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Debris Evolution and Lifetime Following an Orbital Breakup

V. A. Chobotov* and D. B. Spencerf
The Aerospace Corporation, El Segundo, California 90245

This paper is an overview of the space debris modeling techniques and tools used at The Aerospace
Corporation in support of the Air Force space debris efforts. A discussion is presented of the software tools
IMPACT, which does the breakup analysis, and DEBRIS, which does collision hazard assessment. Addition-
ally, some effects of atmospheric drag on debris environment are presented.

Nomenclature
A = projected area of the spacecraft
d = distance traveled through the cloud
E' - loss in energy due to heat and light
Me = empirical function of the collision velocity
Mi = mass of ith object
ra/ = mass of /th particle (fragment)
N = number of fragments of mass m and greater
«/ = number of particles moving at a velocity
Q = energy for the spread of fragments
V = volume of cloud
Vj = velocity of /th object
Krel = relative velocity at collision
v/ = velocity of /th paticle
vr - velocity of spacecraft in the cloud
p - density of particles in the cloud

Introduction

T HE purpose of this paper is to describe the space debris
modeling efforts (past and present) performed for the

U.S. Air Force Space Systems Division by the Space Hazards
Section of The Aerospace Corporation.

The need for modeling orbital breakups and the resultant
debris evolution was recognized when planning was underway
for the antisatellite (ASAT) test (the first against a live target).
The Sol wind satellite (P78-1), chosen as the target, was a solar
observation satellite that was launched in 1978 into a
sun-synchronous orbit. The intercept took place off the west
coast of the United States on September 13, 1985. Several
pieces of debris were tracked following the event, and several
thousand more were predicted but were not tracked due to
their small size. In this test, a large orbiting object collided
with a small projectile on a ballistic trajectory.

In 1986, the Delta-180 mission called for a collision in orbit
of a payload with the second stage that put it into orbit. This
was the first test of its kind in which two objects of roughly
similar size collided in space.

The determination of the collision hazard to other space-
craft by a debris-producing event was also necessary. This
paper presents a description of the basic algorithms used in
program IMPACT and the dynamics of an orbiting debris
cloud as it is modeled in the program DEBRIS. The former
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program determines the event's breakup characteristics,
whereas the latter determines the probability of collision when
a resident space object enters the debris cloud. These tools
were developed to examine the short-term hazard to spacecraft
following an orbital breakup.

Also, the study of debris evolution and lifetime is important
in assessing the collision hazard posed to other spacecraft by a
debris-producing event. An example is presented of the effect
of the ballistic coefficient and the atmospheric characteristics
on the lifetime of particles.

Background and Past Experiences
The work in the area of space debris at The Aerospace

Corporation dates back to 1979 and has increased dramati-
cally since just before the 1985 ASAT test. The emphasis of
the research has been in the area of modeling explosions and
collisions, as well as studying the collateral hazard posed to
other spacecraft as a consequence of orbital breakups.

On September 13, 1985, the Air Force made the first actual
test of their air-launched ASAT weapon. The P78-1 satellite
weighed approximately 850 kg and was in a sun-synchronous
orbit at an altitude of approximately 500 km. The ASAT was
placed on a ballistic trajectory that crossed the orbital path of
the satellite; the two objects collided broadside with a relative
velocity of approximately 7 km/s. This collision fragmented
the satellite, as planned.

The Space Hazards Section of The Aerospace Corporation
predicted the breakup characteristics of the satellite. The pre-
diction was for 315 fragments > 10 cm in size remaining after
one orbital revolution of the target's orbit. Also predicted
were 685 fragments > 10 cm re-entering within 1 revolution.
Observations showed that there were 257 fragments after 1
revolution in the target's orbit. No center-of-mass cloud was
observed, which leads to the conclusion that there was a
low-momentum transfer during the collision. The maximum
fragment altitude reached was 2800 km.

On September 5, 1986, the Strategic Defense Initiative Or-
ganization (SDIO) conducted an experiment in space. A 930-
kg payload was put into orbit atop a Delta booster. Once in
orbit, the Delta second stage detached from the payload. The
payload collided with the 1370-kg Delta second stage with a
relative velocity of approximately 3 km/s. This took place at
an altitude of approximately 200 km.

