
Abstract .  Our rar iar  nroni  tor i  ng t i l '  smal I  Hart  h-orb i  t ing
dcbr is  at  NASA's Clo ldstonc Tracking St l t ion has bccn
cxtenclcc l  to  an a l t i tudc o1 '  - l l (X)  km. Manv o l '  thc
obscr ' 'cc l  pul t ic lcs l ic  in  c lustcrs:  thc largcst  o l '  which
appci r rs  to bc rcmnunts of '  1hc Wcst  Forc l  Nccdlcs.
launchcd ovcr  3 c lccaclcs cur l ie  r .  ancl  or ig inal ly  dcs ignccl
to l t rvc rccntcrcc l  thc Flar th 's  i r lnrosphcrc long ago.  ' t  ,
l99 lJ  Elsc i ic l  Scicncc L- t (1.  Al l  r ishts rcscrvcc l

I  n t roduc t ion

Orb i t ing  c lcbr is  i s  r .ccognrzcr l  i r s  l  p rcscn l  l rn r l  u ro ' " r ' i ng
huzar t l  l i r l  bo th  h r r r r l rns  ln r l  n l rch incs  i r r  s1- lucc .  Sp lcc
c o l l i s i t l n s  c l r t . t  l l r r c  u  e l o s i n g  v c l o c i t r  o l ' 1 5  k n t  s  ' .  u n c l
c r c n  s n r l r l l  p u r - t i c l c s  l r r e  l r  s c l i o r r s  s a l c t r  e o n c c r u .  K n o w l -
c d g c  o l ' 1 h c  c h l u r s i t t s  c n i  i r o u n . t c n t  t r l ' r l c b r i s  i r  n c e c : s l r r ' )
l i r l  bo th  s1- l rcc  n r iss ion  t l cs ign  t rn r l  l i r r  thc  usscss tncn t  o l '
t l c b r i s  u r i  t i g u t i o n  p o l i c r e s

(  r r l l c n t l t .  t h c  L - i n i t c c l  S t l r t c s  S p r r e c  ( ' o n r n i l n c l  ( . f  o h n s o r r
I t ) t ) . 1  )  r n t r i n t l r i n s  l r  c l r t l l o s  o l '  o l t r i t l r l  c l c r n c n t s  o l '  s p a c c
o b . j c c t s  I r r l g c l  t h r r n  r r b o u t  I 0  c n r .  l \ l o n i t o r . i n s  o l ' t h c  l l L r r  o l '
sn l r l l c r  ob jec ts  h r rs  bccn accornp l i shcc l  l rv  r -ou t inc  g rounc l -

b l rscc l  o1- l t i cu l  ( I )o t te  l  I995  )  l rnc l  n rc lu r  obscrva l ions
( S t r r n s b c l r  .  c t  t r l  I 9 9 i  )  V c r \  s n l r l l  p a r t i c l c s  o l '  o r b i t i n g
dcbr is  h l rvc  l l so  bccn dr - tcc tc ( l  i l  . r r t i r  bv  spacccnr l i  (M ln-

c l c r i l l c  l n c l  l l c r t h l r r r c l  1 9 9 . : ) .  r i h i c h  l i i r r c  s u b s c c l u c n t l y
le t  rrr-nccl t  o Eu rt l t  .

Occ l rs ror t r r l l l .  a  l . - i  cnr  n rc la r  a t  NASA's  ( io lc ls tonc

t ruck ing  s tu t ion  is  u r  u i lub lc  l i r r  o rb i ta l  dcbr is  obscr -
v l r t ions .  Th is  por ic r l i r l  rac la r .  r ih ich  can c lc tcc t  a  co l t -
c lL rc l rng  sphcrc  o l '  - l  n rn r  c l iun tc tc r  o rb i t ing  a t  an  a l t i t t rc lc
o l '1000 k rn .  hc lps  to  f i l l  un  obser r t r t io l l i l l  gup  in  the  or . t -
g o i n g  c l c b r i s  s u r \ e \ ' ( G o l c l s t e i n  a n c l  R a n c l o l p h  1 9 9 2 .  a n c l
Go lc ls tc - in  anc l  Go lc ls te in  l c )9 ,1  lnd  1995) .

o l .  - { 6 .  \ o .  E .  p p .  I ( X ) r  l 0 l l .  l 9 9 t
r  l i )9S E lscr  i c r  Sc icncc  [_ t t l

. , \ l l  r rgh t i  | c \c1 ' \  c ( l
00 .11  { )6 - l i  9S: i  \ cc  1 l ' ( )n t  n l r t t c r

()bscrl  at ions

W c  l c 1 - l o r t  h c r c  t h c  r c s u l t s  o l '  t l r c  ( i o l d s t o n c  o b s c r r  l r t i o n s
l i r r  scvcn  runs  bc tnccn Oct r rbcr ' .  l ( )9 -1 .  l rn r l  \ ' l t r le  h .  1996.
Thc  n tc lu t '  con l ig r rn r t ion  \ \  i t s  t l t c  s l r r r rc  l rs  l c1 ' ro l tcd
p r c v i o r r s l y .  c \ c c p t  t h u t  t h c  t l l r r i r t r u n . t  r i l u g c  \ \  l r s  c r t c n r l c r l
t o  - l l ( X )  k n r  b v  i n c l c l r s i n s  t h c  l i s t c n i n g  p c r . i o i l  l r c t u c c r r
t n r n s u r i t t c d  p t r l s c s .

