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INrRoDUcrro\

Since Ihe beginning of th6 spa@ age. rhousands ofsareuites
hav€ ben placed in ea h orbir by various nalions. These
satellites may be group€d iDro rhrec careSorios: palloads,
rockel motors, and debris asocialed sirh lhe launch or
b.eakup of a pa icular payload or .ocker mosl satellil€s lall
into rhe lasl calegory. Bsause man' ol rhese sareltires are in
orbits which cross on€ anolher, the.e is a finire probabiliry of
collisions between them. Sarellile collisions will produce a
number of ftagments. som€ ofwhich may b€ capable oi frag-
menting anolher salellite lpon collision, c.eating even more
liagmenls. Tbe result woDld b€ an e,(ponentialincrease in the
number of obj€cls with rime. crearing a beti ofdebrjs a.ound

This proce$ of mutual collisions 's thou8hr io have beet
responsible for croating mosr of rhe asreroids fiom larg€r
planedike bodies. The timescale in which rhis proces h rakinS
place in the asleroid beh is of rhe order ot billions ofyears. A
much shorler time scale in eanh orbir is suSgcsted by the much
smaller lolum€ of space occupied by eanh-orbitinS satellires
compared to th€ volume ot space o@upied by lbe asleroids.

Conceivably, a significanl numbq of srnall salellite frag-
ments alread) exisl in earth o.bil. Fragmenis which are und€-
leled by rada. are likely ro have b@n p.oduced from .killer

satellile tests and the accidenral erplosions of rocker mo1o6.
Akhoueh some work has alr€ady been ompleled to estimare
the nu.nb€r of th€se f.a8menls, further investigations in this
area are srill reqLrired.

This paper will determin. possible rimescales fo.lhegrowth
ol a 'debris belt' ftom collision Lagm€nts and will prodict
som€ of the posibl€ consequen@s ofconlinued unresrrarneo
l.unch aclivilies. This will b€ accomplished by applyin! tech-
niques forrnerly developed tor srudling rhe elolution ol the
lsteroid bell. A model d€scribing the nux from rne Kno*n
eanh-orbitinS satellires sill firsr b€ devclop€d_ The fesutls
f.om rhis modelwiU rhen becxrrapotared in rime ro predicr lhe
collision hequency bel{een salellires. The hype.velociry im,
plct phenomena *ill then be eramined ro predict the debris
flux.esulling from collisions. Orher sourc€s and sinks for
deb.is will be discussed. and the efecrs ol atmospheric dfag
sill be p.edict€d. These resuhs *.ill b€ applied to design re,
quirements for three typ.s of space missions in the future. The
porential, or upper limit. debris fux will then be discussed.
Although funhef studies are recommended, the conclusion is
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reached bl lhis slud) thal ovef the next fes decades a sig.i6,
cant amounl oldebris could be Senerar.d by ollisions. affecr-
in8 forure spac@raft designs.

S^rEr r rrE ErvrRoNNrrNr MoDEL

A modelde$ribine lbe environment r€suhing from o.biling
satellirs was consrrucred by fiNr calculating rhe sparialdensiry
(avercg€ number of salellites per unit volum.) as a luncrion of
dislan@ from th€ earth and geocentric latitude. Flux (rumber
ol 'mpacts pe. unit area per unir !ime) was th.n relared lo
spalial density through lhe r€lative impact velociri6. This
technique*'as also used 1o modelthecollision hequency in the
asteroid belt l(e$/er, l97ll

Orbilal perturbations can be expected to caus the orbilal
argument ol perihelion and righr ascension ofascending node
lo change lairly rapidly. causing theso two disr.ibulions ro be
n€ady random. This randomness was observed ltrcotr er 4/.,
19751and led to a uniform dislribution in the sparial densilt as
a funclion of eeocentric loneilud€. The modcl was thus re-
duced to determining the spalial density,S as a tuncrion of
distance trom the surlace oflhe ea.th R and geocenrric latitude
B. To conslrucl the rnodel. volum€ elemenls se.e defined as
lR = 50 km and lp = l'. The spalial densly in each of these
volume el€m€nls qas found by calculating th€ p.obabilily ol
frrdin8 each satellite ir a panicula. votume elemert and then
summing lhese probabiliries. Spatial densily is lhen ftis sum
divid€d by the volume of the volume element.

The April30. 1976. Salellite Siluation R6po.t l,V,r.S,{. 19761
conmins a total of 3 E66 sareuites, indicaring thar as ofrhis date
a lotalofl866 rere bein8 lfacked. most by radar in lo* €nb
orbil. The Satellite Situation Repo.r is compiled trom dala
provided by th€ Space Defense Cent€r (SDC) ard r€pr€senls
the mosr complete dala available. Even so, it *as tound to be
significantly incomplete by a lest p.rform€d in 1976lHendrcn
and Attde.son, 19761. especially a1 ahitudes below 5m km. In
addilion, the drop in .adar sensitivity for objecrs snallcr ihan
to cn l8rcoks et al.. 19751 and for obj€cts al higher ahirudes
produca another bias in these data. Such deficiencic @used
th€ calcolated spatialdensilies 1o be 1oo lo*; lh€ implications
of this 6u1t will be discussed in later secrions- Since only a
s lar is l ica l  so lu l ion $! .  requrred.  \ur f ic ient  accuracy was main-
lained by p.rfo.ming all calculations with a random sample
consisting of 125 of the 1866 salellites.

The rdultinS spaiial donsides are Siven in Figurcs I and 2.
Figure I shows the spalial density as a funcrion ot disrance
from fie €arth (ave.aged over lalilude), while FiSure 2 shows
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Fis. L Cudent disrribution ofelcln6 in.arlh orbi as observed
b! .!dar. A lotal of 1866 sar€llir6 are in lhc April 1976 cauloE and

the sparial density as a furclior of latitude for a few selecled
distances. Of panicular nore is rhar mosl olthe salelures w€r€
found wilhin aboul 20OO km of th€ €arth, the peak densily
b.ing found al aboul9m km. Significanl p€aks were found at
1500 and 1700 km. ln lalitudc. significant p.aks wer€ loLind
bete€en l0' and l5' and at >60'. For mosl ladtudes lhe
spatial density was iound lo be well *ilhin a factor of2 ol the
average forlhat distance. allhough speific pcaks were a lirclor
of I or 4 from the average.

