellite. In Fig. 3 we show the
time required to remove the debris, changing the orbital inclination
as the parameter. The time is measured from the first shot. Although
the higher orbital inclination requires the longer time, the time is at
most one year.

While one debris mass goes out of the laser range, the laser satel-
lite can work on other debris within the range. The detection rate
by the onboard telescope depends on the field of view of the tele-
scope. With the field of view of 0.5 deg and the debris flux of 10~5

(l/mVyr),1 in every 500 s one debris fragment can be detected within
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Fig. 2 Laser energy required for debris removal for various initial
debris masses and altitudes. The debris orbital inclination is 0 deg.
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Fig. 3 Time to remove debris for various debris masses and orbital
inclinations.

500 km from the laser satellite. If we assume that the satellite spends
1% of the orbital time on debris removal, it can remove 6000 pieces
debris in one year with 1000 shots per debris fragment. Even if the
detected debris already is traveling in the direction of the thrust to
the tangential velocity imparted by the laser beam, the laser satellite
can still use its radar to determine the orbital elements. Therefore,
the laser satellite can be used not only to remove the debris but also
to catalogue the orbital elements of the debris that are invisible from
the ground.

IV. Discussion and Conclusion
We have seen that laser-generated drag is a very effective way to

remove orbital debris from the low Earth orbit. A simplified simu-
lation shows that we require only IO4 ~ IO8 J to remove the orbital
debris of 1 g ̂  1 kg, which corresponds to the length scale 1^10
cm. These objects are lethal to spacecraft but are very hard to track
from the Earth. The number of such debris fragments is estimated
to be 40,000.* With the removal rate of 6000 debris fragments per
year, the laser satellite can significantly enhance the safety of the
low-Earth-orbit environment. The laser satellite also can be used to
catalogue debris invisible from the ground. The catalogued infor-
mation is used for emergency maneuvering of other spacecraft.

There are many technological issues to be solved before we build
this debris removal system. In the present work, we have assumed
a KrF laser with 500 J per pulse at 20 pps. The KrF laser with the
500 J output already exists, although the pulse repetition frequency
20 Hz is challenging. A high-powered excimer laser uses a very
heavy power supply, and a drastic mass reduction must be made if it
is launched into space. Operation of a high-powered laser in space is
an undeveloped technological area. The laser system must operate
at a maintenance-free condition for many months in the harsh space
environment. The optical system must sustain the repetitive irradi-
ance of the high-powered UV light. The low laser efficiency means
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that we have to deal with massive residual heat. The high-voltage
operation in space also causes an insulation problem of the satellite
surface under the ionospheric plasma environment.

One big problem would be the pointing and tracking of the debris.
We have assumed a pointing accuracy of 0.1 /irad with a 1.6-m tele-
scope. Accurately tracking a fast-moving object with such a large
telescope is very challenging. In the numerical simulations in Sec.
HI, the steering speed required for the gimbaled telescope is cal-
culated to be co = 4.3(deg/s) and a> = 8.6(deg/s2) for debris at an
altitude of 800 km and with 90 deg inclination. This laser satel-
lite system has many elements in common with laser intersatellite
communication, for which several space experiments are planned
in the near future. With minor modifications to the experimental
equipment, the debris pointing and tracking experiment can be con-
ducted on the same platform. Because the proposed laser satellite is
gigantic, this approach is a reasonable first step.
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Introduction

T HE meteoroid shield assessment procedure1 developed for
Apollo implicitly assumes a randomly tumbling spacecraft sta-

tionary with respect to the meteoroid environment measured by
Earth-based sensors, i.e., a spacecraft with no orbital speed. In or-
der to determine the effect of this assumption on the reduction of
spacecraft-borne meteoroid sensor data and on spacecraft mete-
oroid shield assessment, Kessler2 performed an analysis showing
that the spacecraft orbital speed results in negligible increase of the
calculated flux onto a randomly tumbling spacecraft. Hence, most
analysts have not included the effect of spacecraft speed in their
analyses.

