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ABSTRACT

Man’s activity in space has generated significant amounts of debris that
remain in orbit for periods of sufficient duration to become a hazard to future
space activities. In the past, the debris has been generated by inadvertent
explosions of upper stages and spacecraft, by intentional explosions for
military reasons, and possibly by a few breakups resulting from collisions. In
the future, debris can be generated by collisions among spacecraft as the
number of orbital objects continues to grow at rates greater than natural forces
remove them from orbit.

There are design and operations practices that can minimize the
inadvertent generation of debris. There are other design and operations
options for removing objects from space at the end of their useful service so
they are not available as a source for the generation of future debris. Those
studies are the primary concern of this paper.

The issues are different in the low Earth orbits and in the geo-synchronous
orbits. In low Earth orbit, the hazards generated by potential collisions among
spacecraft are severe because the events would take place at such high
velocities. In geosynchronous orbit, the collision consequence is not so
severe, because the relative velocities are low—Iless than 1 km/s. But, because
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of the value of the limited ar¢ and the extremely long lifetime of the satellites,
it is necessary to remove any debris generated in the orbit to a different orbit
at the end of life if it is to be no hazard to future operational spacecraft. The
issue at present seems to be how high the reboost maneuver must be and
what the maneuver strategy should be to ensure its effectiveness. {3, 22, 27]

The most economic removal of objects is achieved when those objects
have the capability to execute the necessary maneuvers with their own
systems and resources. The most costly option is to have some other system
remove the spacecraft after it has become a derelict. Numerous options are
being studied to develop systems and techniques that can remove spacecrafl
from useful orbits at the end of their useful life and do so for the least mass
penalty and economic cost.

1. INTRODUCTION

At the end of 1990, there were approximately 3,000,000 kg of man-made
matetials in orbit and about two-thirds of this is in low Earth orbit (LEO)
below 2000 km altitude or an orbital period of 128 minutes. {17] Figure 1
illustrates the characteristics of the total population, and figure 2 illustrates
the characteristics of the LEO population. To date, we believe that the
breakup events have mostly been due to propulsion or electrical battery
explosions or military tests; but, as indicated in figure 2, there are many cases
in which the cause cannot be ascertained.

Figure 3 illustrates the progressive accumulation of cataloged objects on
orbit. These numbers represent the family of satellite objects that have a
radar cross section corresponding to a diameter of 10 cm or greater so that they
can be readily tracked by US Space Command. As indicated by the component
curves, the majority of the objects has originated from the USSR and the US.
Recently Japan, ESA. and the PRC have launched or generated significant
numbers of spacecraft and debris.

There is a large population of objects too small to be racked that originates
from the breakup events. As figure 4 indicates, the occurrence of breakup
events has [ollowed lhe same trends as the total population. Table 1 indicates
the most recent of the breakup events. The interval from August of 1989



until October of 1990 is one of the longest intervals without a breakup. The
most recent event was the expiosion May t, 1991 of a Delta second stage that
had been used to Jaunch the Nimbus 6 spacecraft on July 12, 1975. The
suspected cause of the explosion was corrosion and thermal cycling induced
failure of the common propellant tank bulkhead leading to mixing of the
residual hypergolic propellants. This phenomena was first recognized in
1978, and since that time the residual propellants have been burned to
depletion. There have been no breakups of stages that have depleted
propellents and pressurants. The last previous Delta second-stage explosion
was in 1981. Only one unvented Delta stage remains on orbit, the Nimbus 7
rocket booster, [15]

It remains a significant source of concern that, despite the adaptation of a
number of mitigation procedures by all spacefaring nations, there has been no
appreciable reduction of the rate of breakup events. (12, 13, 17}

The consequences of these events can be seen in the comparison plot of
the flux in LEO for January 1987 and May 1991, figure 5. Despite the fact that
the current solar cycle is quite high, there is an increased amount of debris
below 400 km and above 600 km, though the region between 400 and 600 km
has had a substantial amount of debris removed by aerodynamic drag over
the past four years. Fortunately, the orbital lifetime of the objects in the
altitudes beiow 400 km is relatively brief.

Figure 6 illustrates the orbital jifetime of a characteristic spacecraft as a
function of the altitude of its placement and the relation of the launch date to
the solar cycle. As the figure indicates, there is relatively little aerodynamic
effect above 800 km. The extremely long orbital lifetimes above 800 km are
characteristic of the debris fragments just as they are of the spacecraft.