J ' l r c  I r ' i r n s n t i t t c c l  p u l s c s  r i c r c  i n c r c l r s i n u  ( t t l  r l c e r c l t s i r r g )
l ' t ' cc l t t c r tcv  n rnrps  o l '  5  |  k l l z .  [  11 ' r -ch i rps  l l t c rn l tcd  r i  i t l t
c lown-ch i rps .  H l rch  pu lsc  Ias tc r l  l i r r  l . - i  n ts  ru r r l  r i  l s  l i r l -
l o w c c l  b 1 ' 0 . 1  n r s  o l ' r ' l c t r r l  t i n r c  l r n c l  1 0  n t s  o l ' r c c c l \ c  t n n c .
' I ' h is  

l r ln rngcnrcn t  pc ln r i t s  thc  sc1 ' l l r r - t r t c  n lc lsurcn tcn t  o l '
l l ngc  anc l  n lngc- r ' l t c .  p ror idcc l  t ] l r t  o l t l r  t tnc  oh jcc t  i r t  l r
t i n r c  i s  i n  t h c  b c u u r . , \  t r p i c a l  p a r t i c l c  o l ' o l b i t a l  t l c b r i s  r r t
l l 0 0  k n r  u l t i t L r c l c  l c n l r i r . r s  i n  t l t e  l l d l t r  h l r l l ' - p o n c l  b c l r n
l i r l  a b o u [  9 0  u r s .  t h c r . e  b r  c r p c r i c n c i n g  - 1  p u l s c s  o l '  i l l r r r t r i -
t u t t i o t r .  N ( )  u t t c n r p t  n  t r s  r n i r t l c  t o  t l a c k  t l t c  p t r r t i c l c s  :  t h c
iu t tc l tn l l s  \ \ ' c rc  no I  rno tcd .

T w ( )  i r n t c n l l l l s  \ \ c r c  r r s c t l  : l t  7 0  n t  d i s l t  l i r l  t l t c  t r i l l t \ n t i t t c l '
l r n c l  u . l 5  n r  c l i s h  l i r r  t h e  r c c c i r c r . ' l - l t c s c  l r n t c n l t l s  i l l - c
se ; l i t t ' l t t cc l  b1  -197 nre tc ls  a lo r . rg  l t  l i nc  bcr r r ing  l - i -1 . ( r  t le  s lccs
l r o n r  n o r t h .  

- [ ' h c  
l l r r - t l c r ' .  t l l r n s n r i t t i n g  l u t t c t i l l r  r i  t r s  t r i n t c t l

l . -50  dcgrces  l l -onr  thc  zcr r i t l t .  to r iun ls  thc  buck  o l '  t l t c
l c c c i v i n g  a n l c n u l .  T h c  l c t e  i r  i n g  i l n t c n n i r .  r i  h i c h  e o t r l t l
n l t i n t u i n  p o i n l i n g  l r c c u r u c v  c l o s c r  t o  t h c  z c n i t h .  r i  u s  u i r t r c r l
1 .44  t l cgrccs  l l ' o r r r  thc  rcn i lh .  unc l  a lo t ig  t l . rc  sunrc  l rz in t r r t l t .
T h c  g c o n r c l r ' l ' l i r l  t h c  p o i n t i n g  i s  g i v c n  i n  F i g .  l .  t i l t c r e
t l ' t c  lo . "vc r  bc l rn r  h l l l :p ( ) \ \ c r  i l t t c rscc t ion  is  shoun l t  l l i 0
knr  l l t i l uc lc .  anc l  thc  u1- lpc l  in tc rscc t io l t  i t t  ubout  l (X)0  kn t .
T l t c  l o e t t l i o t t  r r l ' t l t t '  t t n | c r  i l t t c l \ c c t i ( ) n  i r  l r  r c r ' )  : e r r : i t i r c
f i t u c l i o n  o l '  a n t c n n a  p o r n t i n g .

As  can bc  sccn .  the  cap lu rc  c ross-sec1 i ( ) l t  o1-  lhc  rac l rL r  i s
a  l i rnc t ion  o f '  range anc l  c l i rc -c t i t ' rn  o l -  thc  c lcbr is  n to t i ( )u .
Ac lc l i t iona l l . v .  la rgcr  par t i c les  th iL l  c lo  l t ( ) t  c ross  thc  bcar .n
i t r te rscc t ion  can bc  c lc lcc tcc l  th r t )L rqh  thc  un tcnn lL  s ic lc -
lobes .  Such par t i c lcs  can usua l l r  bc  idcn t i l i ec l  bccausc
thcy  produce ec l loes  ovcr  a  longer  t i r rc  i r r t c rva l  th r rn  thc
r - rc l -n ina l  c iu ru t ion  o f  a  rna in -beam cross i r . rg .

The obscrva t ions  c la tcs  anc l  t in rc -s  u rc  sunt lnur izcc l  in
T a b l c  l .
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Data

Thcrc ' " lcrc  I  l l '1  dctcct ions ovcr  3u.r l  h  o l -obscrvat ions.
A c letcct ion is  c lc l incc l  as a threshold crossing on both the
up- and c lor i 'n-chi rp responses.  T l . re threshold was chosen
such that  nc l isc-  a lone could produce a lb lse c letect ion orr
lun average o l -  once per  2E h.

Most  o l ' t l . re  c letect ions are l ike l -v-  to  havc bccn f iom
purt ic les crossing the mair t  bcarn.  as thcy pers is ted over
the nominal  bearr  t ime.  Hou,ever .  65 o l  the observecl
events lasted over  a longer in terval  of '  t ime.  These havc
been deemed sicle-lobe crossings. and har,'e been removed
f-rom tl ic data sct.

F igure 2 presents the main-bcam cumulat ive resul ts .
where particle ell-ective diameter is plotted as a function
of range. Efl 'ective dian.reter is delined as the diameter of
a conducting sphere n'hich would return the same power,
at the same distance. as \\ 'as actuallv rner:lsured.