The Space Hazards Section again was called upon to per-
form a collision hazard assessment prior to this mission. The
ratio of the masses of the two bodies was approximately 3:2.
Both were orbital, and so the theory that was developed for
the P78-1 test needed further development. Because of the size
ratios, a direct head-on collision was not very likely. Instead,
a side swipe or glancing-blow collision was predicted. The
study predicted that 300 fragments > 10 cm would remain
after 1 revolution of the target orbit, 700 fragments would
re-enter within 1 revolution, and 1 x 106 particles > 1 mm
would be produced.
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Space surveillance network observations showed that 320
observable fragments remained in orbit after two days. No
center-of-mass cloud was observed, which, like the P78-1 test,
indicated a low-momentum transfer. The maximum fragment
altitude reached was 2000 km.

Spacecraft Breakup Modeling
Much of the theory behind breakup modeling was derived

from a series of laboratory tests and the two orbital tests
described previously.

In the cases of the head-on, the glancing-blow, and the
explosion scenarios, the objective of modeling is to determine
the number of fragments, their size, and their velocities. Once
the number and velocity distributions are determined, the
orbital elements of the fragments can be obtained. These, in
turn, define the debris cloud and its evolution in time. The
underlying theory of the modeling, as is implemented in the
program IMPACT, is outlined in general as follows.

Spread Velocity and Number of Fragments Distribution
Inelastic Energy of Collision r

Consider a case in which two masses M\ and M2, moving at
velocities V\ and V2, collide inelastically. From the conserva-
tion of momentum

MI + M2)Fcr (1)

where Fcm is the velocity of the center of mass.
Conservation of kinetic energy yields the following equation

!/2M, V\ = 1/2 (Af, (2)

This can be related to fragment mass and spread velocity by
the relation

(3)

The center of mass is moving with velocity vcm; at the same
time, fragments are spreading with respect to the center of
mass. For the case in which E' =0, Q depends on the relative
velocity of impact and the ratio between the two colliding
masses. It can be obtained from the relation

(4)

where (KE)rd = (V^MiV^. The fraction Fis related to mass
ratio R (R = m2/m\), as shown in Fig. 1. Once the value of Q
is determined, the problem is to determine fragment mass and
assign the spread velocities to satisfy Eq. (3).

Breakup Scenarios
From study of the P78-1/ASAT and Delta-180 missions,

three breakup models were developed. The head-on collision
was developed for a small object colliding with a large object.
The glancing blow was used for the collision of two similarly
sized objects. The explosion model was used for either an
explosion due to a pressure buildup in a tank or a detonation.
The cumulative number of fragments produced is found using
empirical relationships.

Head-On Collision
The analysis of a head-on collision begins with data taken

from the initial conditions of the collision (state vectors and
masses of colliding objects). The cumulative number of ob-
jects produced is given in Ref. 1 as an empirical relationship of
the closing velocity and the mass of the smaller object in the
collision

(5)

Here, Me = kMpV^ where A: is a constant with unity value
and units of (time/distance)2 and K is the constant that de-
pends on the rigidity of the material. For collisions between
satellites, Ref. 1 has determined that K « 0.45 is a good value
to use since it appears that there is good correlation between
experimental and theoretical results when this value of K is
used.

Glancing-Blow Collision
The glancing-blow scenario is a combination of the explo-

sion and the colliding scenarios. Assume that the two objects
are colliding off their centerline (Fig. 2). When the collision
occurs, parts of the two bodies come into direct contact with
each other. Momentum overcomes the adhesion of the two
bodies and shears off the parts in contact. The parts in the
direct contact region then act like two objects involved in a
head-on collision. The remaining parts also break up from the
shock waves produced by the shearing. These shock waves are
similar to those produced by an explosion and so the spread
velocities are found using the methods developed for the head-
on and explosion scenarios.

Explosion Model
Fragments generated by explosions have a different size

distribution than fragments generated by collision. Again
from Ref. 1, the number of fragments generated by an explo-
sion is a piecewise continuous function of the fragment mass,
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Fig. 1 Inelastic collision energy fraction F vs mass ratio R.
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the satellite mass, and the energy available for breakup. Thus,

N=l.7lx 10 ~4Meexp(- 0.02056raI/2) for m> 1936 g

= 8,69 x 10~4Me exp( - 0.0576mI/2) for m < 1936 g
(6)

Laboratory Results
Figure 3 is a typical example of fragment distribution vs

size. It has been taken from Ref. 2 and is based on the result
of a laboratory experiment. In this experiment, a 237-g projec-
tile was used to impact a target of 25 kg mass at a relative
velocity of 3.3 km/s. The cumulative number of fragments vs
the diameter of the fragment is shown in this plot. Figure 3
illustrates two regions termed collision and explosion distribu-
tions resulting from the involved masses of the colliding ob-
jects and the breakup of the remaining structure.

