THE IMPORTANCE OF NON-FRAGMENTATION
SOURCES OF DEBRIS TO THE ENVIRONMENT ¥

D. Kessler,* N. Johnson,** E. Stansbery,** R. Reynolds,***
K. Siebold ,*** M. Matney** and A. Jackson***

* Consultant, 507 S Shadowbend, Friendsawood, TX 77546 USA

** NASA, L.B.Johnson Space Center, Mail Code SN3, Houston, TX
77058 USA

*** | ockheed-Martin Engineering Sciences, Mail Code C23, 2400 NASA
Road 1, Houston, TX 77058 USA.

ABSTRACT

Historically, satellite fragmentation has been asst to be the major source of small orbital
debris, based on U.S. Space Command observations. uglthbwas always known that only
a few tens of kilograms of small debris could producigrifscant debris hazard, there was no
hard evidence that any space operations were releasing resa dmall quantities. Recent
observations of small debris have lead to the disgowér numerous non-fragmentation
sources; in some cases, these sources have producedrd tmat exceeds the hazard from
satellite breakups. In the centimeter-size rangeetifiadings include aluminum oxide slag
from solid rocket motors, sodium potassium droplets fcomlant systems, and copper needles
from U.S. experiments. Smaller debris includes pairtkiefrom spacecraft surfaces and
aluminum oxide dust from solid rocket motors. Since thmlbver of known debris sources
seems to be proportional to the amount of effort eapdriooking for new sources, and since
observation programs to measure the small debris envirarim&a just begun, many more
sources are likely to be identified. These non-fragat@n sources could increase the need
for mitigation efforts and complicate cost/benefialyses of current efforts.

INTRODUCTION

Before 1980, all that was known about orbital debris wasdoas the tracking and
cataloguing of relatively large objects by what is nowvn@s the US Space Command.
Beginning in the 1970’s, researchers began to speculate abaxistence of an uncatalogued
population of smaller debris. By 1974, the most daring ptiedi placed the 1 mm orbital
debris population at only 2.5 times the catalogued popul&tiowell below today’s measured
population.

A lack of understanding of potential sources of orbité&rdecombined with a lack of
experimental data prevented early investigators from quardgityie population of smaller
orbital debris. Even worse, the potential for a sigarft uncatalogued population was over-
looked until the late 1970’s. This was true even thoughess200 kg of debris was required
to produce an orbital debris environment below 2000 km altitudevdmmany orders of
magnitude larger than the catalogued population, and représehtezard that was comparable
to the hazard from the natural meteoroid environmentTBé foundation for any real
understanding of orbital debris was so weak that, whenialum was found to be the most
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common element in the hypervelocity impact pits on a 1¥y8B experiment, the principle
investigators interpreted these results as reflectinghmistry of micrometeoroids /3/. When
these investigators later found titanium, they developbday that the sun was ejecting pure
titanium particles. Today, we would attribute the aluminmpacts to orbital debris

fragments, possibly resulting from explosions, andithaium impact to a paint fleck from
another spacecratt.

The first identified source of small orbital debris wheggdemed capable of producing large
guantities of smaller debris was satellite breakups. @dtiential source became a credible
source because sufficient data existed. The US Spanen@ad data could be combined with
ground breakup data to conclude that a significant uncatalogpedapion might exist from
past explosions in space; however, if such a populationatidiready exist, future collisions
would cause the population to develop /4,5/. Beginning in the £880’s, experiments were
planned and later conducted to test these conclusionde Wase experiments have proven
that satellite breakups are an important source, they dlao lead to the discovery of other,
and sometimes more important, sources. Some of sbesees have produced an orbital
debris hazard exceeding the hazard produced from exploaimhé&ave the potential to
complicate our understanding of the benefits of futuietsfto control the environment. In
addition, since we have just developed capabilities t@@dsmew sources of debris, there is
no assurance that we have discovered the most impsedartes of orbital debris.

This paper will review the calculations that determireegmount of mass required to produce
a significant orbital debris population, a summary efékisting data which identifies non-

fragmentation sources of debris, and a discussionwfthese sources may hide the need for
certain mitigation efforts.