Thc par t ic les wcrc ussLlnrcc l  to  pass throLrsh lhc ccntcr
o l ' thc rnain antcnna bcanr.  uncl  thc mcastr rcd p() \ \ 'c r  wl rs
corrcctcc l  lbr  thc pat tcrn o l ' thc snra l lcr  l rn te nna.  L, f lcct ivc
dianretcr is cotnputecl l l 'onr t l 'rc r.ucusulccl radar cnrss scc-
t ion according to c i thcr  thc gcomctr ic  cross scct ion l i ) r
larger  par t ic lcs or  the Ru-" lc igh uppror imat ic ln lbr  srnal l
par t ic le  s .

nt l :
6  -  

4  
^  lbr  lurgcr  par t ic lcs (  la  )

t l ' '  n '
6 -  . ,  l i r r s n r a l l c r p a r t i c l e s .  ( l b )

) '

wl rere o is  the rac larcross sect ion.  L is  thc r i 'a i ,c lcngth ancl
r/ is thc cfiectivc clianreler.

The lower l in"r i t  scen in F ig.  2 is  the resul t  o l - thc ccho
power bcing be loil the detectior.r thresl'rold . thcrc appears
to be a gcnuinc lack o l '  lar -uer  par t ic les at  the lou 'er  a l t i -
tudcs.

Figure 3 presents thc l inc-o l ' -s ight  ve loc i ty ' .  as i i  l 'u l tc t ion
of  range.  lbr  the main-bcam detect ior . rs .  Posi t i i  e  ve loc i t ies
arc lbr  approaching par t ic les.  Thc systcnt  bandwidth pcr-
rn i t tcd detect ion of  par t ic les r . ' , i th  l ine-o1--s ig l . r t  ve loc i t ics
bctween *  810 nr  s  r .  An)  par t ic les n ' i th  greatcr  ve loc i ty '
havc becn fi l tcred out b-v- the detection systcm. A lclocity
of  hal f  o l ' that  l imi t  would cause hal f  o f  the recei r , 'ed cncrgv
to be lost .  A correct ion has bccn made to the radar  cross
scction fbr this efl 'ect.

The Goldstone radar  norr ra l l ) ' t ransmits  r ight-hand c i r -
cu lar  polar izat ion and receives t l . rc  opposi te sense.  Dur ing
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Fig .  2 .  Resr r l t s  o l ' - l l l . ; l  h  o l 'observu t ions .  e f lec t i ve  d ia rnc tc r ' \ / s  tu rgc .  Bccausc  thc  beun. ts  r to  lo r tgcr
in tc rsec t .  thc  radar  loscs  scns i t i v i t v  l l r r id lv  bc low l (X)  knr
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Fig. 3. Results, l ine-of-sight velocity 'vs ninge
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I . ' i g .  . 1 .  1 \ ' l cus ru  cc l  l l u r  o l ' sn ta l l  p i r l t i c l c  spacc  r l cb r r .

t r n c  l l o r r r . .  u h c n  t h c  i l c t c c t i o r t  n r t c  \ \ ' l s  h i g h .  t l r c  r c c c i v c r
y ro lu r iz l r t ion  \ \  i l s  rc \  c rsc( I .  Thc  c l l cc ts  o l '  t l r i s  ch l rngc  rv i l l
bc  t to tc t i  s r t l - rsc r1  ucn t l t

l " lu r

. . \ l l  o l ' t l r c  c l l r t l r  r r c r c  s o r t c c l  i n t o  l ( X )  k r t r  u l t i t L r d c  b i n s  i r n c l
nonn l r  l  i zc r l  b l  t  l re  n ru  i  n -bc ln r  gc( ) l t l c l  r i c  c ross  \c r ' t  i (  )n  (  i .e . ,
t h c  i t t ' c l t  s h o u t t  r n  t ' i g .  l ) .  u n r l  b r  t h c  r . r r r r r . r b e l  o l ' r l l y s  o l
o b s c r - r l t i o n .  T h c  l c s r r l t i n g  l l u r  n t c l r s t r r c n t c n t s  l l t c  g i r c r r  i r r
l : i g . ' 1 .  l \ 1 o s t .  b u t  n o t  a l l .  o 1 ' t h c  l l u r  o l ' l : i g .  . l  r c p r c s c n t s
o b . j c e t s  i n  t l r c  n r i l l i r l c t r i c  l r r u s c .

- l  
hc r .c  i s  l  peak  in  thc  l lu r  h is tos l i rn r  r rc l r r  t )00  k rn .  I t

hus  hccn 1 . r l c r  ious l r  obsc lvcc l  bv  thc  [J l r l  s tuck  (S t i rnsbcry
t ' l  r r l  l  r ) i )5  ) .  r rnd  ( io lc ls tonc  (  ( jo lc ls tc in  unc l  ( io lc ls tc in  1  995)
r i r r l r t r s . ' I - h c l c  i s  u  s c c o n c l  p c u k  n e r r r  1 9 0 0  k r n .  n o t  p r c -
r  ious l r  rc l )o f  t c ( l  in  luc l i r r  u tcas t - t r -cn tcn ts  I ' r ' our  thc  g r -ouuc l .

l : igurcs  l .  - l  r tn t l  .1  s l ton  th lL t  n t r rch  o l ' thc  sp l rcc  c lcbr is

1- lop t r l t i t i on  c r is ts  in  nLngc  anc l  luc l i i r l - .u  e  loc i tv  c l t rs lc rs ,
r i  h ic l r  s r rggcs ts  c ( )n ln ( ) l t  o r ig ins  l i r l  t l i cn t .  Wc i l  i l l  c l i sc r rss

1- l t l ss ib ic  o r ig ins  l i r r  bo t l t  c lus tc rs  rn  thc  l i r l l o r , r ' i ng  scc t i , r r rs .

Near  c lus te r

Thc  t r io  c lus tc rs  o1 ' l . ro in ts  l r t  r i rnges  hc t r iee  n  7 :10  ar rc l  1020
k n r .  s h o u n  i n  F : i g .  . i .  L r l t p c u r  t o  b c  c l b s c l r a t i o n s  o f ' t l t c
s lu r ! '1 l i ln i l \  o l 'ob jcc ts .  seen ( )nce  on  the  asccnc l ing  pr t r t ion
o f ' thc i r  o rb i ts .  anc l  scen l rs rL in  on  the  c lc 'sccnc l i r rg  p r t r '1 ion .