As a note of interesl at $is poirt, th€ impacr rare on a
pardcular spacecraft. dlldt, can bequickly app.oximated from
Figur€ I bt using the equation

dt/tu = Sr.A. (l)

*her€ Z is an averase relarive v.lociry,,{" is lhe cross-sec-
doned area oi the spacecraft. and / is rhe tolal number of
rmpacrs q i rh rhe spacecralL. r  I 'me r .  As s ' l l  be rhoq n ldrr r .  4
= 7 km/s. Th€.efore for a spae station ol50-m fadius, at 50G
lm al t i lude(S:2.8 x l0  ' /km'and,{" :  7-9 X l0 i  kmr)  lho
i m p a c t  r d r e  r s  I  5  1 0 ' " ' r . o r 4 . 9 ^ l 0 ' / ) r . T h i \ l o m p a r e .
10 aboul3 x l0 ' /y . tomdby McCa er l l972lus ing a l97l
Satellite Situation Report containing l805objects. This impact
rale is only slightlr dependent on the space stalion orbital
inclination: lor inclinalionslesslhan 90'th€ rat€ vari€s by les

The collision rate between all satellites, dcldr. is given by

I  t  - _
d(  dt  ^ l  S 'v"A."du t2 l

$here C,(  rhe number ofcol l is ions b€lveen sale l l i res, , { .  i r  an
ave.age collision cross-setional ars ol th€ satellitos, and dU
is :|n elemenl of volume. Thus both an average velocity and a
collision cross-seclional a.ea are requned. These dislribulions
and thei. resulling averagd sill bc di$usscd nov.

VELoc|TY DrsrRruurroN

The velocity distriburion in Each volume el€ment sas calcu-
lated by computin8 the rclativ. v.locity betwe.n each ol the
satellites in rhe randon sampleandthen seighting the number
havinS this velocity by the probability of findin8 lhe two
salellit€s in the volume element. Two averagc velocities were
found f rom ther  d i \ l r ibu l ions:  rhc ryerage rc lar i 'e  re loc i rJ  4
and rhe ave.aSe collision veloctt) %. To illusl.ale the difets

€nce between lhes avorages. asslme that there a.. th.e ob-
jects in a unit volurne having velocitiB ol l. 2. and I km/s
relativ€ to onc anothor. The avemge relalive vclocity sould be
2lm. i  However.  rnce lhe probabi l i r )  o fcol l 's 'on is  propo.
donal to lh. relative velocity, for every collision at I km/s
there *ill be two mllhions at 2 km/s and thre. @llisions at l
km/s. Th. av.rage collision velocity is rhus 2.ll km/s. The
ay.rage relative velocity can be shovn to be lhe p.op€r average
to translorm spatial d€nsily to flux and collision frequency.
while the ave.agc collision !elocity desc.ibq the average veloc-
ily at which objecb sould be observed to collide

The results ot th6e calculalions for allitudsl6s than 2000
km wer. rhat 7" ' 7 km/s and % = l0 km/s: rhese averaces
w€re found ro be nearly independenl of fte volum€ el€m€nt.
Al latilud€s wh€re the spalial density 'as large thesc rveraEe
v€lociries were sometimes slishdy smaller (by I or 2 km/s)i
ho*ever. rhis eflect qas small. so that Z, and /. could be
considercd constant over all space bclo* 20m kn.

SIzE DlsrRlBurlo\

The si2e disrributiofl of satelliles was obtained trom the
radar cross section measurements. Th. data in Figure I qere

obrdined dur ing a l2 .hour  Lesr  u i  lhe per imerer  acquis i r ion
radar (PAR) on July  l ! ,  1976lHenlrcn ond Ade.so, .1976).
The purpo$ ofthis test was to determine PAR\ €pability 1o
dercd and track objecls that *ere .ol in th€ Space D€fense
Cenler satalog. The rcsulls of the test concluded thal lhe SDC
catalog was l8% dencienr, and lhe irnplicalions of these resuhs
will bc discus*d later. Hosever. rhe PAR data havc other
appl ic : | t ions,s incelheyrepresenla 'poin l - in- t imCsampl ingof
rhe sare l l re dara and "ere earhered b)  .  s inple ins l rument .
Thus th* data were used lo analyze the satellite size dislribu'

In an individual case the Dhysical cross section ,,1. of an
obj€cl lnay bc o.d.rs of magnitudo diferenl lron ns radar
cros scrio. d [R(k et aa , 1970]. Ho*€v€., lhc difcrencc may
b€ small (l6s than a tuclor of 2) rh€n an av€raee physical
floss seclion is compar€d to an averaSe mdar cross stion

Fig. 2. Lcrnude lariation in spatial dcnsnt ar slarcd altiluds.
Ar dosl ladrudG fic spatiul density is eilhi. a fador ot 2 ot rhc
areraS. ar thal distance.

'0.:

' 'oj



XFssLER ^ND Co!i-P^LArs:AirrFrcr^L S^rrLUrE DEBhs BFr.r 2639

resulling from the observalion of many objecls. Bul wher the
linea. dimonsions olan objed b€come small @mpa.ed 10 rhe
wavelenCth, Rayleigh scaxering caus6 the rrda. cross secrion
to bc much small€r than lbe physic{l ooss s(rion. Thk d.op
an radar sensitivity ras ar leasr panially rBponsible for the
d.op in.umbef ior sizes smaller lhan 0.03 m'shown in Figure
l. Hence the asumption was made rhar lor r > 0.02 m:,,.1. =
r. For r < 0.02 m". A" = ko, where k approaches 6 al lbe
snalle. lalues of d in Figure L This correcrion for RayleiSh
scatte.ing produced orly minorchangdin the overall coll;ion

Also plotred in Figure I is rhe distriburion of roral area ol
sat.lliles. Tbis distribulion is ofinlerest sinc€collision proba-
bilities are related to area. The disrriburion suggests rhat nosr
collisions willinvolve objcts bel*een thesizcs ol l- to lo0,m:
c.oss section. The averagecross serion,4-. : 1.5 m, was found
by dividing the integraloflh€ area curve by the integralofthe

Houerrr. rhe alerage collision cros serion ,t, mulr in-
cludc the fini!e size ofborh objecrs. Collision c.oss secrion is
r€laled to the physical qos sedion of two objecrs by

A," = 1A.,"' + ,l,t""r (3)
where ,{", and ,4"/ arc rhe physical c.oss sections of objecrs ,
andl respectively. The cotlision cross section was calculaled
t'€tseen each of lhe sizes in Figure l, weighred according ro
(he probabilily ofihose sizes collidinS, a.d rhen averagod. The
rcsulls were tha! .,r- = 4 m, and will be assumed ro b€
independenr of the lolumc elcmenr.

When rhe data in Figu.e I were @mpa.ed with the SDC
caulog dala, the PAR radar qos secrions were found to be
about 50% less. on the averaSe, rhan those of the SDC. This
indicates an addilional calibration unc€.ldnly betwoen !h€
two radar syslems. when combined with rh. uncenainll b€-
rsen radar  snd ph)s ica l  cro$ kcr ion\ .  rhe value or , t - . .  ma)
.ange from about 2 m' to 12 tn1.