MASS REQUIRED TO PRODUCE A “SIGNIFICANT” DEBRIS FRUJLATION

What constitutes a significant orbital debris populatiepends on the spacecraft that must
survive in the environment. However, at a minimum, wkienée hazard from the orbital
debris environment is found to exceed the hazard from toeahaneteoroid environment, any
spacecraft designer must re-consider his design and opaigirocedures to ensure that they
still meet their original goals. Therefore, for fh@poses of this discussion, “significant” is
defined as an orbital debris environment that exceeds thehmeteoroid environment, as
described by Grun, @l /6/ and shown in Figure 1.

Figure 1. Meteoroid Flux i
low Earth Orbit.

meteoroids @ 500 km
{Grin, et al., 1985)
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A non-fragmentation source will not scatter debrisraas large an altitude band as will an
explosion or collision breakup. If it is assumed theltris from a non-fragmentation source is
limited to a small altitude bandR, of 100 km, then the number of debris objects required to
equal the meteoroid flux, F, can be calculated from

N = 4iR°ARF/v (1)

where N is the number of orbital debris particles reglio produce a flux F at a distance R
from the center of the Earth. Velocity v is themge relative velocity that transforms spatial
density into flux and is about 7 km/sec. The total debass required to equal the meteoroid
flux is then the product of the number and the masad particle. The results of such a
calculation are shown in Table 1.

Table 1. The number of orbital debris objects confined00akm altitude band in LEO and
the total mass of these orbital debris objects (assumpimgyas with a mass density of 1 gm/cc)
that will produce a flux that is equal to the meteoroid {impacts per cross-sectional sq.
meter per year):

Diameter: lcm 1mm 100 1Qu 1

Meteoroid flux: 2x10 8x10° 8 500 5900
Number: 700 2x10 2x10 2x10* 2x10%

Total debris mass: 0.4 kg 1.2 kg 1.3 kg 0.08 kg 0.001 kg

Notice in Table 1 that only 700 objects 1 cm in diameteregeired to produce a flux equal to
the flux of 1 cm and larger meteoroids. If the massitdeatthe debris objects is 1 gm/cc,
then the total mass of these 700 objects is only abokO.4f the mass density were larger,
the total mass would be proportionally larger. The tédris mass peaks between 1 mm and
0.1 mm because the meteoroid mass distribution peaks betivesentwo sizes. However, for
any size, or any assumed mass density, one must cotlcatdesry little debris mass is
required by any source to produce an instantaneous sigmifidaital debris environment,
especially if the debris from that source is confined smnall altitude band.

If the source is at a lower altitude, or the debris gagiare very small, they will be removed
by atmospheric drag within a short period of time. Ia tlase, it is beneficial to look at the
production rate required to maintain a given flux. & slource of the orbital debris is assumed
to be in a circular orbit at some altitude above R, therproduction rate required to maintain
a flux F at R is given by /7/

dM/dt = 4R?*Fmwy/v (2)

where dM/dt is the rate that mass must be released I3ptinee to maintain a flux F of orbital
debris particles, each of mass m, at a distance R tlne center of the Earth. Velocity ig

the rate of change of the orbital semi-major axistduemospheric drag at R. To obtain
values for y, an average solar activity of 130-F10.7 units was used INASA-JSC decay
program. For any given diameter, the mass producties eat independent of the assumed
mass density. The results of these calculationstaen in Table 2.



Table 2. Production rate of orbital debris required to taaira flux at each altitude that is
equal to the meteoroid flux:

Diameter: lcm 1mm 100 1Qu iyl

300 km altitude: 37 kglyr 1200 kg/yr 13000 kg/yr 8300 kg/yr 940 kglyr
400 km altitude: 5.5 kglyr 180 kglyr 1900 kg/yr 1200 kg/yr 140 kg/yr
600 km altitude: 0.22 kglyr 7.3 kglyr 77 kglyr 50 kglyr 5.7 kglyr
800 km altitude: 0.020 kg/yr  0.66 kg/yr 7.0 kglyr 4.6 kglyr 0.52 kglyr
1000 km altitude: 0.006 kg/yr  0.20 kg/yr 2.2 kglyr 1.4 kglyr 0.16 kglyr