Undc l  thc  onc- l iu - r -u l r ' .  c i rcu la r  o rb i t  assuurp t ions .  'nv r '

can  c l r l cu la t r '  lhc  inc l ina t ron  o1 ' thc  o rb i ts  f l - r tu r  the  ve lc tc i tv
f l r t l ( )  o1 '  thc  c lL ts tc rs .  Thc  r  c locr t ies  a rc  p ro j r .e l i t rns .  as
l i r l l on  s  :

r  t  /  c o s  ( / j  y . l  .  l s c c n c l i n s  ( l u )

t ' : l  /  |  c o s l / / + z ) :  i l c s c c u c l i n l r  ( l b )

w h c r c  7  i s  t h c  l r z i n t u t l t  o l ' t h c  u s c c n r l i n g  1 . l l r s s .  u n c l  / i  i s  t h c
p o i n t i n g  a z i n r u t I t  o l '  t h e  i r n t c n n u s .

T h c  o r b i t u l  i r r c l i n a t i o r r  i s  t h c n  r l c t c r n t i n c r l  b t  t h c  s o l u -
t i o n  l i x  z  l r n c l  t h c  k t r o r r n  s t u t i o n  l u t i t L r d e .  n i t h  l r  s n u r l l
cor rcc t l ( )u  to  z  occus ioner l  b t  thc  r -o l l r t i r tn  t t l  t l t c  l i l u ' t l t .
T h c  r c s L r l t i n g  i n c l i n u t i o n  i s  7 0  +  - 5  c l c g l c c s .  T I t c  u n e c r t r u n t l
i s  cs t in r l t cc l  l l ' onr  thc  s1 . l ' cud  r i  i t l t i n  thc  c l r rs tc rs .  [ .o r  l r
p o l l r  o r b i t .  t h c  t u  o  r  c l o c i t r  c l u s t c r s  u  o u l t l  c o l r l c s c c .  l : o r
i tn  iuc l ina t io l t  g fcu ter  t l i un  t )0  c lcgrccs .  thc  n t rgn i tuc lc  o l
t l r c  r c c c c l i n g  c l u s t c r  r c l o c i t r  u o u l d  b e  l e s s  t l i l r n  t l l r t  o l ' t h c
l tpproach i r r t  onc .

D t r l i t r g  o u r  h o t r r - - l o n g  c r p c l i n r u t t  o n  p r l l t r r i z l r t i o n
rc r ,c rsa l .  thc  c lc tcc t io r t  r l r te  l i r r  p l r r t ie  l cs  in  thc  7 .10  l0 l0
knr  a l t i tuc lc  r -ungc  r l ro l -11- rc t l  to  -1  c \cn ts  l t c r  I tou l  l l ' r t ru  l rn
a v e r l g c  o l  l 0 . f i  c \ c n t s  p e r .  I t o u r .

S t a n s b e r y .  c t  u l  ( 1 9 9 5 ) .  a n c l  K c s s l c t ' .  t t  t t l  ( 1 9 9 - 5 ) .  h l r v c
c l i sc t tsscc l  n rc l l r  obsc l r  a l ions  l r t  J  cnr  l i r r  l r l t i tuc lcs  bc tucc t r
l J -50  unc l  l (XX)  k rn .  Thcr  c l r l cu lu tc ( l  un  lvc r lgc  o rb i ta l
inc l ina t ion  o l '  ( r5  .  unc l  r .c lc l rc t l  to  obscr r  u t ions  l r t  I lu r  -

s t a c k  t h l r l  s h o u  t h a t  t h c  p l r t i c l c s  t l o  n o t  r c l l c c t  t l t c  o r t h o s -
o u a l  c i r c u l u l  p o l a r i z l r t i o n .  T h c l  c o n c l u c l c c l  t l t a t  t l t c  p u r -
t i c lcs  l re  sp l i c rcs  u  i th  t l iu tnc tc rs  be  t r i ccn  0 . ( r  unc l  1  cn t  l rnc l
tha t  70 . (X)0  arc  in  o lb i t .  Thcsc  da t l  l cc l  t l t c rn  to  i c lcn t i l ' r  thc
soL l rcc  o l '  thc  ncar  c lL rs lc r  p i r r t i c lcs  i l s  t l t c  R( )RSAT sr r t -
c l l i t e  l l m i l l ' .  T h e s e  s u t c l l i t e s  u s e  l r  n t i r t t r r c  o l ' s o c l i u r n  u n c l
po tass ium in  l iqu ic l  l i r rn r  to  coo l  thc i r  nLrc lc iL r  po \ \  c r
supp l ie  s .  S tansbe l r  .  t , t  t r l  ( l995  ) .  r rc l t tp t  the-  h r  po thcs is  thu t
thc  coo lan t  l caks  to  l i r rn t  t l t c  spher icu l  par t i c les .