Size of the fragments depends on the mass density. For
satellite structures, the density could vary from 0.1 to 5 g/cm3.
The fragment mass density distribution will vary, depending
on the physical properties of colliding objects.

Velocity Distributions
An important item of information needed in determining

the shape of an orbiting debris cloud following a breakup is
the distribution of spread velocities of the debris particles
emanating from the center of mass of the system. Previous
work assumed that all particles of the same size moved at the
same velocity, as shown in a representative graph in Fig. 4. In
reality, for a given size, several fragments are moving faster
while others are moving slower. A more realistic approach to
the modeling of the velocity distribution must therefore take
into account the velocity variation for a given size particle.
This has been implemented in the program IMPACT as fol-
lows.

Determination of Fragment Spread Velocity
The spread velocities of the fragments must satisfy Eq. (3).

To obtain a relationship between a smaller fragment mass with

its velocity and a larger mass fragment with its velocity, it may
be assumed that the kinetic energies are equally imparted to
each fragment such that

2 _

from which it follows that

(7)

(8)

This assumption breaks down for smaller-size fragments
(< 0.1 cm) because, as the area on which pressure is applied by
the shock wave becomes very small, the effectiveness of the
shock wave is reduced. For large-sized fragments, this as-
sumption is in general agreement with some laboratory tests
and other results shown in Fig. 5. Three curves are shown in
this plot. One is for the nominal case, and the others are for
extreme cases showing approximate upper and lower limits of
the spread velocities of the fragments. The spread velocities of
the smallest fragments, thus, are seen to be limited to 1.3 times
the impact velocity, whereas the larger fragments may have
velocities generally between the upper and lower limits of the
curves in Fig. 5.
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Average Velocity
Following an orbital breakup, there are particles moving

away at many different velocities. This also can be thought of
as many different debris clouds superimposed over each other.
For practicality, however, only three debris clouds superim-
posed on each other are selected. Choosing two break points,
e.g., sizes of 1 and 10 cm, the total kinetic energy of all
particles of sizes > 10 cm, between 1 and 10 cm, and below 1
cm can be calculated. Given the total energy and the total mass
in these ranges, an average velocity can be found in the form

(12)

where the denominator is the sum of all particle masses in the
desired range, i.e., above 10 cm, 1-10 cm, or below 1 cm. This
yields three values of average velocities, corresponding to each
of the three debris clouds.

Number of Particles per Cloud
At each of the break points, there are k velocities associated

with fragments of that size. These velocities are defined in Eq.
(11). Two different velocities are determined, each represent-
ing the maximum velocity that a fragment of size 1 and 10 cm,
respectively, could have.

When Eq. (9) is equated with Eq. (10) and Eq. (11) is
inserted, the A variable can be determined; thus, the velocities
of each fragment can be found. If these particles.are ranked in
ascending order by velocity, the distribution of all of these
pieces can be estimated. Using the maximum velocities at the
break points, one can determine the cutoff points that would
distinguish one cloud from another. When the maximum ve-
locity for the 10-cm break point is taken, all fragments of all
sizes whose spread velocity is < vmax are included in the slowest
moving debris cloud. Similarly, all debris fragments falling
between the maximum velocity for the 10-cm break point and
the maximum velocity for the 1-cm break point are included in
the middle evolving debris cloud. Finally, all fragments that
are moving faster than the maximum velocity at the 1-cm
break point are counted in the fastest evolving debris cloud.

Results
An example of the results is shown in Fig. 6. This figure is

a plot of spread velocity vs fragment size. The solid line is for
the spread velocity that is associated with the single velocity
for a particular size (see Fig. 4). In this case, k = 10, so that

Distribution of Fragment Spread Velocities
The velocity variation of a given size (mass) fragment can be

modeled in different ways. One approach is to assume that the
difference in the velocity variation of a given size fragment is
constant from the lowest to the highest velocity of the frag-
ment. If, for example, there are n fragments of equal size with
mass m for which the characteristic (average) spread velocity is
Vi (as given in Fig. 5, for example), then the relative kinetic
energy of the fragments is given by the equation

KE = l/2(nm)Vf

By conserving energy and assuming that the particles
at k different velocities,

(9)

move

(10)KE = Vim 5>/F?
/ = i

If different velocities are evenly spread out, then

vi = vl + &(i-l) (11)

where A is a linear velocity increment and Vi may be assumed
as some fraction of F/ such as 10%.
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each dot represents 10% of the number of particles of that
size. For each vertical column of particle velocities, it can be
thought of also as an equipartition of kinetic energy above and
below the solid line.