From Table 2, the largest production rates are for lalitudes and orbital debris sizes near
10Qu. For example, 13000 kg/year of 10particles must be produced from a circular orbit
above 300 km in order to maintain a flux at 300 km equdi¢dltx of 10Qu meteoroids.
These production rates would be reduced by as much a®adé8&0 if the orbits of the
released debris were elliptical, and their perigees egual to the altitude of interest. For
example, if the perigee of the debris were at 300 kmladpogee near 5000 km, then only
433 kglyear of 100 particles would maintain a flux equal to the meteoriud. f If the
perigee were about 100 km below the altitude of interes, tite production rate for an
elliptical orbit would be about the same as for thewtancorbit \7\. For debris smaller than
about 100, the source need not be in an elliptical orbit fordabris to be in an elliptical
orbit. Solar radiation pressure can increase theéadvdxcentricity of smaller debris causing
their perigee to drop to lower altitudes even thought dkeces of the debris may be at higher
altitudes in a circular orbit.

EXISTING DATA INDICATING NON-FRAGMENTATION SOURCES

Most of the data which points to non-fragmentation sesiresulted from either tests
associated with or the operation of the Goldstone antdck radars, each operated in a
special mode to sample the small orbital debris environméalditional data resulted from
hypervelocity impacts on spacecraft surfaces, such &pidee Shuttle and Long Duration
Exposure Facility (LDEF) satellite. Data from theseirrces has been used to conclude that
Radar Ocean Reconnaissance Satellites (RORSATSs)dwkad a sodium-potassium coolant,
that solid rocket motors eject not only aluminum oxide dustcentimeter-size slag, that
copper needles launched over 30 years ago are stibii) and that paint flakes off spacecraft
surfaces. Each of these sources will be discussed.

Sodium-Potassium (NaK) from Russian RORSATSs

One of the strongest characteristics of the altituskeiloution of approximately 1 cm orbital
debris as measured by the Haystack radar was the sharpgbealein 850 km and 1000 km, as
shown in Figure 2. This concentration of debris couldbeoexplained by an explosion, since an
explosion would spread the debris over a much largasdstband.

Other measurements have found the debris to be in al6dul@gree inclination and have
polarization characteristics of metal spheres. Intmag swarms of debris measured by the
Goldstone radar could be associated with COSMOS 1900,ea &titude RORSAT. The only



theory consistent with these observations was traer all of the 31 orbiting RORSATS were
leaking a portion of the estimated 9 kg of the liquid m&K that each contained for use as a
coolant for their nuclear reactors.
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Figure 2. Haystack Radar Vertic
Staring Count Rate. The count rates are
as of 1994, after 548 hours of data belgow
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compared with a 1990 model predictior
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cataloged objects.
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The theory was tested by looking for a predicted numbBiaéf hypervelocity impacts on
LDEF surfaces; approximately as predicted, two craters foeind to contain only NaK. In
addition, NASA funded MIT Lincoln Laboratory to detecgdk and characterize the observed
objects. MIT concluded that the objects were metadigshwith a mass density of
approximately the same as NaK (about 0.9 g/cc) and warlgin RORSAT orbits \10\.

The Goldstone radar has also looked at the altitudetdistm for debris sizes near 0.25 cm and
finds a similar peak between 850 km and 1000 km \11\. This datahpll®EF data, indicates
the following: (1) The number of NaK droplets increasgsdly with decreasing sizes, perhaps
to as small as 0.1 mm. (2) The measured flux of 1 cntlesris about 50 times the meteoroid
flux. (3) The extrapolated flux of 1 mm particles lmat 12 times the meteoroid flux.
Independent calculations have also concluded that thaldrattime for 1 cm NaK is close to
100 years.

Given the measured size and altitude distribution, abokg@® the 270 kg total RORSAT NaK
has been released into the 850 km to 1000 km altitude bancho¥s sn Table 2, only about
0.01 kg/year of NaK has to be released to match the 1 cnometdux at 900 km, or 0.5
kg/year to maintain a flux that is 50 times the meteoflax. The original NaK was probably
released when the core of the nuclear reactor was @jeé¥eéh over 200 kg of NaK still
available in the RORSATS, any future releases of thram@ng NaK could produce an even
higher environment, or maintain the current environmenin@ny hundreds of years. Future
releases could come from orbital debris penetratiotiseoéoolant loop, or corrosion of the
coolant loop.