At typicat collision velocities, a 3-mm fragment with a mass of 0.04 gm
could cause an explosion if it hits a pressurized container, such as a propellant
tank. A 5-cm fragment with a mass of 0.5 kg or any larger fragment could
cause fragmentation of an entire spacecraft. It is this aspect of LEO that makes
mitigation procedures urgent. In LEO, the characteristic collision event has
an intersection velocity of 10 km/s. At these velocities, millions of fragments



result from a single event, and hundreds of these fragments are large encugh
to generate another such event.

Table 2 indicates the estimates of the size and mass characteristics of the
debris fragments in LEO. There is significant uncertainty in these values
because they are derived from models based on a limited number of tests. [1,
4, 8, 19] Efforts are currently in progress to improve our estimates, both by
making special radar observations and by doing more extensive explosion
and hypervelocity impact testing and modeling. (30] The number of objects is,

however, quite large even if the lower values are used for each of the size
ranges.

Figure 7 illustrates the distribution of cataloged objects as a function of
orbital inclination. Considered in context with the flux as a function of
altitude in figure 5, it can be noted that there is a higher flux in the polar
regions because of the preferential use of high-inclination orbits in LEO.
Some of this preferential use is attributable to the high latitude of some of the
USSR launch sites, but much of the preference is because of useful
operational characteristics.

Figure 8 illustrates the range of altitudes and inclinations that provide
sunsynchronous conditions; also indicated are the performance of the Delta
and Ariane launch vehicles for delivery to these orbits. [16] In addition to the
observation satellites that use these orbits, there are families of
communication and navigation satellites that occupy similar high-
inclination orbits. Obviously, the attraction of these high inclination orbits is
the frequency with which one can observe each region of the Earth and the
constancy of the observation conditons. The hazard of these orbits is the
conjunction of so many spacecraft in the limited space over the poles where
the number of spacecraft is constant, but the spatial separation is not. The
estimated miss distance for a particular orbital revolution might be large, but
the orbital litetime is so long that collisions are inevitable.

Figure 9 illustrates the distribution of fragments from a high-energy
explosion at 1000 km and the time over which the event dissipates. At such
high altitudes it takes 1000 years for the spatial density to decline to one-tenth
of its peak under nominal solar cycle activity levels.



Kessler has analyzed the consequences of the accumulation of satellites in
preferential regions and has defined the concept of critical density. {9, 11]
Critical density is achieved when a population is of suificient size in an orbit
of sufficiently long life that the population will produce fragments from
random collisions at a rate that is increasing and is greater than the removal
rate due to natural processes. Figure 10 indicates his estimate of the ¢ritical
density value in relation to the spatial density of cataloged objects as of
December 1989. By this estimate, the regions at 900 to 1000 km and 1450 to
1650 km are at critical density. An alternative estimate would indicate that
the population might increase by a factor of two or three before the critical
density is attained.[5] If the critical condition is not upon us already, it will be
in a few more years at present launch rates.

Thus far, the objective of the discussion has been to present the data that
indicate the need to begin active measures to prevent explosions or breakups
in space and to remove from space the large objects, most particularly
previously useful spacecraft and upper stages, which, if not removed, will be

subject to hypervelodty collision and the source of large quantities of future
fragments.

2. DEBRIS ABATEMENT PRACTICES

There are many actions to reduce debris that can be taken at minimal cost
to space operations. Items traditionally discarded can be retained by being
attached to the satellite so that they do not become independent hazards; e.g.,
lens covers, etc. Pin pullers can be used instead of cable cutters; bolt catchers
and lanyards can retain objects. Retention of the apogee kick motor will have
some opportunity cost in the attitude control system, since it will increase the
inertial mass of the spacecraft. {2]

Circuit protection can be provided so that batteries are protected against
both internal and external short crcuits, which could cause the battery to
rupture.

Upper stages can be vented as is now done with Centaur and with the
Ariane stages placed in sunsynchronous orbits. The Della second stage is
burned to depletion after placement of the payload and execution of the



collision avoidance maneuver. The Japanese H-I and H-II upper stages
provide for an idle mode firing of the engine to deplete propellants after
payload separation. [15) The PRC are reviewing design and operations for the
Long March following the October 1990 breakup of their upper stage.