Thus (2) was integrat.d over the spa@ b€rsecn lsGkm and
4000-krn altirudc by using 4 = ? km,/s and,4.. = 4 ml ro giv€
a collision rale oi0.0ll collisions/y., bu( rhis rar€could ranse

Fig. 4. Total collisions by lhe gilen dat. !nd< various gro*lh
assumprions Thc fi6l collision h €xpecl€d bcl*en 1989 and 1997.

f tom 0 m? lo 0.0J9 col l ' ion\  yr .  owinB lo rhe uncer larnr)  rn
lhe relationship belqeen the real and radar cros s€ctions.
Th€s @llision ral€s could bo significantly hi8he. it a large
number ol unobs.vcd salellites exist.

Exrn^poLAfloN INTo rHE FuruRE

Betwer I966 and 1974 the .et number oftrackablc objecls
in space incr.as.d at the rate orabour 320 objets/y. lrrootr
et al-, 1975). Frcm l9?5 1o rhe presenr rhar .at. inc.eased to
sl0/yr IN ASA, 1914. 197 5, I9761. The period trom l966ro rhe
pre$nl @uld b€ summarized by an incr@sc of l3%/y..

It ir is assumed tha! rhe same pattern of debr; buildup
conrinues, then the nudber of collisiors C by lime r is fou.d
b) integ.ating (2) over rine. wh€rc 1be spariald€nsiry is rhen u
funclion ol lime and proportional b lhe numbe. ofobjecrs in

Fi8lrc 4 shows the .esults of such an inrcSration, uring the
lhree dife.ent buildup rales. Note ftat under rhe more @n-
snarivc assumption (120 objocts/yr) thefst ollision wo!ld
b€ expect€d around 1997. Howev.., at agrowth rate of ll%/yr
this collision would occu. aroun d I 989. I I lhe averag. collision
oos secrion is overeslinated by a factorof2. the fi6t collision
could be $ lat. as th€ yeaf 2005. *hil€ an und.rcstinaion by
a factor ofl r6uhs in a 6rst collision between l98J and 1990
under any of rhe growth asumprions. The pr6Ence ot unob-
$rved satelliles *ould move thes€ dat6 €v€n clos€r 1{) the
presenl- Thus unless signincant chanS€s arc made in thc
m.lhod of placing objects inro space, hagb€.ts trom inleF
collisions will probably become a sourc€ ot addirional space
debris by lh€ y€ar 2000, perhaps much carlier. ThesiSnifiance
of lhis ncw source is seen by takirg a closer look al rhe
hyp.rvelocity impacl ph€nomenon.

HYPErvELocrrY IttP^crs

Th€ avrage impacl velocily oi I0 krnls ensurB that almon
allof lbe eanh-orbi(ing objects willexhibit hyp.rvclocity im-
pact charactcristics whcn they collide. Borh objecr5 will be
subjet.d to v€ry high inslanranoous prsu.6 (>lO'. dynl
cm:), thc strong shock waves causinS meltanS and possiblc
vaporiztion in th€ immediale reSion of$e inpact. A crater,
or hole, will be form€d, the mollen €jected mass coalescing
inlo more or less spherical panicl6. ln addilion, the shock
wav6, panicle fmgm€nts hilling orh€r surfaes, and vapor
pressure may aus.fraSmcntation outsidc the cmtcr€d reSion.

: , m
*

P " !
: l r f l

5 r @

- q

E i  ' m

= , 0 0

Fis. L Size disfibulion ol @nh,orbninS salcllil.s observed by
rada.. Th. Iarsesl number oasat.llir.s havc a radar cross s@rion of
abour 0.04 m', while the lare*l aH s.rriburion is arouno a raoar
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posiblt resulring in the cataslrophic disruprion of both ob,
jers- This proce$ has beer nudied lorsomerime, mostt) from
the slandpoinl of protecdon ot spacecratl fiom ncrcoro,os,
crater formation on the moon, and traSmentation ofrocks on
lhe lunar surtuc€ or in rhe aneroid bek. Beause of t he plrallel
bet$een lhe polenlial tormation ot an earth-orbiline debds
b€Il and the hlporhelical formarion ol rhe asreroid b€h, and
b.cau\c ot  rhe d\dr l rbrht r  o l  dala concernrnB ,mp"cr .  inro
solid. homoseneous o bjecrs. thesedara willbe discused lirsl.

lMpacrs I\.'ro SoLrD SrrLcruREs A\..D BasALr

Hypervelocitt impacts inlo solid srructures can be divided
into lwo groups: calaslrophic and noncatastrophic. A non-
cataslrophic collision resulls f.om the collision of two mases
n/, xnd M,, where rlr is much smalle.rhan,V, by an amounl

M , >  f , M t  ( 1 )

where I' is a function ofrhe inpacl velociry and the struclure
and mate. ia ls  o l  Mt  and M,. In noncarasfophic col l is ions,
only,|.�, is destroyed. and a crater is produ@d ir M:. ejectine a
total mass of M€. *hich may b. exprdsed as

M , : t M t  ( 5 )

where I is aho a funclion of the impacr velocity and rbe
structure and haleriah of /r, and ,ry:.

IIM, h lafger than the amounl given in (4). rhen nor onll is
r crakr pioduced in M?. bur the enti.e srruclure of M, begins
to r ragmefr .  Thb proces  ̂  rc terrcd lo . ,  a  cau,Lrophrc
col l is ion lhe\e addi t ional  hagmenls dre usu. t t )  tarSer rhdn
the fragmenls from thec.ater and are ej€cred al a much sloler
velocily. The mass ejected from a carasr.ophic collhion is

M . =  M , +  M ,  ( 6 )

The ejected nrass has also been sho*.r to be proportional lo
the impacl kinelic energy IMoo.e etal.,1965. Doklanli, t91tl.
Thus the values ior I and I'will vary as 14. At l0 km/s the
values of I and t' fo. basalt are 500 and 25.000. .espectively
IDohnanri, t9111. Thar is, for basah. if i4 is Brcater than
25,000limes n ,, then th€ ejecled mas .esulling from a coll!
sion bel*een n4j and rttr at l0 km/s is 500 tines M,. If M, is
less than 25.000 tirnes nt,, lhen rhe collision is catasrrophic.
These results are summarized in Table l. along wirh the.esutts
for glass and ll00-0 aluminun (low st.en8th. high duclility).
Thc glass and alumirum tests pere p.rformed bl !h€ Ames
Research Cehlef and the c.neral Moro6 D€fense Research
Labo.alories ior the Johnson Spac€ Cenre..