Aluminum oxide (AbOs) from Solid Rocket Motors

Solid rocket motors use aluminum as part of their fiéle aluminum burns to form aluminum
oxide particles. For the rocket to maintain a high $peonpulse, these particles must be
ejected at high velocities that can be achieved onheipiarticles are very small, typically
between 0. and 10@x in diameter. About 30% \12\ of the exhaust products ofid scket
motor are aluminum oxide particles. When the largdist sacket upper stage, the IUS 1st
stage, is used in LEO, it ejects about 3000 kg of alumimxide dust. Nominally, most of the
dust from solid rocket motors fired in LEO is ejected atmajectory that causes it to
immediately reenter. However, solid rockets are atsad in GEO. A 2nd stage IUS ejects
about 900 kg of aluminum oxide. When one of these stadiesdsn GEO it results in a flux
of 1y aluminum oxide particles, extending from LEO to GEOt th@eeds the meteoroid flux
\13\. Solid rocket motors are used on a number of uppgesstand are also integrated into
some payloads for final orbit adjustments. Since 19&5ahnual number of solid rocket
firings in space has varied from 11 to 47, averaging aboulri2B8997, there were 24 firings,
ejecting about 16,000 kg of aluminum oxide. The rate ofggiappears to be decreasing;
however, the annual amount of mass ejected may beaswegeas a result of using larger
motors. Therefore, it is not surprising that very stmgbervelocity impact pits containing
aluminum oxide are commonly found on recovered spacecnddtcss.

For at least 20 years there has been increasing cohegisoine small fraction of the
aluminum oxide could be ejected as much larger particles Si8te a small fraction of larger
particles would likely not affect engine performancergéhgas not much motivation for rocket
designers to be concerned. As can be seen from Pabiteven a fraction of a percent of the
ejected aluminum oxide were a few millimeters or lartexy would eventually produce a
significant flux in that size range.

Two data sets increased the need to search for evideatdarger aluminum oxide particles
were produced by solid rocket motors: (1) The Haystack radasured a higher count rate at
lower altitudes when pointed south over 25 to 30 degreésdatihan when pointed vertically
/8/. This can be seen when Figure 3 is compared to Figuvodel predictions were that the
count rate of the south-pointing data should be lower tihea vertical staring data. This could
be explained only by a larger-than-modeled population withniations near 28 degrees /14/.
(2) Close examination of high-speed video taken during aRS@3\test firing identified what
appeared to be the ejection of more than a hundredleanwith diameters larger than 1 cm.
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An inclination near 28 degrees is common for most oft8esolid rocket firings. Under the
assumption that each solid rocket motor firing during the 198@duced 400 objects larger
than 1 cm, it was shown that the flux of these pladiat Space Station altitude was about 10%
of the flux of debris from other sources, and could gdmlImuch higher \15\.

After seeing unexplained variations in Shuttle solid rocketor performance, and detecting
on film large particles being ejected at the end of thein, a 1994 JANNAF workshop /16/
concluded that all solid rocket motors generate “slaggtdiduid mixture of aluminum oxide
and unburned aluminum. How much of this slag comes dteafocket depends on the rocket
design and operation. Pools of slag form near the rodzle, the amount depending on the
motor design. Eventually, the pool spills over, releggarger drops of slag that then solidify
into large particles. Other slag may boil off aftegi@e shut-down. If the stage is spinning,
slag may be more difficult to eject. A STAR 48 motor, ethieleases about 680 kg of
aluminum oxide dust, is believed to produce about 4 kg of slaaphaurt 0.6% of its aluminum
oxide, in the form of slag, that could come out as |lgayécles \17,18\.

Data has existed for some time which illustrates thidd socket motors generate large
particles; however, either the data was not analy@edas not known to be of interest to the
orbital debris community. Film records of past Shutled rocket motor boosters showing
ejection of large particles were not fully analyzedlustently. Likewise, it was only after
reading the National Research Council Report on Orbighkis /19/ and realizing that their
data would be of interest to the orbital debris commuttigt MIT presented data to NASA
from their earlier Haystack radar observations ofowggisolid rocket launches from Wallops

Island. These observations detected a relatively lamgaer of large particles being ejected
after burnout /18/, as shown in Figure 4.
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All existing data points to solid rocket motors as a $igamt source of orbital debris.
However, an accurate model describing the number, sideyedocity of large particles is still
lacking, and there is a need for ground tests and on-orb#&urements to improve these
models.