In geosynchronous transfer orbits, the stage can be placed in
subsynchronous or supersynchronous orbit to minimize risk to satellites in
the geosynchronous arc. it is also feasible to control the disposition of the
upper stages for geosynchronous transter by control of the time of launch. (10]
As figure 11 indicates, there is a relationship between the initial Sun angle
and the lifetime of the orbit. The influence of the lunar-solar gravity on the
orbit is such that it lowers or raises the perigee and, thus, influences the
lifetime of the orbit. The perigee of the transfer orbit strongly influences its
orbital lifetime, and for stages with a high perigee, the hazard to the LEO
environment may be greater than for a stage in a circular orbit at the same
altitude because of the longer life of the deeply elliptical orbit.

Testing of weapons can be done in orbits with sufficiently low perigee so
that the orbital lifetime of any resulting debris will be brief. Similarly,
spacecraft that are to be destroyed for national security reasons can be
maneuvered to an orbit with a low perigee prior to detonation so that the
resulting debris will enter rapidly.

While such practices will prevent adverse near-term environmental
effects, they do not reduce the long-term threat. To control the environment
for the longer-term objects must be removed from space at the end of their
useful life so that they do not become the source of debris proliferation
through subsequent collisions. [19, 24, 27]

3. DEBRIS REMOVAL TECHNIQUES

Table 3 lists the methods of exploiting natural forces or spacecraft systems
design to remove spacecraft and stages from orbit at the end of their useful
life. Since the system used to remove a spacecraft or a spent stage at the end
of its useful life is parasitic, that is, not contributing to immediate mission
success, it is desirable to minimize both the absolute cost and the opportunity
cost of such systems. In assessing each of these options, cost is 2 primary
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consideration; but the reliability, or expectation that it will in fact effect its
function, is also important. Not all of the techniques listed are of comparable
maturity, but some of the more exotic are listed because potentially their costs
could be least if the technology were in hand and execution routine.

4. SELF DISPOSAL OPTIONS

Any of the techniques listed can be used by a spent stage or a spacecraft for
initiating its own early entry. There are clearly different costs for the
implementation of any of the options as a function of the design of the
particular system to which augmentation is applied.

Propulsive methods are most suitable for upper stages since they have
large, efficient propulsion systems and some flight performance reserve
residuals. Drag or tether systems may be more suitable to spacecraft that have
minimal propulsion capability. The two most useful “figure of menit”
measures for assessing a particular system are the marginal mass cost of
implementing the system and the direct system acquisition cost. The
marginal mass cost is either mission payload or duration displaced to
accommodate the removal system. The direct system acquisition cost is that
required to develop and apply one of the techniques to a particular spacecraft;
to the degree that a “standard kit” could be bought, it becomes less costly and
more attractive if the weight is “right.” [20]

4.1 Propulsive Maneuvers

Deorbit with a conventional propulsion system is effective for all orbital
altitudes. The direct cost and the opportunity cost is very sensitive to the basic
configuration of the system.

For upper stages that have attitude control, large efficient engines,
multiple start capability, and are, at the time of disposal, at minimum weight,
the propulsion option is generally the best choice. The only capabilities that
must be added are additional batteries to assure that the stage has the
operational lifetime to initiate its entry into an ocean disposal area, which
might not be immediately available after the payload separation sequence.
Some additional propellant above the flight performance reserve may be
required lo assure that the velocity increment to control entry can be achieved



before engine cutoff. In a maneuver such as this, one could probably calculate
the required propellants on a “depletion” cutoff basis rather than a
performance cutoff criterion in order to minimize propellants. Range safety
criteria would dictate the appropriate standard. For most systems the cost of
this strategy would be nominal, since the basic systems already exist and are
merely augmented. The mass margin cost is less than 1% of the stage mass
delivered to orbit, since the penalties are additional batteries, propellant, and
mission management time, as opposed to an entire new system.

For a spacecraft that does not have a large propulsion system, the cost can
be substantially greater. Figure 12 illustrates the cost to deorbit a spacecralt in
LEO with a propulsion system calculated as a fraction of the inert weight to be
deorbited. These curves assume that the cost of the disposal system is
completely additive to the cost of the basic system; e.g., add a solid rocket

motor or a liquid propulsion system solely for the purpose of deorbiting the
spacecraft.