Our  n rcasurer . r - rcn ls  shou tha t  thc  c lL rs te  t ' i us  in  a l t i t r_ rc lc
near  900 knr  c r tcnc ls  to  pa t ' t i c l cs  a t  Ic lLs t  us  sn t i r l l  us  0 .1 -5
c u r  d i a r l e t e  r .  T h c  c a l c u l a l i o n  o 1 ' o r b i t l l  i t r c l i n l r t i r t n  l L b r t r  c
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i s  i r r  r r g r ccn rcn t  \ \ i t h  t ha t  t t l 'S tunsbe r r .  ( t  u l  ( 199_5 ) .  Ou r
t l i r tu  Icucls  to thc in l i rcncc o l 'un uc lc l i t ionul  populat io l r  o l '
5(X) . (XX) pur t ic lcs r i  i th  c l ranrctcrs beni  e cu 0.15 ancl  0. ( r  cnt .

l) isfant cluster

' l  
hcsc l .xr l t ic lcs.  se cn in  F igs I  ancl  J .  har  c  rac lar  cross

scct i ( )ns l ' r 'onr  l7  nrr l r r  u l  dctcct ic tn thrcs l io ld.  to  a
r .nur i r . r .nu.r . r  obscl r  cd o1 '  .166 ntnt t .  Thcv c lLrstcr  in  thc a l t i -
t L rdc  n r r rgc  bc t \ \ ccn  l 5 (X )  l Lnd  - l l (X )  kn t .  Thcv  a l so  sho rv  a
ru l r r l 'cc l  c lLrstcr in l r  in  t in tc .  r i l t ic l i  r ic  shou us hrstognrnts
in I - ig .  - : .  Wc cst in t r tc  thut  thcrc lL lc  -+0.(XX) o l ' thcsc p i r r -
t i c l c s  i n  o l b i t .

Areragc r l rb i ta l  constants

I ' r ' c v i ous i r  ( ( i o l ds t c i i t  a r r r l  ( i o l r l s t c i n  199 .1 .  199 -5 ) .  wc  h l i , c
l i runcl  ur  c lugc scrn i - r r . l r . j t l l  urcs lLncl  ccccnt l ic i t ics l i r r
groups o l '  s1- l rcc- t lcb l i  s  p l r r t ic lcs l l 'ont  lc l rs t -scpr i r  rc  l  n l  lys is
o l 'obscrrcr l  r i rnscs unr l  I )o1.r1. r lcr  sht l ' ts  l t  thc zct r i th .  Thc
l l lcscut  obscrr l r t i ( )ns.  I . ror icre r ' .  r icrc  tn l rc lc  1.5 lu ' l rv  I ' r ' r lnr
thc zcni th.  Thc nrc l rsr r rcc l  n tnsc no lo t rscr  i rc lc ls  c l i lcct ly  to
thc scoccnt l ' ic  r i r t l ius to g i rc  thc or ' [ r i ta l  nrc l i r rs .  lnc l  l l tc
l ) t l 1 - l p l c r .  sh i l ' t  i s  no t  . j us t  t hc  t i n t c  c l c r . i r  u l i v c  o l ' t l t c  o rb i t u l
r uc l i r r s  l i r r  i t  nou  con t l i ns  l  sn l r l l c ( )n tponcn t  o l ' t hc  o rb i t a l
\  c l ( ) c i t \  .

l l o r i c r c r ' .  r i c  h l t vc  l i r r r r r c l  t r i o  l onu  l t r ns  o l ' obsc r ru t i r t r r s
u hc lc  t l rc  I )o1. lp lcr  sh i l ' ts  r i  crc  nc i r l lv  l r l l  o l ' thc suntc scnsc.
One  u lo t r l - r  r i i t h  i n r r l r r c l  r no t i on  i s  l i s t cd  i n  T l r t r l c  f l r  t hc
othcr ' "  r i  i th  outr i  l r ru l  n . rot ior . r .  is  l is tcd in  T lb lc  lb .

Wc  l r ss r rn rc  t h l r t  l r  co r . r s t l r n t  r  e  l oc r t r  co r r cc t i on  l i  i l l  c l i n t -
i n : . r t c  t hc  o lb i t l r l  l no t i ( ) n  i n  c l r ch  q r ( )up .  l c l r  i ng  nu tgc -n t1c

l ' a b l c  2 4 .  ( ) c 1 o b e t  l 7 .  l 9 9 l  ( ) b \ c r \ i t t i ( ) n \

Tab lc  2b .  Norcn tbe t  - t .  199- t  obscr r t i l rons

l ( ) i l

( i N , �  I  ( h o r r r : )

0 S  :  0 9 5 6
Ofi : I0-1-l
{)f i  :  I  59-l
Of i  .  l  s l5
0l i  :  l0l l
O f i  : l l f i  l
{ ) f i  :  l lTS
0fi  l -167
0 3  . r 0 1 9
Oti .  .r  i fr  l
0s . .1.17-i
0S : -t-jl'i I
03  :  . l f i  I9
03 : - l l l l
0S : l l6- l
( l f i  :  -1706
03 : -lfi-lil
O f i  : r l l i  l
O f i  :  5 lE9
0 3 : - s - i f i l
0 E :  5 6 0 E
0 3 : 6 l l i
0 E : ( r l 3 t )
0E : 6-17l

I { r r ngc  { k r r r1

l s75  9
t6 7-1.5
I  Sl l .  ()
r0l l  .r
t s 5 s  l
1 9 6  |  . 0
l9 . l . l . l
t e  H . 7

1 7 9 0  0
I791 { )
1 3 6 S . l
ls,+9 9
ls ls  6
l i )01 . l
t 6 l  6 . 1
I  760.  t
l f i ( ) 9 . 1
t 9 5 t .  l
i t  l i  l

1  791 .6
-r010. I
I76t). -i
1778 .  I

V c l o c i t r ' ( k r r r  s  )

0 .  1 3 . 1 0
0 0.r-+ |
{ )  0166
0 l s . l - 5
0  l 1 1 6
{ ) .  t .169
0  1 0 7 5
0  1 0 5 7
0 071.1
0 0lf i l
( ) . 0 5 8 0
0 .  | +  l . l
0 . I  l 1 6
0 .  l  9 s 7
0  1 1 7 3
0.  l l - r  I
0  l - 5 l l
0  0 t t 7
0 .1 . r  60
0 . 0 9 5  5
0 00-j I
0 . r E  l 7
0.00:l  I
0.004E

( i M T  ( h o u r . s )