The number of small fraSmenrs ol mass M and larger
ejccted liom a noncaksrrophic collision can be exp.essed as

she.e /( and r are constants. From lesls p€rto.med on basall,
( : 04. and r = -.-0.8lcault et a1., 1963: Dohnuli. 19111.
I.rom these rcsults and a$ociated modelinS l(.$1?/, l9?ll il
sas concluded rhat the asreroid belr musr includc parricles as
smallas dust g.ains. Olcou6e, the objects in the steroid bell
are solid chunks of rnlte.ial. unlike the anlhropoSenic satel-

lvp^crs I\ro SpAcEcRArr SrRUcrrREs

The objects expected 1o collide in eanh orbi( consis( of
pr6dominrnrlv scienlific and rnilitart satelliles. rocket moto6.
and fragrnents ol the same caused b) malfunclions or delibe.
ate dgtruclion. The propoftion oi solid chunks of material
till be very small. and the majoril| of collisions will be be-
l*en open and closed struclures 6ll€d wilh equipmenL Thus
the Upicalobjer  { i l lbe a no.homoseneous mass$irh d iscon-
tiruitiesand manl voids. Theonlr reporl.d hypervelocity lesls
*here traSment dislribuliors *efsoblained tor 'rlpical' space
struclures. with inlernal compon€nls. re.e pe.tormed by
Langle) Resqrch Cenler IA?Jj, 19751. The lens sho*ed thal
for these parlicular configurations the same Seneral ejected
nass and traSmenr size disldburion laws established tor rhe
solid objects ako apply 10 spacecr|ft slrlctur€s.

when rhese .esulls rere scal€d to l0 km/s, a value ol t =
I l5 was oblained for space$af1 sl.uctures. Thar is. in a non-
calaslrophic collision betw€en a spaceffafr struclure and
smaller object at l0 km/s th€ ejecled mass would be l15 rimes
the mass of lhe smaller object. Nole from Table I rhat this
valu€ isnol  loodi t re.ent  f rom !hat forsol id  l lm-0aluminum.
No res$ have ben performed 1o r) 10 duplicale a cala-
strophic collision involvin! a lpac€craft (ructur.. Obviousll.
ifthe crater produced in a 'noncalasrophid collisaon is larger
lhan rhe etellile, then the collision is carasrrophici thus t'
must be grcarer than ll5 and by a.aloey to solid objects is
l ike ly  1o be much larger  than l l5 .

when no.malized by the lotal ejected mass, as in (7). the
dislribulion offragmenls fiom spaceraft slruclures looks !ery
sinilar to that ol basalt. Values off = 0.89 and r = 0-E*ere
oblained t om one tesl inlo the spacecraft srrucrure. and r( =
0.69 and , : -0-8:l *ere oblained fiorn the olher tesl [de$,
19?51. The velocities of fiasmens, measured hom a :l0G
lram€ls lilm. we.e found to be very slo{. aboul l0 lO m/s.
Most of the fragmenl mass from basall targets is slo$e. than
tW 6/\ Izook. t9611.

Thus for collisions be!*een earth-orbiting objects th€ fol,
loeing rclationship sas adopred:

M "  =  l l 5 M ,  { 8 )

*h.n Mz> l l5M,. l tM,< | l5Mr. theni l t  = 11,( themassof
,t, was assurned to be smlllorlosl)- Thc number ot fiaSmen ts
ot mass ,{r' and larser resultinS from the collision is eiven by

N = 0.8(M/M")  " . "  (9)

SATELLTTE M^ss

Before th6e impact equalions can be used, the individual
mas of each salellite n required. Som. of these masses are
available, but nol in one sourc€. Mass ard ar@s for a few
palloids and rocket motorsrere found in several public{rions
I8o.nan, l9$. Codiss, 1961: Ma in, 1967a yon Araun and
Od*a!, t975; Aercspace Delense Conna ,19771, ard these
dala are ploued in Figure 5. Aho ploned is the debris resulling
from rhe breakup of a Cenr^v D-l'l .ocker lDtugo aad Edge-

N = K\M/M,|\

TABLE L HtFrvebcny Inpacl Paranelers

( 7 )

P

25_000
120.000

2-t/.n
2.000

130
I  t 5

f is Ihe minlmun ratio orrared m.s ro prcjecrlk nss causinB
€larhoDhic disruprion at l0 ln/?s. I is rh. rrrio oi ejected mass t.
prcjelil€ ma$ ln a ioncataslroDhic collision ar t0 knvr

rNo 16ls have b€en p.raormed to oblain this valle. Thn loe.r
lihil aollows from the d.finitions of r, and I'
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col l is rors ser .  iound to occur  $ i th in th is  (nune The ncu
.nculn.  o.b i r  o f  mosl  ohjecrs found $nhrn lh is  volude conr
bin€d $ i th rhe lo t r  cJcct ion veloc i t r  o i  n 'osr  f r rgnrenrs srs

lust i l ic l t ion fo!  r$un1in8 lh ! l  77t i  o l  thc col l i rn)nr l  I r ledcnls
sould r l \o  bc lou.d v i th in th i \  !o ludc

Thui  rn x \cr lCc debr is  f iu t  for  th is  !o lume ol  \ race $rs

Frg 5. Sn'ellrre mr\\ rcaus rrerlge cr^\ sr.fon

@r 'be .  l97 . l l .  The da ta  sere  found ro  l i r  rhe  re l r r ionsh ip

sherc J rs  rhe ! r . r !ge rumber o lobjcds o1 m!\ \  r r ,nd l ! recr
lound \nhin lo lunc Lr  rnd f  is  rhe f lur  o l  dcbras o l  mrss ' r r '
rnd l r rger  This f lu \  *ns conrpurcd xs u iun.r ion or  l inc b)
incrcr \ ing the l866 s! le l l i te \  (1976 numbcr)  ! t  rhe nonr,nr l '
fu le of i l0  ! r .  l l  qas cr lcu l l led lhdt  5 l ' ;  o l  lhescsate lL les r rc
nornr t l t  nrund q i lh in rhe !o l !nre of  sprcc bcr \ recn 700 ! .d
l20O km. Thc col l is ion rate $ nhin rhs volunrc s!s ,sumed ro
bc 77 ' ;  o f  thal  sho{n in  F_i8ure , l  Th.  nudber o i  l i rSments

8encr.led bI each collision is Siven bv (9) $here .v. = 8.70 x
to'.

The projecred debris flux i\ shori in Figurc 6 ld the ye.A
1990.2020- and 2100.  conrprred wi th rhc ndrurr l  mctcotur id
l 'ur  I< ur-Pola i \ . l969land th< cur . . r  (1916) debr is  f lur  the
curc lbr (he curent debris flux is fllt lor debr- mascs less
thxn lm s onl! becruse lhese si/cs crnnor curcntl) be ob'
\c^ed Efen so.  ior  mcteorc id mrs 8rc l rer  rh ln 0.1 g the
cure.r  debr is  Rux betsecn ?00 dnd l l0o tnr  ! l read!  exceeds
thc n! tur ! l  metcdro id nux.  As is  i l lunra led in  F ieurc 6,  !
\ isn i r icrnt  nudber o ldcbns f ragnents smr l ler  than l0Os $ i l l
bc ecncrr led i .  lhe iu lure,  lu t thcr  exceedinS tht  meleorord