Computing Fragment Directions and Orbits After Collision
There are three steps in the method of analysis to determine

the fragment orbits: 1) determine the orbit of the center of
mass of the two objects colliding; 2) calculate the masses,
velocities, and directions of the fragments relative to the cen-
ter of mass; and 3) input the results into an orbit element
conversion program to compute orbital parameters of the
fragments that would allow analysis and generation of plots
and tables. Program IMPACT was written to perform these
steps using the breakup model previously described. The re-
sults from program IMPACT are available in tabular or plot
form.

An example of a plot is the Gabbard diagram illustrated in
Fig. 7.3 A Gabbard diagram is a plot of fragment apogee and
perigee altitudes vs orbital period and is plotted for a large
number of fragments following an orbital breakup. The dia-
gram can be thought of as resembling a butterfly (for a circu-
lar orbital breakup), with the center body located at the alti-
tude and period of the object breaking up, and the upper and
lower wings representing the apogee and perigee altitudes,
respectively. For an object breaking up in an elliptical orbit,
the two wings no longer are connected.

Debris Cloud Modeling in Circular Orbits
The modeling of a debris cloud resulting from an orbital

breakup in a circular orbit has been described in Refs. 3-5.
Linearized equations for relative motion in orbit were used to
obtain the trajectories of the fragments with given initial ve-
locity distributions. The volurrie of the cloud was expressed in
closed form as a function of time up to the time of the closure
of the cloud around the Earth. The density of the fragments in
the cloud was obtained for the number of fragments calcu-
lated in program IMPACT.

Figure 8 illustrates the toroidal form of the fragment orbits
about the Earth. The pinch point in Fig. 8 denotes the position
of the original breakup. Since all fragments must pass through
this point at different times and since the fragment orbits are
affected by perturbations, the pinch point and the torus begin
to spread until eventually the orbits envelop the Earth.

The analytical representation of the cloud and its evolution
in time, including drag effects, is described briefly in this
section as is implemented in program DEBRIS.

PINCH POINT

Fig. 8 Cloud trajectories in torus form.

LEADING EDGE

TARGET ORBIT
TRAJECTORY

TRAILING EDGE

Fig. 9 Pinched torus model.

9 A PINCH POINT

ELLIPTICAL
CROSS SECTION

Cloud Volume Description
Previously published studies3'4 show that the volume of a

debris cloud in a circular orbit can be expressed approximately
in the form

where

> = y|det[M]|

an 012 0
- 012 #22 0

0 0 #33

(13)

an= -36 sind

012 = 2(1 - cos0)

#22 = sin0

#33 = sin0

where 6 and 0 are the angle and its rate swept out by the
rotating reference frame with respect to the inertial frame, as
shown in Fig. 9. The matrix [M] is the state transition matrix
relating relative position to initial spread velocity Av .

The volume of the debris cloud also may be represented as
a function of time in the form

(14)

where

= semimajor axis of torus cross section

/Av
1 ~ a^ \1

= semiminor axis of torus cross section

= in-plane arc distance between the leading and
trailing edge of the debris cloud

Here LI and L2 are leading- and tr ailing-edge growth rates,
respectively, for all times t < tc\ where tc\ is the time at which

DEBRIS CLOUD —^ p °

PROJECTED SATELLITE
CROSS-SECTIONAL AREA

• PROBCOLLISION = SATELLITE AREA X DEBRIS DENSITY X DISTANCE THRU CLOUD
• DISTANCE THRU DEBRIS CLOUD IS A FUNCTION OF MUTUAL INCLINATION BETWEEN

SATELLITE AND DEBRIS ORBITS
• DEBRIS DENSITY DECREASES AS CLOUD EXPANDS
• PROBABILITY OF COLLISION INVERSE FUNCTION OF TIME AFTER INTERCEPT

Fig. 10 Spacecraft passing through cloud.
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Fig. 11 Orbital lifetimes of debris particles.
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Fig. 12 Percent of particles remaining after one month.

the torus closes. The maximum values of a(t, 6) and b(t,6) are
defined when 6 = v/2 (one-quarter revolution after breakup).
The decrease at the pinch point (6 - 0) and at 6 = TT thus
defines the envelope (torus) of the fragment orbits.

The smaller of the two volumes V\ is used for computation
of the density in the cloud. However, if t > tc\, the V2 is always
used as the volume of the debris cloud. The elements of [M]
are perturbed by Earth's oblateness J2 and atmospheric drag,
as described in Ref. 3, for example.