0 7  :  8 1 8 6
0 7 : 8 7 E I
07 :  l JS l l
07  :  9 l . l ( r
0 l : ( ) 4 6 1
07 :  95 f i6
07 : 99(X)
Oli  :(Xr'17
0l l  :  I l0f i
03  :  l -150
OlJ : |  506
Ofi :  I f t(X)
OfJ : 59fi.l
Ofl : (r-lfi I
OlJ : filt9.l
09: .106-l
09 : 5fi-l]
09  :  6 lE6

Rlnsc  ( kn t )

1391 .  I
19 l7 .0
l90. i  l
l 9 l  I  ( )

t9 t  l . - t
l9 l l  0
1 9 l 7 . . l
l 9 l l  r

t s 8 9  6
l s l 6 . l
1916 7
199-1 5
l s 6 l  I
.r0+-+ {)
t s s t . 5
l9-i() I
1 9 1 9  6
1 9 9 0 . 1

V c l o c r t r  ( k n r

0 .  l 6 - 1 9
0 . I 5 l . r
0 .0 f1  l . \
( )  ( )  I  ( ) ( )

0 .  l  s t l
{ ) .  I06 f i
( )  169. r
0 0.+.r9
0 061()
0 .0s"+0
0 0 1 5 I
0 . 0  7 1 r
0..r lss
0  0 l 1 5
0 0.19-+
0. { )9  l  . r
0 . 0 0  I +
0 . 0 0 5 I

ls  i I  rvou lc l  bc  sccn  l ' r ' on t  t l t c  l : l r l t l t ' s  ccn tc f .  Wc t rsc  t l t c
n r c t l l ( ) ( l  o l ' l c l r s t - s c l t u r r c s  t ( )  l i n d  t h c  e ( ) n s t i l t ) t \  t h l (  n t i n -
i r n i z c  t h c  s c l u l r r c c l  t ' c s i d r u r l s  r t l ' t l t c  s o l u t i o n s  l i r r  a  l r n c l  t , .
F o r  t h c  l i r s t  u l o t r p .  t l t c  c t t n s l u n t  i s  0  0 t  k n r  s  :  l i r l  t h c
s c c o r r d .  + 0 . 1 5  k n t  s  .  I l o t h  c ( ) u s t i u t t s  r c c l r r c c  t l t c  r r l t s o l u t c
v a l u c  o l ' t h c  r c l o c i t i e  s .  i l  r c \ u l t  t h l r t  r s  e o n s i s t c n t  t l  i t l t  t l i c
lubove assun i l - l t ion .

- l-hc 
corrcsl- lorrcl i  n q scnt i  -nlr. jor- lr  rcs rr ncl r:eecrr t  l iei  t  ius

l u f c .  l i ) r ' t h c  o b s c r v l r t i o n s  i n  T l r b l c  l l r .  r r  -  t ) l f i 5  I  l . l t  k n t
i t t td  r , -  0 .010.1  +0 .0097.  r i l t c t ' c  t l i c  c t ' r ( ) r ' s  r .cprcsc l t t  ( )nc
s t u r t r l r t r r l  t l c r i r r t i o r r .  F t l r ' f l b l c  l b .  r r  -  t ) - 1 0 5  k n t J  i l ( r  k r n
luur l  i ,  =  0 .0110 I0  0070.  

- I -hc lc  
i s  qoor l  l tq rccn tcn t

bc t rvccr r  thcsc  r  a l r rcs  unr l  r i  c  l rdo l - r t  t l t c  n tc i r r t  r  t r lucs
a  -  9 J 4 5  k t t t  u n d  r ,  -  0  0 l  l l

l ; r o n r  t h c  l t \  c f t l g c  s e n t i - n r l t . j o r  l r r i s  l t n r l  t h c  i r \ \ U r n I t r ( ) n
o l  zc ro  ccccnt r i c i t r .  \ \ c  c l l l  l i nc l  l l ' on t  t l i c  r l r r t l r  in  I : i s .  - i
i u r  c s t i r u u t c  o l ' t l r c  p r c c c s s i o n  o l ' t h c  o r b i t l r l  n o r l c  l i r r  r r
s i n g l c  o l b i t i n s  e l u s t c r .  i \  s t r - l i s h t  l i n c  l i t t c r l  t o  t h c  l i r L r r

1 - r c i . r k s  g i " c s  u  p l c c c s s i o n  t t l ' + ( r  0 +  0 . 5  I t  p c r  \ c l r .  r r  r l r l r r c
r v h i c h  c o t ' r c s ; r o n t l s  ( l ) l u r b r  l ( ) 6 1 )  t r r  t r n  i n c l i n r r t r o n  o l '
9 -5 . - \  +  |  l i r r  thc  e lus tc r .  Wc cs t i r t t r t c  th r r t  t l r c  c r r .o r .  i r . t
c l u s t c r  u l l i v u l  t i r n c  t o  b c  t r b o u t  I  I  o l ' t h c  t t b s c r r u t i o n
rv i r rc lou .

l)ropert ics of knonn debris in the alt i tude range 25(X) t<t
5000 km

In  o lc lc l  to  l ind  u  s ( )u rcc  l i r r  t l t i s  c lcbr is .  nc  l iu rc  ser r lehcr l
M o l c z a n ' s  (  1 9 9 7 )  \ ' c r v  e  \ t c n s i v c  c l r t u l o g u c  r t l '  o r b i t l r l
c l c r r c n l s  o l ' ( l L I n t o s t )  u l l  s u t c l l i l c s  s t i l l  i n  E . u r t h  o r b i t .  

- f h c

r c s u l t s  u l e  g i v c n  i n  F  i g .  ( r .  u  h c r c  l r l t i t u c l c  i s  p l o t t c r l  t r g r r i n s t
inc l ina t ion .  l ' hc  c lo t tc -c l  l i nc  rcp lcsc t i t s  t l t c  t  I  c lcg lcc
uncer ta i r . r t v .  uuc l  accou l t ts  l i r r  t l ' r c  luc t  t l ta t  t l t c  inc l ina t ion
cu lcu la t ion  c iepenc ls  upc tn  t l t c  u l t i tuc lc .  On lv  onc  spa-
cecru f  t  i s  a  rcasonab lc  sourcc  o f  thc  c lcbr is  Mic lus  .1 .