Copper Needles from USAF Communication Tests

Between October 1961 and May 1963, the US Air Force attenptglace a total of 750

million copper needles into Earth orbit at an altitbdeveen 3500 km and 3800 km. Each
needle was about 1.8 cm long. As part of a communica@gperiment, the length of the
needles was chosen to resonate at the same wavedsniiin Goldstone radar. The thickness
of the needles and the inclination of the orbit wér@sen so that solar radiation pressure
would cause the eccentricity of the orbit to systeraliyiencrease, leading to the reentry of the
needles within 5 years. However, the needles stuckhteigethanging their response to solar
radiation pressure. Despite these problems, the AgeFadeclared the communications
experiment a success and that all of the needleseredrity 1966 /20/.

The Goldstone radar is currently being used to samplenthdl orbital debris population in

LEO. Beginning in October 1994 the radar expanded its seanemedb an altitude of 3200

km. The measured flux from 38.4 hours of observatiohasva in Figure 5. The increasing

flux above 2800 km altitude was not expected. This flux @lzserved as swarms of objects
with an effective diameter larger than one millimet€éhese swarms were observed only in
October and November of 1994 and in November and Decemth8B6f To account for the
detection rate, about 40,000 objects had to be in thisddtiband during these periods of time.
From the precession rate of the swarms, their iatibn was found to be near 96 degrees. Only
one spacecraft was found to have been launched to tiuel@ltind inclination indicated by the
measurements: Midas 4, the first West Ford needfelalll/.

Figure 5. AverageFlux
Measured by the Goldstone
Radar between October 1994
and March 1996. Below 280
km and above 3000 km, the
collections area of the radar
becomes uncertain.
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The only consistent explanation of these Goldstoeasorements is that large clusters of
needles are still releasing individual needles or emalusters of needles. Solar radiation
pressure increases the eccentricity of the individuadlies or small clusters so that they can be
detected near their perigee by the Goldstone radaewArfonths later, solar radiation pressure
circularizes the orbits, so they can no longer be dsddatlow 3200 km. The number of
needles or smaller clusters that spend most oftihearabove 3200 km is not known.

Paint Flecks from Painted Spacecraft Surfaces

The first hint that paint may be a major source oftatloiebris came from an STS-7 window
pit analysis /21/. This mission experienced the lariggservelocity window pit of any

mission up until that time, so an analysis was perfdrtaedetermine the source of the impact.
It was concluded that the window was hit by a 0.2 mm whit&t flack at a velocity between

3 and 6 km/sec. Since then, paint has been a commasesafumpact craters on returned
spacecraft surfaces. For example, paint dominatedtiferned orbital debris impacts on the

forward facing surfaces of the Chemistry of Meteoroids Erpnt on LDEF /22/, as shown in
Figure 6.
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The fact the paint would be a major debris source niighe been predictable. In orbit,
atomic oxygen attacks the binder in paints, causing the foailatke off from painted surfaces.
Space Shuttle missions see this effect when freshlygohivénd rails return from orbit less
shiny and pitted. Painted surfaces on the LDEF spdtegBadegrees off the RAM direction,
lost between 10 and 70 fwf paint per year, depending on the type of paint. LDEReubi
for six years between 500 km and 330 km altitude. Atoxygen decreases with increasing
altitude, so the rate of paint release will decreasle wereasing altitude. In addition, the loss
rate is not linear with time; based on shorter dunaBbuttle missions, corrected to the same
altitude as LDEF, loss rates were about a factor dfig@er for the first 2 weeks /23/.

Paint could come off spacecratft for other reasons, &mll meteoroid and orbital debris
impacts, thermal cycling or UV radiation. There arewt 3000 payloads and rocket bodies in



10

Earth orbit, many of them with painted surfaces. A dedastudy to determine the amount of
paint expected at various altitudes has not been conducteldasiany spacecraft exposed to
altitudes higher than the Space Shuttle orbits (i.e., appabely 600 km) been examined. As
a result, the distribution of orbital paint flecks rensaunknown.