Figure 13 shows comparable data for the case of the geosynchronous
transfer stage. Because of the effectiveness of the execution of the deorbit
maneuver at the apogee of the elliptical orbit, the propellant mass penalty is
greatly reduced. However, the mass penalty to sustain the system operation
for the hours required to attain that point in the orbit (10-14 hours) may be
moderately significant.

It is interesting to note that at altitudes above 25,000 km the propulsive
energy cost to accelerate to escape is less that that for entry; at lower altitudes
entry is a lower cost choice.

4.2 Drag Augmentation Devices

The most fundamental force that causes spacecraft and space debris to
enter the Earth’s atmosphere and burn up is the encounter with the rarified
atmosphere at orbital altitudes. The forces are small because the mean free
path of molecules is large, but the force is always present and its effect
integrates constantly over time and grows larger as the altitude declines. The
magnitude of the force at any given altitude is a function of the 11-year solar
cycle and its differential heating of the atmosphere.



The purpose of drag augmentation devices is to ¢reate a much larger drag
area for the mass to be decelerated so that the effects will occur more rapidly
{as shown in figure 14). The incentive is that the less time the ‘hard body’
occupies critical regions, the less risk there is of a bad consequence. By
implication, this requires that the drag device be “benign” in any encounter
with a functional spacecraft; i.e., the functional spacecraft may be perturbed,
but the device will be so fragile that it will experience the bulk of the damage.
Design for minimal weight and strength helps to achieve this effect.

A number of devices can be considered, for example, a balloon such as the
ECHO satellite used as a radio frequency reflector in the early 1960’s; or a more
efficient drag configuration, which at a potential increase in fabrication cost,
might have a lower mass penalty. A consideration in the configuration and
the sizing of such a device is to recognize that the satellite and its
augmentation device will “sweep out” a volume of space comparable to that
which the spacecraft would have transited over a longer time. While only
five percent of the abjects the system could encounter are active satellites, it
would be well to design the system so that such encounters would have a low
probability of damage to a functioning unit.

If there is no propulsion system, then the mass and cost penalty of a drag
augmentation device may be near minimum for most applications. A 100 to 1
increase in area might well be accomplished for 2% to 4% of the mass. As a
general rule, around point design cases, mass scaling is linear to the area of
the device required.

Such analyses indicate that balloons would be impracticably large for
initial altitudes above 750 km. In all cases, the effectiveness of such drag-
augmentation devices varies over the course of the 11-year solar cycle and is
greatest during the period of maximum solar activity and least during solar
activity minimum,

4.3 Tether Systems

The use of electromotive tethers may well be competitive with drag
devices as passive and low cost systems to deorbit spacecrait. Tethers in their
electromotive force application can be used to convert satellite motion into



the generation of electromagnetic current. A ten km length of 12-gauge wire
with an ion gun, hollow cathode, or large area conductor at each end has a
mass of about 200 kg. One of the attractions is that this system is not
dependent upon atmospheric density, so they are effective above 700 km. The
electrical energy could be used to operate an ion engine or resistoet to
provide retrograde impulse to augment the energy loss due to the conversion
of kinetic momentum into electrical energy. The largest uncertainty appears
to be the amount of working fluid for the electromagnetic contactors required
to make such systems work with high efficiency. If an ion gun or hollow
cathodes are used as the contactors, the same working fluid could be used in

an ion or plasma motor to fire retrograde and enhance the effect of the tether.
[29)

However, one must remember the hazards of orbital debris; such a tether
would be severed by a 0.5 mm meteoroid or debris object in less than one
year. In addition, it would represent a collision cross-sectional area of more
than 500 square meters to other operational spacecraft.

431 Comparison of Propulsion Package and Drag Devices

Drag devices, both aerodynamic and electromotive, and the propulsion
package, have advantages. Each system would reduce the time in orbit for
inoperative satellites and spent stages and thus would decrease the chance of
an internal explosion or a random collision. One drawback of the drag device
is that the decrease in collision probability resulting from shorter orbital
lifetime is offset to some degree by the increase in cross-sectional area. The
satellite alone and the satellite with the drag device attached would each
sweep out the same volume of space over the course of its time in orbit;
however, debris impact on the balloon would not generate hazardous
high-density debris particles.