O n  O c t o b c r  l l .  1 9 6  l .  t h e  W e s t  F o r d  P r o - j c e r .  L r s i n ! . r
Mic las  4 .  t t temptcc l  to  p lace  350 nr i l l i on  coppef  c l ipo les
in to  a  3500 b1 ,3 , !00  k r t . r .  t )6  c le .s ree  ipc l i t ta t io l  o rb i t .  1s ,
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F i g .  6 .  P l o t  o l ' A l t i t L r c l c  r s
s o u r c c  o l ' t h c  d c b r i s

I nc l i r r u t i on  o l '  sa te  l l i l c s  no i l

conrn.runicut ion crpcr i r " r . rcnt .  Each d ipolc  u 'as 1.77 cnt  long
and  0 .00186  cn r  t h i ck  $ i t h  a l t  a rea  to  rnass  ra t i o  o l ' 39 . I
ct t t t  gt ' t ' t  ' .

Thc orb i t  u  as carefu l lv  chosen so that  an c lb ject  of ' th is
l rea to r .nuss rat io  uould reenter  thc Earth 's  atnrosphcrc
ui th in 5 rcars c lL le to l . rc l turbut ions caused by solar  radi -

at ion pressurc.  Houercr .  rather  thun orb i t  us indiv ic l r . ra l
needles.  thcy stuck togcthcr .  sp l i t t in-e in to snl r l lc r  luntps
frorn l in ' rc  to t i rne (Mart in .  1967.  pagc 86) .  Bccause o l '
the i r  much smal ler  area to ntass rat io .  l l te  luurns d id not
ree l l t c f  l r s  p l l r nncd .

The West  Ford Project  at ten.rpted the.  erpcr i r lent  ugaiu
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in  N ' la r .  1963.  Th is  t in tc  -100 u t i l l i on  ne-cc l l cs  \dcrc  laun-
chcc l .  cach 1 .7 , !  cnr  long  anc l  0 . (X)  l7E cnr  th ick .  l cac l ing  to
an urc i . l  l ( )  n t l ss  ra t io  o l '61 .7  cnr :  gnr  r .  For  t ] r i s  ra t io .  an
o r b i t  l 6 ( X )  b r  l 7 ( X )  k r n  a n c l  f J 7  i n c l i n a t i o n  s u t i s l i c s  t h c
lcc lu i l cnrcn t  th l r t  thc  nccc l l cs  recn le  r  r i  i t l i i n  -5  1 ,ca ls .  Th is
l i r r c .  l r l l  h r r l  I  . l  ( ) l ' t h c n r  s t r r c k  t o g c t h c r .  a n c l  t h c  c r p c r i -
n rcn t  $  i rs  r l cc l i r rc t l  l l  s r . l cccss .  Er  cn  thoLtgh  sonrc  au thors
l .u r r  c  r . r ' r rn r l l r inc r l  t l r i r t  l l l  o l '  thc  l rcc ( l l cs  h i rvc  rccn tc rcc l .

ncu  lu rnps  o l '  nccr l l cs  lu r rc  bccn c r t tu l ( )g r . tcc l  vc l t f s  l t l t c r
t h c  W c s t  F o r c l  [ ) r o . j c c t  ( S h r r p i r o  l 9 ( 1 6 .  M a l t i n  1 9 6 7  i r n t l
( j t b b a r d  l t ) 7 0 )

' l ' h c  
p u t u t i r c  c l i p o l c s  r i c r c  n l r r t t t l l l c t L l r c ( l  t o  b c  r c s t l t t t r t I

a t  t l i c  s u u r c  n  u r  c l c n q t l i  l s  t h c  ( i o l c l s t ( ) n c  t n l n s n r i t l c r  l . - 5
c r n .  T h i s  i s  n t l t  s u c h  l r  c o i r r c i d c n c c  l r s  l r a v  s c c n r ;  t h c
( i o l c l s t o n c  l r n t l  W c s t  F o r - d  t r - l r n s n r i t t c l s  h l L v e  i r  c ( ) n l n l ( ) n
h c r - i t u g c .  W c  c l r l c u l u t c  t h u t  t h c  n r d u r  c r o s s  s c c t i o n  o l ' u
Wcst  l :o rc l  c l ipo lc  i s  l ( r -5  n rnr 'n  hcn  i t s  r r r i s  i s  pe  rpcnc l i c r r lu r .
t o  t h c  i i n c  o l ' s i g h t .  S L r c h  i r n  o r i c n t i l t i o n  i s  r n r s t a b l c .
h o r i c r c r .  l r s  t h c  g l a v i t r  s l u c l i c n t  c l l c c t  l u v o l s  a ' u c r - t i c u l
l u l i g n n r c n t .  r i  h i c l r  i s  i r l o n g  t h c  I i n c  o l '  s i s h t .  T h u s  r r r o s t
lncasurcnrcn ts  u  ou l r l  v ic lc l  lud l r -  c r -oss  scc t ions  r i  c l l  bc lo r ' r '
t h c  n r a r i n r r r r . n .