DISCUSSION

An important consideration in controlling long-term delgrowth is an understanding of the
non-linear growth in debris caused by collisions. The cagrowth in the debris population
due to collisions varies as the square of the number e€tshin orbit and is currently small.
However this growth rate is uncertain due to uncertanti breakup models. Therefore, there
may be a temptation to estimate the future growthl afeddris by measuring the growth of the
smaller debris population. If the sources of smallerigee from unknown sources that are
either linear or show no growth, then we may not detdesser population that is growing
non-linearly until the growth rate is too high to be reee.

Although a number of non-fragmentation sources have loemtified, they were identified

only because they stood out as a result of new measueaneh) in some cases, only after
much analysis to understand and test theories aboutehsurements. Even so, we do not
completely understand the non-fragmentation sour@shtve been identified. For example,
will RORSATSs continue to release NaK? Are there opacecraft using cooling systems that
may leak? Measurements have not been made of smmaliecentimeter debris in low
inclinations orbits and high altitude orbits, such as semitapnous and geosynchronous
orbit, regions where solid rocket motors are most popMénat have solid rocket motors done
to these regions? Could there be other sources inithgieas?

Because of the intense analysis required to identifyigleburces, it is likely that there are
undiscovered sources of debris in existing data. For@eanmiDEF’s IDE experiment

detected a large number of debris swarms, indicatingga lumber of continuous sources of
small debris; however only a few of theses swarms h&en analyzed to determine a source
124, 25/. Within the Haystack data, only the most obvidffisrdnces with model predictions
have been looked at in detail. Because the numbebokd®urces that have been identified
seems to be proportional to the amount of time amdtefkpended looking for new sources, it
is likely that new sources will be identified as newalgses and measurements are made. With
this much uncertainty in the sources of debris, it mighimpossible to identify a lesser
population that is non-linear and growing faster tharctineent, more numerous populations.

CONCLUSIONS

All sources of orbital debris were first identifiedasesult of direct measurements of the
environment. Early measurements of larger objects fihgxplosions and the possibility of
collisions as a source of small debris. Later measemés of small debris identified non-
fragmentation sources of debris that have, in somescgproduced a more hazardous
environment than satellite breakups. In the short-team;fragmentation sources of debris
may be more important than satellite breakups. Thefnagmentation sources identified so
far are still not fully understood, and have the potetdidde more important than our current
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interpretation predicts. In addition, it is likelyatihother non-fragmentation sources exist.
Until the short-term sources of debris are understith@y, may hide longer-term sources of
debris that may be irreversible.

REFERENCES

1. Brooks, D.R., G.G. Gibson and T.D. Bess, PredictingPtimdability that Earth-orbiting
Spacecraft Will Collide with Man-made Objects in Sp&pace Safety and Rescue,
Tarzana, CA, American Astronautical Society, pp 79-139, 1975.

2. Interagency Group (Space), Report on Orbital Debris for National Security Council,
Washington, D.C., p3, February, 1989.

3. Hallgren, D.S. and C.L. Hemenway, Analysis of Impacitérs from the S-149 Skylab
Experiment ) nterplanetary Dust and Zodiacal Light, Lecture Notes Physics, Berlin,
Heidelberg, New York, Springer-Verlag, Vol. 48, pp. 270-274, 1976.

4. Kessler, D.J. and B.G. Cour-Palais, Collision FrequeriArtificial Satellites: The
Creation of a Debris Belfournal Of Geophysical Research, Vol 83, No. A6, pp 2637-
2646, June 1, 1978.

5. Kessler, D.J., Sources of Orbital Debris and the BregeEnvironment for Future
SpacecraftJournal of Spacecraft and Rockets, Vol 18, No. 4, pp 357-360, July- August,
1981.

6. Grun, E, H.A. Zook, H.Fectig, and R.H. Giese, CollisioBalance of the Meteoritic
Complex,lcarus, Vol. 62, pp 244-273, 1985.

7. Kessler, D. J., Collision Probability at Low Altitugl&esulting from Elliptical Orbits,
Adv. In Space Res. Vol. 10, No. 3-4, pp (3)393-(3)396, 1990.

8. Stansbery, E.G., D.J. Kessler, T.E. Tracy, M. Matmed J.F. Stanley, Haystack Radar
Measurements of the Orbital Debris Environm&#SA JSC-26655, May 20, 1994.