To illustratc the effect o. lulure splce missions. consid€r
three l r l )es of  miss ions.  The f i r lL  is  dn unmanned sate l l i te
h! \ inC .n a lerrge cro$ sect ion o l  l0  m'  ( i .e . .  rbour  1.6 nr
d iameler)  !nd !  desi red rvcrage l i fe l ime of  I0  tcx6.  The ! rea-
l imc product  o l  such !  sate l l i tc  sould bc l ty  m" ! r -  50 that  the
dcsign llux- ro ensure dn rverage l0-)r litelime, trould bc l0 r/

d 'yr  l lmereorords.re rhe only h lz Id,  rhcn Fieure 6 p.ed 'c ls
thr t  rhr  $te l l i re  should be deslgned to surv i le  x  2 I  l0  '8

I = (.! / Lr )t'" ( t  t )

Fic. 6 A.etugc debrls ftrr betseen 70(r rnd l]0o km: rssumes
r h ! ( l ) r h c n c ( s d t e l ! n e i n D u r r r r e , \ a l h r t s s l 0  t r . n d l l r l h e r e , s n o

( 1 0 )

$here ,lt is the nr{s of rhe rarellite ir grams rnd ,.1. i\ irs
rveraSe cro$ \eclron in squrre merem. The slope ofrhis lir $rs
e\pected to be ber t reen l0 ($hich $o! ld  be r rue of  hol lo$
sl ructures uth constrnt  rh ickness $r lh)  !nd 1.5 (*h ich {ould
be r rue of  sr rucrures having a consrrnr  das dcnsi ry) .  Th.
l r lue of  l .1 l  te l l * i rh in th;  raree

Therefo.e mls€s were rs iSned toeach o l tbesizes sho*n in
Fasure l .  acco.d ins to (10) .  The amounr or  mass e jecred jn
collisions between each size {as crlculared by using (8)r ho{-
e!er. the ejected mlss srs not allo*ed to €xceed rhe nlass ol
the larger object (the tarSet mass). Each collilon was rhen
*eiShred accordlng 10 irs probabjln! otoccuriencc ir order to
obLljn an !!e.age mdss cjected p6r collision. A result ol li70
ke/colhs ion s ls  obt ! ined.  A deta i led erarn in! t ion revcalcd
thll most mass resulted fiom sarellil6s belwcen 16 rnd 40 nr'
being idpaclcd bt  sdte l l i tes of  O 25 m' �  and ldrSer:  Lhus rhe
ejecred mN$ wNs I 'm1t€d in man) c lser  bt  lhe m!s d la i lab le in

This su8gested thrt the .vcrag€ ejccrcd mas m!y be lit'rli
insensnive ro (8) .  This  sensi t iv i ty  srs lested br  r l lowinB thc
consl !n l  to  v l ry  br  I  iactor  of  l0  on e i lher  s ide o l  l l5 ,
resulling in the rveruBe ejeded m.ss !nr\nre from 4,10 to I 190
l -s  .o l  Nr '  n  \  rnur(  r (d l , ! i .  In$c,  l in t i r  t^  rhe J, 'n . .Jn.  .
(E)  is  about  N fac lor  of4 less ( resul r ine in  an dver lec of  600 kC/
col l is ion) .  $hi lc the unl )er l imi tmr)  beai rc loro l  l0or  more
hrgcr .  os ing to the concepl  o lca lunrophic col l is io is  ( i .e . ,  Lhe
r a l u e o f  f  i n  ( 1 ) c o u l d  b e  l l 5 0 o r h r g e r )  T h l s r h e m e a s u r e d
size distribution oidebris cxuses rhe averaBc ejecled nrdss to be
tunl r_ insenl l i !e  to rhe uncer t l inr t  in  mass eJecLed dunng l
co l l is ion.  Thc sensi t iv i l )  sould incre lse i i r  su i ic ienl  nunber
of  objecrs snal ler  thdn 025 d? t rere kno$n 1o be in  crr rh

Thus on the basis  o i  curenr l !  observcd d isrr ibul ion o l
satellites an average ol M. = 8 ? x l0r g is cjected Ln erch
col l ts ion shotrn i .  F igurc 4.

A\ !R46!  DLsRrs Fr .Lr  BLr lvrE: \  700 aND l200KM

8y inteSrat ing (2)  o\er  lbe region o lspace hel*eei  ?00 d id
1200 km a current  co l l is ion ra le o l0.01 Jr  *as obtr lncd,
comparcd to 0.013/yr  lor  a l l  o f  space.  Thus about  779" o i  the

; :
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TABLE 2- O.sien R.quiremenrs lor ThE Hypoficti.al Mnsions

Desisn Rur. inpacls/n! yr
Design mc|coroid inpacr nass. g
Y.ar2020, l2@lm ahitudc. debris

design ihpad mass. E
Al!iludc band shcrc€quilibriun dcbris

fl ux erGds n.t.o.oid nur {assuming
changc lo z*o nct sat.lliI. input after

t980
2020

2 X  1 0 .
t o .

2 0

'75G l2m
550 t2m800-l2m

500- 1200

meto.oid impact. The second lype is a mann€d spac€c.afi
having an average crds sction of 100 ln:. a mission duraiion
ot I yr. and a d€sired probability of impact damago of less than
0-Ol . ln  th iscase lhe desiSn f lux yould b€ l0  t /mryr ,orabout
thesamc as the 1973-1974 Skylab mission. A neEoroid shield,
veighing over 100 k8. was added to the Skylab srrucrure in
orde. to protecl rr agajnsl | 0 , 8 m€reoroid impacrs. The thi.d
typ€ ofmission is a largo spac.slalion having an averagecros
salion of 10.000 m, (i.e., a lhrl€ over loGm diametef), a
mission duraiion oi l0 yr. and a dcsned probabilily ofimpact
damase ol l€s than 0.1. The design nux would be l0-./m, yr.
r€quning protcction aSainsl a 0.4-g meteoroid. These condi-
tions arc summarized in Tabl€ 2-

How€ver, under cenain @nditions, as illusrrated in Figu.€
6, the deb.is flux fo. th€se missions may .xc€ed rhe meteoroid
flur. By the year 2020 th. unnarncd, Skylab, and space sra-
lion typemissions may require protectiod againsla I x l0 .g.
2 g. and 5 \ I0 I debris panrclc, resp€crivel'. I hese mrlons
would rcquire more w€i8ht for impacr p.ot€crion. However,
protetron requjremenrs aSaiost even I l0o.g impact are so
s€v€re that a space station tnay have ro eith€r accept a much
higher probabilily of impast danag. or b. restricred ro alti-
lud€s shc.€ lhe debris ffux is low.r.

The increased risk of impact damag. may lead ro c€nait
constraints being placed on launchcd satellites in order to
r€duc€ the proj€cled debris hadrd. For pu.poses of illusrra-
tion it was assumed rhar bcgin.ina in 2020. rhe ner saletlire
input rate ol510/y. js changcd lo z.o. A zero rare can be
naintai.ed by ceasing all launch acrivity, ..turnin8 a similar
obj€ct for every objed pla@d into o.bit, orcausins rhereentry
ofunused obj€cts. The results oflftis dsumDtjon are shown in
Figur.7. Nolice rhat the fux ot fragments conrinucs to in-
crcas€ after th€ !ea. 2020.