Orbital Debris Collision Probability and Lifetimes
Following a breakup of an orbiting spacecraft, the short-

term characteristics of the debris cloud can be determined
accurately. For a low-altitude breakup, atmospheric drag be-
gins to play a significant role in the debris cloud characteris-
tics. In the long term, this force not only spreads out the
cloud, but cleanses orbital space by removing particles as their
orbits drop in altitude. Of significant concern to the space user
is the collision hazard posed to a spacecraft by a debris cloud.
These concerns generally can be examined as follows.

Probability of Collision
The probability that a spacecraft will collide with a particle

in the cloud can be obtained from the relation6

p(col) = 1 - exp( - pvrAt)

-FAt

•- pdA (15)

Program DEBRIS computes the entry and exit times for a
spacecraft passing through the cloud (Fig. 10), its relative
velocity, and, therefore, distance d. The probability of colli-

sion then is obtained per unit area of the spacecraft and
compared with that resulting from the micrometeoroid envi-
ronment for particles of 1 mm and larger.

Debris LIFETIME
By inclusion of atmospheric drag, the current number of

particles from a breakup in orbit and a more accurate predic-
tion of the collision probability can be made.

A software program, LIFETIME, developed by C. C.
Chao, numerically integrates the equations of motion and uses
Walker and analytical representation of the Jacchia 1964
model. The Jacchia 1964 model accounts for the 11-year solar
cycle, the magnetic storm effects, the 27-day effects, and the
semiannual effects. The Walker analytical representation is
described in Ref. 7. Also included in this dynamic model are
Earth oblateness J2 effects.

Example
An isotropic breakup is simulated with the satellite that is

breaking up in a circular orbit. Debris particles are spread at
a known velocity relative to the point at which the breakup
occurs. Through selection of a ballistic coefficient and atmo-
spheric characteristics CF10.7, the solar flux index and ap, the
magnetic storm index), the lifetimes of the particles can be
determined. Figure 11 is a typical re-entry curve. This figure
shows the lifetime characteristic of a large number of particles
in a 300-km circular orbit. The solar flux index is 75, which
represents a quiet atmosphere. The isotropic breakup is
spreading particles with a ballistic coefficient (Bc = W/Cj^A)
of 10 Ib/ft2 at a relative velocity of 100 m/s. After about 450

F10.7 = 75, AV = 100 m/sec

Ballistic Coefficient, Ib/ft2

- - B. = 10
—— B. - 20

200 250 300 350 400 450 !

Altitude (km)

Fig. 13 Percent of particles remaining after three months.
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Fig. 14 Percent of particles remaining after six months.
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Fig. 15 Percent of particles remaining after one year.

days, 100% of these particles have re-entered. It is possible to
fit a curve through the data for all the particles, thus providing
a statistical representation of the decay rate.

In this study, several snapshots in time are examined. Figure
12 shows what percentage of particles of different ballistic
coefficients remain, one month following a breakup, from a
breakup at a given altitude, a known spread velocity, and
known atmospheric characteristics. The particles with higher
ballistic coefficients remain in orbit longer. These are typically
the heavier, denser materials, such as structural supports. The
particles with lower ballistic coefficients re-enter faster, as
expected. These are typically pieces such as solar panels or
insulation. The area between the extremes of ballistic coeffi-
cients represents the envelope of percent vs altitude.

Figure 13 is the same as Fig. 12, except that three months
have elapsed since the breakup. In Figure 14, six months have
elapsed since the breakup; in Fig. 15, one year has elapsed.

Summary and Conclusions
An approach to modeling breakups of objects in orbit and

a description of the resulting debris cloud have been pre-
sented. The results are in the form of algorithms that were
implemented in programs IMPACT and DEBRIS, respec-
tively. The output of program IMPACT includes number and
velocity distributions of fragments for a direct (head-on),

partial (glancing-blow) collision or a high-intensity explosion.
The debris cloud was modeled as an expanding spheroid that
becomes a torus centered on the original circular target orbit.
The cross-sectional area of the torus was expressed in terms of
the initial spread velocities of the fragments and orbit rate. An
example of the lifetime of the fragments for a satellite break-
ing up in a circular orbit was given for three different ballistic
coefficient cases.

The IMPACT and DEBRIS programs described briefly in
this paper provide a means for an approximate evaluation of
the short-term collision hazard to resident space objects after
an orbital breakup. A more complete description of the theory
and its implementation can be found in the references cited.
Further development and incorporation of future laboratory
and orbital test data will provide additional improvement of
the breakup and the hazard assessment models described.
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