Although there is yet no complete analysis to support such a conclusion, it
appears to us that the same considerations would apply to tether systems; that
is, with the increased coilision area due to the tether, there is no obvious way
to make an inadvertent encounter between the tether and a functional
spacecraft “benign.” The advantage of the drag device is that it is simple,
passive, and requires no attitude control system. For altitudes below about



700 km, drag devices appear to be a lower mass alternative to propulsion
packages. The disadvantage of the drag device is that it is a2 mass penalty to
the mission objective performance of the spacecraft for spacecraft which have
orbit maneuver capability. The marginal increase in propellant mass to lower
the perigee and limit orbital lifetime may be substantially less than the mass
of a drag device. For spacecraft in high-altitude orbits, propulsive lowering of
the perigee and a small drag device may offer practical advantages.

These analyses are based upon the assumption that the drag device is a
spherical balloon. At the cost risk of a more complicated geometry, they could
be conic sections similar to aircraft landing deceleration parachutes. The
increase in drag efficiency might warrant such cost.

5. ACTIVE RETRIEVAL AND DISPOSITION

One approach for the removal of large debris objects is to collect them with
a maneuverable space vehicle. In the evaluation of this approach, it was
assumed that rendezvous would be accomplished with an autonomous or
remotely controlled vehicle such as the Orbital Maneuvering Vehicle (OMV),
recently under development and study by NASA. Assuming the OMV can
grapple the target spacecraft, there are several options for disposition. The
OMV can perform a deorbit maneuver, separate from the object, and reinsert
itself in orbit while the discarded object enters the atmosphere. Another
option is to station the objects at some location where they can be maintained
together in a safe orbit and possibly salvaged for spare parts or raw materials.

Figure 15 shows the altitude range for OMV retrieval as a function of
apogee and perigee height and the mass of the object being retrieved. This
analysis is based on the assumption that the OMV starts in a circular orbit at
an altitude of 500 ki and returns to that orbit with the retrieved debris. It is
also assumed that the OMV makes no propulsive plane changes. The range
of the OMV becomes progressively smaller as the mass of the target object
increases. [21]

The relative performance cost for deorbit versus collection depends on the
mass of the object and its orbital altitude. For objects in LEO having masses
less than 2000 kg, collection in orbit is less costly than deorbit in terms of
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OMYV performance. A third alternative is to rendezvous with an object using
the OMV and then attach a separate deorbit device to the object, rather than
using the OMV for propulsion. The attached device might be a deorbit
propulsion package or a drag-augmentation device. Attaching devices rather

than maneuvering the objects with the OMV would expand the envelope of
accessible objects.

Several concerns about using the OMV for debris recovery should be
noted. It may be difficult to grapple uncooperative satellites. The satellites
may be tumbling; they may have no convenient points to grapple; and some
may contain hazardous material. The mission time required for orbit
phasing and rendezvous could overtax the power supply of the OMV. Objects
at the same inclination as the OMV may not be in the same orbital plane;
therefore, the OMV may have to wait while natural orbital precession brings
the respective orbital planes into alignment. Propulsive plane changes of
more than a few degrees would be impractical, since the energy required is
large—exceeding the amount of energy to raise or lower the orbit by many
hundreds of kilometers.

Reducing the population of large debris would require the use of several
OMVs dedicated to retrieval missions as well as a large number of launches
from Earth to deliver and service the OMVs in specific orbit planes. The
magnitude of this operation illustrates the desirability of providing new
spacecraft with devices for self-disposal.

Eichler (6] has developed an alternative concept which uses tether
principles to minimize the cost of retrieving and deorbiting derelict bodies.
Operating in plane as would the OMV, he recovers a portion of the energy of
rendezvous with the target body by using a tether to lower its perigee to
assure entry and, at tether separation, acquires a portion of the energy for the
next larget rendezvous. In such a system, there is a cost for the mass of the
tether and the capture system it uses to lower the target object.

An alternative employment of the concept might be to use a tether system
for the initial deployment of a spacecraft such that the deploying upper stage
is displaced to a low perigee to ensure its entry. [22] Such practice would
eliminate almost half of the debris mass that now enters orbit.



6. REMOVAL OF SMALL DEBRIS

Costly as the removal from orbit of large objects may be, it is less costly
than the cost of removing the fragmentation debris from a hypervelocity
collision event or an explosion. The proliferation of such debris will require
increased shielding of spacecraft in the future. Figure 16 indicates the effect of
the expected environment in 2010 on a typical high-inclination spacecraft,
assuming the past explosion rate is significantiy reduced. If the explosion rate
is not reduced, the environment would be an order of magnitude more
hazardous than shown in figure 16.