9. Space Station Program Natural Environment Definition fesign,NASA SSP 30425,
Revison A., June, 1991.

10.Kessler, D.J., M.J. Matney, R. C. Reynolds, R.PnBard, E.G. Stansbery, N.L. Johnson,
A.E. Potter, and P.D. Anz-Meador, A Search for a Bresly Unknown Source of Orbital
Debris: the Possibility of a Coolant Leak in Radar @d@aconnaissance Satellites48
International Astronautical Congress, paper |AA-97-1AA.6.3.03, October, 1997.

11.Goldstein, R.M., S.J. Goldstein, Jr., and D.J. Kes8adar Observations of Space Debris,
Planetary and Space Science, in press.

12.Burris, R.A. , Orbiter Surfaces Damage to SRM PlumeitigementMDTSCO Design
Note No. 1.4-3-016. 18 Dec. 1978.

13.Mueller, A. C. and D.J. Kessler, The Effects of Raltttes from Solid Rocket Motors
Fired inSpace, Adv. In Space Res., Vol.5, No. 2, pp 77-86, 1985.

14.Stansbery, E.G., D. J. Kessler and M.J. Matney, RdResults of Orbital Debris From the
Haystack Radar Measurements, pafi&A 95-0664, 33rd Aerospace Science Meeting
and Exhibit, January 9-12, 1995.

15.Ojakangas, G.W., B.J. Anderson, and P.D. Anz-Meaddig-Bocket-Motor Contribution
to Large-Particle Orbital Debris Populatidurnal Of Spacecraft and Rockets, Vol. 33,
No. 4, pp 513-518, July-August, 1996.

16. Salita, M., Workshop Report: Modeling of Slag Generato8olid Rocket Motors,
Presented to the JANNAF Combustion Meeting, Sunnyvale, CA, October 1994.



12

17.Reynolds, R., N. Johnson, and A. Potter, Orbital Ddlwis Solid Rocket Motor Slag,
paper |AF-96-V.6.04, 47" International Astronautical Congress, October 7-11, 1996.

18.Jackson, A., P. Eichler and R. Reynolds, The HistoGaadtribution of Solid Rocket
Motors to the One Centimeter Debris Populate®)\ SP-393, Proceedings of the Second
European Conference on Space Debris, 17-19 March, 1997, pp 279-284.

19. Committee on Space Debr@rbital Debris: A Technical Assessment, National Academy
Press, 1995.

20. Shapiro, I.1., Last of the West Ford Dipol&sience, Vol. 154, no. 3755, pp 1445-1448,
Dec. 16, 1966.

21.Kessler, D.J., Earth Orbital PollutioBeyond Spaceship Earth, Eugene C. Hargrove editor,
Sierra Club Books, pp 47-65, 1985.

22.Horz, F., T.H. See, R.P. Bernhard and D.E. Brownle¢yddband Orbital Debris Particles
on LDEF’s Trailing and Forward —Facing Surfadd8SA Conference Publication 3275,
Part 1, LDEF-69 Months in Space: Third Post-Retrieval Symposium, pp 415-429,
November 8-12, 1993.

23.Whitaker, A.F., R.R. Kamenetzky, M.M. Finckenor and N&rwood, Atomic Oxygen
Effects on LDEF Experiment AO17MNASA Conference Publication 3194, Part 3, LDEF-
69 Months in Space: Second Post-Retrieval Symposium, pp 1125-1135, June 1-5, 1992.

24.0Oliver, J.P., S.F. Singer, J.L. Weinberg, C.G. Simonl.\@Wooke, P.C. Kassel, W.H.
Kinard, J.D. Mulholland and J.J. Wortman, LDEF InterplaneDust Experiment (IDE)
Results NASA Conference Publication 3275, Part 1, LDEF-69 Monthsin Space: Third
Post-Retrieval Symposium, pp 353-360, November 8-12, 1993.

25.Cooke, W.J., J.P. Oliver and C.G. Simon, The Orbitar&tftaristics of Debris Particle
Rings as Derived from IDE Observations of Multipleb® Intersections with LDERNASA
Conference Publication 3275, Part 1, LDEF-69 Months in Space: Third Post-Retrieval
Symposium, pp 361-371, November 8-12, 1993.