OrHER Sourcfs ^NDSrNxs FoR DEBRTS

The etrecls of catastrophic @llisions, collisions involving
fragments from previous collisions. and rhccurenr number ol
unobs.ved small fiagh.nts all repres.nr othe. sources of
debris. increasing rh. resulrs prent€d thus far. Each source
has be€n look€d a1 ir somc detail. and ach is iounq ro nave a
relatively small efect. (l) As was previoudy staled, the
amount ofmass produc€d p€rcollision ismos y Umired byrhe
amouf,t of mass availablei thus thc conept of caralrrophic
collisions could only aboul double the amount of lragment
mass pe. collision. (2) With lime, enough collisional fragmenrs
could be produced to bccom. impodanr in producing ne*
collisional fragme.ts. When lh€s. @nditions apply, lhe num-
bcr of objects will increase erponentially rilh time. even
though no new objects may bc placed into orbit by man. Some

pr€limiMry analysis indicated thar rhe uncenainry in riming ol
lhis phenomenon is large bul probably ofrhe order ot*veral
hundred years. (l) The presence ol objecrs lhal a.e roo small ro
be det@red b) ground radar would imply rhar rhe curenr
debris nD( should be increased correspondinSly_ These objecrs
musl already cxisl as the resuhs of numerous sarellire ex-
plosions and orher tlpes of deb.is lNerre er 4r. 1976]. Ho$-
ever. a prelimif,ary anallsis concluded rhat thecurrcnt numbe.
would hav€ to be hiSher than the l99O or 2020 projected
number betore the objects would become sisnificanl conrrib-
ulers to the collision-fragmenlation process. Thus white tbe
f8% deficiency obserled in rhe SDC caralog luendrut and
,{nd.'s@. l9?61 mcans rhat the current d€b.is flur should be
increased by l8%.1he pro.jected debris.esuhing from fraSmen-
tation *ould be increased by much lcss rhal l8%. In facr. ilthe
unobs€rved populalion oi small fraSmen6 requircs rhat rhe
total n umb€. of obs.rved satellites be incresed by a facror of
2.5. as suggested by ,rookr et al [19?5]. rhen rhe number of
collisional fragmcnts would be increa*d by less lhan l%.

While the lhG additjonal sourccs may repres.nt a small
etrect when thcy arc laken individually, lhey nay cornbine ro
produc a sisnifr€nr .trecr ror erample. a 2.5 lacror Incrcase
in thc obsred DoDulation. combincd eilh a more .ealistic

I 5

a g

* :

Fig.7. Avera8e d€bris flux betwe.. 7m and 1200 km: assumd
rhal ( l) rh. ncl etcl|nc inpur rale chan!€s fron 5t0/yr ro Fo in the
y.ar 2020 and (2) 1fi.r. h no atnosph€ric drag.
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valuc of calastrophic disruption mass ratio f', could double
the number of collision fragments. Also, the exponential in-
crqse in fragnenls with time (sour@ 2) could be obse.ved
much earlier than seve.al hundr.d years, dependinS on the
natur€ of calastrophic collisions. the p.ojecied nu6ber and
sirc offDture satelli|es. and th€ cur.enl number ofunobseNed
small f.agments. Meanin8ful analysis of this lype musl awail

Only a f€* sinks, or r€moval m€chanisns. eiisl fof ea.th'
orbili.8 salellites. They are basically only.et.ievaland almo-
sphcric r€entry. One could argu. tha! as a resull of ca!a-
st.ophic collhions, larg€ objects disappea., and thus collision
is a sink for these objecls. Howcvcr, hundreds of years are
requircd befo.e ihis bcom6 a significant sink. ahereas collj.
sion is a much rnore important sourcc ofsnall fragmenls at a
much eaflief dat€. Thus for rhe near future it is accurale lo
think ofcollisions as only a source.

lf retrieval is implem€nl€d, il could significantly allcr lh.
conclusions reached thus far. Collisio. .atd are proporlional
to thc collision cross section ofsatelli(es- Figure 3 reveak lhat
90% of the sarcllire area is contained i. 209b of the sal€llit€s.
Thus r€movaloflarge satellitescould €feliv.ly slow doan the
collision rate. How€ver, as thc numb.r ofcollision lragmcnts
incre3ses. the conc.nrration of area *illmove loward !h€ nor€
num.rous. smaller objccts. making il |norc dimcull 1o slow
down th€ fra8menlation process by retri€val.

Atmospheric drag villcv€ntually €us the reenlry ofmany
objccts in orbit. Drag acts nos! quickly on smalllow-altitud€
objects and is a significant faclor in r.ducine the number of
srlellites belov 400 km, as is sftown in Figu.e l. The projected
numb€r of small fragments beteeen 7m and 1200 km sill be
r.duced from that shoen in Figurd 6 and ? by the efecls of
atmosphcric d.ag. Ho*e!er. sincc the collision lr€quenc! is
low at alliludes less lhan 700 km, atmosph.ricdrag will aci as
the primary source of fragments at these lower allitudes. That
is. drag *ill act to removecollisior fragmcnls trom the 70G to
l2Gkm r.gion and drag then throuSh th€se low€r aliil{td€s.
Thus since almosphcricdrag is th.onlynaluralsinl fof deb.k
and since il may b€ an inponant sou.ce ot debrh at lower
akitud6. it d€s€ftes a more detailed aralysis.

9 e
6 :
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Fis.9. Avdlee dcb.h frux at 800 kmiasun6rhm thc net satclhe
inpul rat cnanges from 510/yr to zcro in lhe:_ear 2020.

ArMosPHERtc DRAc

Alnospheric drag willnct to fi61 circularize an orbil, lhen
cause the objecl to spiral inlo the ahosphcr€. The spe€d at
which this process vorks is proportional lo rhe area to mass
rar io o l  Lhe objecr .  a\  {e l ld .  rhe aLmo\pher ic  densi l }  a t  a Si ren
allitude [t/adi,r. | 967]. Wilh the use of th. atmosphe.ic model
ot ro! [97]1, energy loss rates wer. calculated to obuin
orbitald@ey times. The lime for a l-cm-radius sphqeofmass
d€nsity 2 s/cm' (mass of E.4 g ) to chang€ its ahirud€ by 100 km
lor circularorbits of6m km and 1200 km wascalculaled to be
32 y. and 455 yr, resp€ctively. Thk compares ro I lO yr and
2000 yr. .6petiv€ly, calcllaled by Ma in lt967l ^nd m yl
and lm yr, respectively. calculated by ,tooh "r 4l I 19751. The
large rang. in vrlues .esulls from uncertainlies in rhe ,rno-
spheric model and drag coeflicjenls.