Several authors have proposed schemes for the capture of small debris,
either by destroying it or to capture and contain it. Utreca and Butner have
proposed systems that might operate in front of an asset of high value with
the objective of intercepting debris fragments and thus protecting the object of
value. (2, 28] There are difficulties in such systems in the detection of the
approaching particle in a timely manner and in the capture concept. It is
obviously essential in such systems that they not generate significant
secondary debris

Korobeinikov [14] has proposed the use of a solar reflector to melt debris
particles. As in the interceptor cases, the issues of detection and interception
are considerable. There is also very limited time to bring to bear the solar
energy to “vaporize” the particle in the manner postulated.

It is technically feasible to destroy small debris particles with high-energy
laser devices on orbit. Such systems are costly and are difficult to plan for,
since they could also be used as weapons and would be prohibited under
some freaty interpretations. Additionally, lasers would present a hazard to
other spacecraft down range of the intended target.

In general, there is no practical way to “sweep” or remove the small debris
fragments. The best control is exercised at the point of origin by eliminating
breakup events and by removing the large objects from which future small
objects can be generated by hypervelocity coilision.

7. SUMMARY



Environmental management is as important in space operatons as it is in
any other human endeavor. In space, as on Earth, prevention of pollution is
much more cost-effective than remediation. The level of space activity is
now such that active intervention techniques are necessary. It is important
that the participants in space design and operations take action in design and
operations to manage the environment so future operations can continue to
be cost effective. 7, 23, 25, 26, 27)
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- Transler Stages Only

There are o ather forces
available with whach t©
influence the orbit.

Table 2.- Estimatzd population of debris.

Mass
Approx.  {kgion

Patticle Size Number T byNo. Orbit % by Mass

>l0em  7000-15000 02 2598900 995
1-10cm  35,000-150000 20 1,000 0405
O.l-lan 3,000,000 973 100 0.005
40,000,000
Tatal 100 3,000,000 100
(~2,000,000 LEO)
Table | .- Recent fragmentations. Revised 18 Sepiember 19%1.
Breakup  Apogee  Perigee Lase Frazgmenis
Launch Event Height Height Height  Inclination  Frugments Fragmenu
Date Date Parent {lm} ¢l tkm) (deg) Cataloged  Tracked
6.12.75 5-1-91 Nimbus 6 Delta 2nd stage 1038 1102 1093 99 226 >226
21291 3.5.61 S1-8 2nd siage 1560 1750 1470 74 60 60
12-29-83 24-%1 SL-12 propellant iank? 18500 1B30¢ 330 32 0 >2
12-1-90 12-1.90 USA 68 850 &5 610 9% 27 7
10-1%0  1{-30-90 Cosmos 2101 210 290 200 65 3 0
9-3.90 10490  long March 4A 3rd siage 900 900 890 99 75 T2
7-18.89 8-31-B9 Cosmot 2031 270 3 250 51 8 0
T-12-89 7.28.8% Cosmos 2030 150 220 150 a7 0 0



Table 1.- Recenl [ragmentations. Revised 18 Sepiember 1991,
Tabie 2.- Estimated population of debris.

Table 3.- Methods W remove objects from orbil



Figure .- Cataloged debris population,

Figure 2.- Characweristics of the low Earth orbit population.

Figure 3.- Number of cataloged space objects in orbit, by source. [ 18]
Figure 4.- History of Iragmentation events,

Figure 5.- A comparison of the January (Y87 and May 199] flux atiributable 10 cata-
loged objects.

Figure 6.- Extremes of average satellile lifelimes due to solar acuvity. Circular orbii,

Figure 7.- Inclination distribulion of cataloged population source: Apnl i, 19 masier
element sets.

Figure 8.- Sunsynchronous orbit capability (direct injection). [16]

Figure 9.- Distribution of fragments from a bigh-¢nergy explosion at 1000 km and the
time over which the event dissipates.

Figure 10.- Critical density vaiue in relation to the spatial density of cataloged objects as
of December 1989.

Figure 11.- Shutile launched LEQ to GEQ transfer stage lifetimes.

Figure 12.- Mass penalty for deorbit from circular orbits.

Figure 13.- Mass penalty for deorbit from Zeosynchronous transfer orbits.
Figure |4.- Drag characteristics verses decay time.

Figure 15.- Altiude and range for OMV retrieval capability,

Figure 16.- Impact rates on average small satellite. [24)