With the approaching retrieval of the gravity-gradient-stabilized
spacecraft LDEF, Zook3 reexamined the effect of spacecraft speed
on the meteoroid flux onto a spacecraft. He showed that even though
there is only a small increase in number of impacts onto the vehicle
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as a whole, the number of impacts onto the fore portions of the
spacecraft is an order of magnitude larger than onto the aft. Thus the
effect of spacecraft speed is crucial to understanding the distribution
of impacts around a gravity-gradient-stabilized spacecraft such as
LDEF and the Space Station.

Two assessment procedures for gravity-gradient-stabilized space-
craft have been published. Sullivan and McDonnell4 specialized
their procedure to the case of a meteoroid environment with a sin-
gle speed. Zook,3 using a procedure similar to that suggested by
Kessler,2 made a more realistic calculation by starting from the
measured meteor closing-speed probability density function. First
he calculated small increments of the mean number of impacts on
a spacecraft with velocity vs in the stationary spacecraft reference
frame for small increments of meteoroid closing speed t; and polar
approach angle V- Second, he transformed the coordinate incre-
ments from the stationary spacecraft reference frame to coordinate
increments in the orbiting spacecraft reference frame, in which the
spacecraft is at rest. Last, he sorted the increment of the mean num-
ber of impacts into the appropriate orbiting spacecraft coordinate
bins, where a running sum for the mean number of impacts was
kept for each bin.

An alternative to Zook's numerical procedure is described here.
Because the meteoroid environment may be described in terms
of continuous probability density functions, it is possible to use a
Jacobian to describe the coordinate transformation and the integral
calculus to calculate the mean number of impacts. The results from
this approach are compared with Zook's calculation of the ratio of
the fluxes on the fore and aft facing sides of a flat plate.

Meteoroid State
The state of the meteoroid is defined as its closing speed and its

approachangle with respect to the reference surface that registers the
impacting meteoroid flux. Thus, the meteoroid state is a function of
the shape of the reference surface and the velocity of the reference
surface relative to the meteoroid environment. A complete descrip-
tion of the meteoroid state is only available for meteors. Kessler2 has
shown that the approach angles of meteoroids entering the Earth's
atmosphere are isotropically distributed with respect to the Earth,
and consequently the meteoroid closing speed is independent of ap-
proach angle. (Note that any point on the surface of the Earth may
not see an isotropic distribution of approach angles, but the Earth's
surface as a whole will.) Thus the probability of a meteoroid having
a certain state with respect to the Earth is the product of the isotropic
approach-angle probability density function with the closing-speed
probability density function.

This closing-speed probability density function g(v) was mea-
sured for photographic meteors by Hawkins and Southworth.5 These
data were later analyzed by Erickson6 to eliminate observational se-
lection effects, and the resulting graphical closing-speed probability
density function was fitted by Zook7 with the equations

10.1120, 11.1 km/s < v < 16.3 km/s
3.328 x 105ir534, 16.3 km/s < v < 55.0 km/s (1)
1.695 x 10~5, 55.0 km/s < v < 72.2 km/s

To make the connection with spacecraft, note that a randomly
tumbling flat plate will also see an isotropic distribution of ap-
proach angles. Therefore, the function g(v) can be thought of as
the closing-speed probability density function for an imaginary ran-
domly tumbling flat plate stationary with respect to the Earth, with
v the meteoroid closing speed measured relative to the randomly
tumbling flat plate.

Surprisingly, the meteoroid state description for meteoroids strik-
ing a fictitious stationary randomly tumbling flat plate can be used
to make acceptable estimates of the flux onto an orbiting randomly
tumbling flat plate. Kessler2 has shown the ratio of the flux on an
orbiting randomly tumbling flat plate to the flux on a stationary
randomly tumbling flat plate is

(2)