Lifelimes at a particular allilud€ were assumed 1o Ite lhe
same asth€ calculated values for a circularorbit to d@rease bv
l0o km. Ofcoursc. actuallifelimes could be tonSero. shorler,
daending on orbital periSee or apogee. Howev.r. since most
of tfte satellites within the 700- to 800'km band arc in neady
circular orbits. this approximalion should bc fairly accurate
Lifelimc as a tunclion ofoanicl€ size varies as Darlicle radius,
assuminS a consta.t mass density.

Thus a mod.l sas developed vhich calculaled the nunbe.
ofcollisionat rrasmenls ofa parlicular siz€which are p.oduc€d
during lhe litelime otthal size. FiSur€ E givcs the rcsults ofthal
model al l2oGkm ahitLrde. By comparison lo Fi8urc 7. draS
hadnoetrat on thedeb.isdesign irnpacl masssgiven in Table
I for lheyear2020. Thechangelo a zero t.r satcltit€ if,Put .ate
in 2O2O still led 10 an ibcreas.d debris flux in 2lm. allhough
lhe ntrr of d€bris pnrlicles of les than 0.1 8 was reduced by

FiSure9 giv6 the results ofamosph€ric drag tl Sm lm. In
comparison with Fi8u.e T lhodebris design impac(mass foran
unmanned mission in the year 2020 was reduced. although (

*as slill highe. than th€ meteoroid d.sign inpact nass For
Skylab aod spae station lyp€ missions the debris flux $as
€sscntially unchanged by ahosph€ric dra8. Of Panicular in_

Fig. 8. Averagedebis fluxar l20lm: asrum.s rbat lhe ne1 satcllire
inpur tat. chang.s fron 510/yr ro z.io in th. ycar 2020.
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t.rcst id Figure 9 is that a chang. ir rhe ner sareltire input rale
lo zero in the year 2020 rcsullcd in a neaFequilibrium being
sl.blished for times afrer thar dare. That is. collisionat frag-
ments are belng generaled ar the sam€ rate as they are beinS
removed by ahospheric drag. This equilibrium was reached
almost imm€dial€ly after rhe year 2020 fof sizes smaller rhan
about 0.1 g. while the siz€s belwen 0-l and ll} g were near
equalibrium in 2020. reachins il by the ycar 2100. By com-
paring Figures 8 and 9 an equilibrium ar 1200 km vas reacneo
for sizes smallef rhan 0.1 g by the year 2 tm bur ar a nux tevel
aboul a iaclor of l0 lar8er than rhar at EoO km.

These equilibrium debris leveh su88es( another way oflook-
in8 at the future debris Ruxes: lhar is. Siven a dale ro change
from a net salellite input .al€ of 510/yr (o zero. $har wilt rhe
equilibriDm d€bris flux evenluallv baome? For alritudes beto*
800 km the equilibrium will be rcach€d atmost immediarety
at(er the change to zero input dare. wher€as for alritudes ur' 10
l20o lm. severalhundred years may bcrequi.€d, especja y tor
the larSer d€bris sizes. Figur€ l0 shows rhe average equitib,
rium debris flux a1800 km for variouschange inpul rale dares.
Notice thal even an early (19E0) changc ro zero net inpul rare
would evcnlually affecl Skylab ryp. missions at E00 km.
whe.ers unmanned missions would nor b. atrecled a! this
al(itude untila change after 2020- A simila.curve for l20O-km
altitude would be about a factor ol tO hi8her. Tho time re-
qui.ed for atmospheric draS ro drag a fragmenr through a
part icu larahi tudekinverselypropo.r ionat  to iheatmospnenc
density at thar altitude. Thus rhe average cquitibriuir debris
nux at ahitudes below 800 km (and acluatty above E00 km, up
lo 1200 km). was found by taking th€ mrio of ihe aLmospnenc
dcnsily al thar alritud€ ro rhe armospheric de.siiy ar 800 tm.
Figur. ll gives that mtio of equilib.ium fluxes. Thus for
erample.  rheequi l ibr ium nurar  5mkm qas tound by rcducing
the debris fluxes in FiSure l0 by a factor of 10.

From thh type of analysis rh€ region of space wne.e rne
dcbris flux could exceed $€ nalural met@.oid flux qas deleF
mined tor  rhe rhree ryper  ot  miss ions.  Tabte 2 sumrar i res
th* altiiude bands, asuming a change b the zdo ne1 inpu!
ratc in 1980 or 2020. An early (t980) change voutd prevcnr

Fi8 10. Averlge equilib.iun debris dux!r8OOkfr:assunesthur th€
net stcllite inpul ratc chanS.s f.on 510/yr lo z€ro ni s,v€n y€ar.
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Fg.  l l .  Rrr io  o lequihbr iun debr is  l lux a l  s iven. t tnude lo f tur  a l
lt00 km.

unnann€d salelli(es from being afecred by lhe debris flux
anywhere in space- Skylab and spaco slatior typ. missions
would be atrected belwe€n 750 and l20O km and 5m and 1200
lm. respectively. Ho*ev€r, il the chang€ dcs oot occur Dnlil
the yqr 202q the region of space rhere unnanned missions
would be af€cl€d becomes 800-1200 km, and the Skylab and
spae stations .egions afected expand lo 550-l2m km and
400- | 500 kn, rcspetively. Thus an increasc in rhe change date
leads lo lar8er regions of space wh€re the debris flux could
evenlually exceed the neleoroid f!x. The onl) obvious
melhod of  loser inC lhr \  r !enrual  equi l ,br ium f lux r r  lo  mrnr .
miz. thc numbe. ot large satelliles. eithe. b!.� a change in
launch pracli@s or by retrieval.

THE 'PoTENrraL' DEsRrs ENurosyENr

Thus lar. thc physical prccesses of collision and ahospheric
drag have been appliod 10 the obscrved dislriburion of sarel-
lit€s in earth orbit iD an allempt to predicr rh€ lime history of
debris in €a.th orbit. However, il is known thar sat€llit.s can
f.agm€nt from oth€r sources and that ax€mplcd modeling oi
ircomplcrc drla may p.€dicr the futur€ debris fiux in-

Anothe. approach migh! be ro define the porenrial' debris
flur and tft.n dev€lop argum€nls which $ould prcvent rhis
porental trom being realized. This tlpe of analysis would
produce frux curv.s much hi8hef than th. prcvious cuflei bur
lhe analysis would p.edict accurarely what is possible. al-
though not r.ccsa.ily what is probable. A beginrinS poi.i
would be to:rssum€ that allsatellites, rhrough sofrc unknosn
mechan'sm, become fragmerted inro som.preferrcd but yerto
b€ derermined lragmenl size. Th€ porenlial flur as a funcrion
of nass is then found by asuding fiar alloflh6€ fragnenls
are of thc prcfered size. Thk potential Rux is actuatly an
envelope ot singlc-size fluxes. As dara b€come available rhal
indicate lhat onll some fraction of the rotal ma$ gGs into a
padicular size intcrval. then !h. pot€nrial flux could be los
ered appropriately in fiat size inrerval.

Th€ average sat€llite mass qas found (by using Figure 3 and
(10))  to  b.  l -3  x  l0  g.  or  a tota l  I  976 sale l l i te  mass of  5 x  l0
g- It this total m6s were 1o fragmenr inro debris of mass n-l.
th.n lhe nunber of fragments would be

(  r2 )
It lhese fragm€nts mainlained thc same orbirs as rhe oriSinal
3E66 saielliles. rhen by using the same lechniques as rhe origj-
nal mod.l, the'ave.age potential flur' botwen 70O.nd 1200
km was found and is sbo*n in Figure 12. Notc rhat if.his
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Fig. 12. Potential debris nux bereecn ?m and 1200 tm Porential
Ru\  s(Jne'  rhrr  r l l  'dre lhLe\  ac l rdCm.nr .d inro pnen m"$

potendal sere evef realizcd, all types ot missions into this
region would expe.iencc a flux level far in ercess ofthe natu.al
meleoroid flux. In facr. since it becomes imp.acticalto protecl
a8ainst impacts larger rhan about l0o 8. all missions would
have 1o expecl damage in c.nain reeions ofspacc.

The potential flux fo. other distances may be scaled trom
Figure L For exampl€, the spalialdensily at 100 km oas found
ftom Figu.e I 10 be about a facror of30lover ihan the average
bcts€en 7m and 1200 kinr thus th€ dcbrt curv€s in FiSure l2
could be loser by this amounl lo obtain the 3m-km fluxes.

As more mass h added to lh. sysl.m with lime.lhe potential
flux {ill inqease coiiespondingly. The polential 8ux can be
decreased as data become availabl.. For example. a1 least 3l
larg€r satellit€s. or abour I% otlhe lolal number of salelliies,
hale al.eady exploded in otbil. Iltest. et al..1916).ll ln9men-
tation co!ld be lidited to ths ll explosions. then the poten_
tial flux could be r.duced by a raclor of l0O. In addition, if it
were found that only a small f.action ofthe frrgmented mas
were oi a padicular size or largcr, then the polential flux lor
that size co!ld be feduced funher.

Howelef, if fraSmentarion is maintained al l%, or about 5
erplosions per year. the potential flux *ould cortinue to in-
crelse unlil an equilibrium is r@ched wilh atmospheric drag.
A1600 km this equilibrium *ould b€ about 4% oflhepotential
flux shown in Fisure 12 for fragments of 8.4 I and 0.4% for
fiagmenls of 8.4 x l0 '9. Thus withoul neaningful data or
the actual size distribution ot fra8ments. th€ expected frag'
menration rate, and th€ tifeljm€ of these fragmenls it is diffi-
cult 1o lower !h€ polential debris nux significanlly.

FUTUREAN^tYs's  !Eau'RED
In order to feduce th€ uncenairty in the projected debris

environmenl, additionaldata will b€ r.quired on the efects of
hypervelocily collisions bclween spacecraft, as sell as tho ef-
f@ls of other spacecraft traSmenlation processes. Addilional
dala on the number ol small objects in space can be obtain€d
bl r detailed examination ol individual launch and orbil injec-
rion p.ocedures. The resul!s ot rhese studics should be tested
by expe.iments designed to delel objats in orbit tmalle.lhan

l0 cm. An oplical experinenl is d€sc.ibed by ,\erre .r o/.

l19T6lwhich would delect deb.is in lhe l-mm to IGcm .anee.
With th€ availability olimp.oled inpul data.a modelcould be
develop€d to include the.esults from erplosions, the.ffects of
collisions rdulting from collision lragments. the efecls of
catastrophic coltisions, and orbitalchane€s r€sulling f.orn col_

various metfiods 1o stop or slow !h€ lorrnalion of a debr;
b.h should bc s(udied. The model suSSests that lh. mosr
eff€clive way would be to fteep the number ot large obje.ls as
small as practic:|l. This could be accomplished by Planning
launchB so that large objecls can be causcd to recn(er when
their usefulness is complete or bl osing the space shuule
concept 1o.€lricve objects in orbit *hich no lon8er scrve a
useful fundion. Since it is inpfactical to relri€v€ the much
larS€r numbq of large and small fragmetts. eve.) etron
should be made to prevenl their production in space. eilher by
explosio. or by collision.

The evolulion of the debris belt should be folloted 1o ns
conclusion. As was pointed out by AUcAh an.l A naius

09761, the consequenc. of many collisiots is to chanSe the
orbitsofobjecb ro be more alike. This procds may be respon'
sible for crqlin8'jet slreamJ in the asteroid belt. With tirne,
according to Alfv€n, thesejet stream orbils villbecome identi_
cal. and a singl€ planet will acc.ele (billions ot ys6 in lhe
fulure) al 2.E AU. Ho*e!er, in the case ot the eanh the debris
beh will b. *'ithin the Roche's limit (less rhan 90m_km alli
tude). p.evenling accretion into a sinSl€ object- Thus rhe end
resull. assuming that drag does not act fasl enouSh. could be a
rinS system, similar to that afound Saturn and Uranus-

CoNcLUsro:\s

A model has been developed which consideB the major
source and sirk lerms lor the 8roslh ofthe satell;te populalion
in ea h orbir. whil€ signiflcanl uncenainries exist. the follow'
ing conclusions. itcurrenl trends conlinue. seem unavoidable:

L Collisional b.eakup of salellites eill become a new
source lor addilional salellite debris in the near tuture. posi'
bl) *€ll before the year 2000.

2. Once collisional breakup begins. lhe deb.is flur in ceF
lain rcSions rea. earth may quickly exced lhenatural meleor

l. Over a longer time period the debris flux will increase
exponenriallt with time. even though a zero net inpul rae mar-�

4. The procsses which will p.oduce these fragments ate
lotally analogous to the processes thal probably ccurred rn
the formation of the asleroid bell bur requic a much shoner

Efalive m.thods exist 10 aller lhe current trend withoul
significantly alleri.g the number ol operational salellites in
orbil. Th€se m€thods include reducing th6 projected number
of large. nonop.rational salellites and improv.d engineering
designs which reduce the frequency of sal.llite breakups f.om
slructural failure and explosions in space. Delay in implemen_
rarion ofrh6e methods reduc€s their eflectivef,ess.

A&norlerEnerk. we thant Joe M. Alrarcz (NASA) for helplul
dncusions of Fast *ork in these areas, leading lo lurlhcr helpful
disusion $i1h Prcson M. Landry (NORAD) and Lar,! Rice(SAl)
We ackno*l€dg. suggesrions by Herbcrt A. Zook and Andre{ E
Porl€r(NASA) qhich led to changes in thc contenl otlhis papcr'

The Edilor thants D. R. Brooks and v. J. D€eo for rncn assisrdnce
in .Yrluaring lhis paper.

= E
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