O n l l  0 . 1  " , ,  o l ' t h c  o b . j c c t s  i n  t h c  l i l s t  W c s t  l : o r u l  l l u n c h

l rc  r .c t l r i r c t l  to  ob t l t in  thc  -100. (XX)  ob . jcc ts  in lc r rc t l  l l -onr

thcsc  obscr . r  u t i t lns .  
' I I i c  

l l r c t  th l t t  t l t csc  ob  jcc ts  l r rc  ( r50  knr
I o u c r . t h u n  t h c  s u g g c s t c c l  l l r L r n c h  r c h i c l c .  M i d l r s . l .  c i r n  h c

i rcc ( )Untc ( l  l i t I  b r  thc  snLr l l  luDr t t rn t  o l 'd f t rg  r i  h ich  c r is ts .
c v c n  l r I  t h l r t  r r l t i t u r . l c .  l j o l  l h c  l l r s t . i  r c l L r s  l h c  s c n r i - n r l r . i t t r '

l r x i s  o l ' N 4 i r l l r s  - 1  h u s  l ' r c c n  c l c c r c u s i n s  b r ' 1 . 5  n r  p c f  y c u r
( M o l c z l n ) .  I t  c u n  b c  s h o r t  l . t  t h i l t  t h c  n r t c  o l ' c l c c r c l r s c .  l i r r
l  l i r c t l  l r l t i tu r l c .  i s  l . r ropor t io r l t l  t t l  thc  l r rcu  to  r . t t r rss  n r t io .
' l - l r i s  

r l t io  i s  - l  o l r l c ls  o l 'n l rsn i tudc  s lc r tc r  l i r r  thc  c l ip t l l cs .
so  the  in lc ' r ' r ' cc l  r r l t i t r rc lc  e  h l rngc  coLr lc l  c ls i l l  occur  in  scvcnr l
\ c l l f s .

B l r rsukor  l rn t l  Nuzu lor  r r  (  l9 f i f i  )  h r rvc  r .cpo l tcc l  th l t  thc
l l u r  o l ' n r i c r . o n r c t c o r i t c s  o b s c r r c r l  l ' r ' o n r  t h c  E l c k t r o n  I  i r r r c l
. i  s1- r i rcccr l l i  r ius  r . r . l r r in . runr  in  t l rc  l r l t i tL r t l c  l lngc  3(X)0
to  -15(X)  k rn .  

- I 'hcsc  
spr rcccnr l - t .  l l r r rnchcc l  in  l9 ( r .1 .  u 'c lc

e ( l t l i I l ) e ( l  t r  i l l t  I i c z o e l C r ' l t ' i t  i t t t I l t t [  \ c t t \ ( ) t \ .  : t ' t t s i t i r e  t t t
in . r1 - luc ts  l l r rgc l  th l rn  l0  "  gnr .  Thc  obscr ru t ions  lus tcc l  30
d l rvs .  5  l  in rpac ts  \ \  c re  c lc tcc tcc l .  u r t l s t l l  bc tu  ccn  J (X)0  unc l
. 1 5 ( X )  k n r . - l ' h i s  l l u r  u l r s  l r t t r i b u t c c l  t o  u  n u t u r a l  b a n d  o l '
r n c t c o r i c  r n u t c l i u l .  I t  s c e n r s  u n l i k c l r .  [ r u t  n o t  i n r p o s s i b l c .
t h l r t  t h c s c  n r r r c h  s r n l r l l c l  p r r r l i c l c s  r r r c  l r s s o c i l r t t ' t l  r i ' i t l r  t h c
( )ncs  \ \c  huve obscr rcc l  ncur  l9 (X)  knr .

Summar l  and conc lus ions

Wc h l rvc  ob tu incc l  ac lc l i t iona l  n lc i rsL l renrcu ts  o l '  thc  a l t i -
t  L rc lcs  l rnc l  c ross  scc t ions  o l ' thc  n ra tc r ia l  in  thc  ncar  c lus tc r .
Wc h l r rc  a lso  nrac lc  i r  s t i . r t i s t i c i r l  t cs t  o l '  thc  po lu r izu t ion
l l c lsurcnrcn t  a t  H l ry  s t l rck  l ] ra t  con l i rms tha t  thc rc  i s  muc l ' r
l css  poucr  rc l lec tcc l  r i l t cn  t l ' t c  rcce i \cc l  scnsc  o l ' c i l cu lu r '
po la r iza t ion  is  t l i c  s lLmc ls  thc  t ransrn i t t cc l  scnsc .  C 'c lnse-
c lucn t l r ' .  r i c  hc lp  cou l i rn r  t l i c  p rcv io r - rs  in tc rprc ta t ion  Lhat
sphcr ic l l  c l rop lc ts  l l ' onr  thc  RORSAT rch ic lcs  a rc  thc
p a r t i c l e s  o l ' t h e  n e u r  c l u s t e r .

Thc  c l i s t ln t  c lus tc r  o l 'par t i c lcs  h l t r  e  rac i l t r  c ross  sec t io t . t s

l { ) l . l

c losc to those erpcctcc l  l i r r  thc West  Forc l  c l ipo lcs.  TI tc
inc l iua l ion i . lc  f i runcl  fbr  thc pur t ic le  orb i ts  agrces u i th
oulv onc spucecfu l i .  that  \ \h tc l t  launchccl  the l i rs t  sct  t i l
West  I -urc l  c l ipo les.  Al t l tough the a l t i tuc lc  o l '  thc c l is tant
c lus t c r  i s  sn ra l l e r  t han  th l r t  o l ' t l t c  s1 ' l uccc ra l ' t .  t hc  sn t i r l l
c ln tg l i r rccs n h ich cr is t  thcrc u lc  sul l ic icnt  to  l rccount  l i r r
t hc  c l i f l ' c r cncc .  Wc  co r r c l r r dc  t l i l t  t hc r  l r r c  r c r rmr r r r t s  o l ' l l r e
196  I  Wcs t  Fo rc i  l uunc l r .

Wc  bc l i c r c  t ha t  n ros t .  i l '  no t  a l l .  o l '  ou r  t l bsc rva t i ons
i r rc  of '  hunlur  or ig in.  I t  r i  ou lc l  hc cs1-rcc i l r l l r  unusuul  l i r r
n l c t co l i t i c  ( ) r  con rc ta r \  pu r t i c l cs  l o  hu rc  such  l r  r i c l l -
c lc l incr l .  lo l l '  ccce nt r - ic i t r  orb i t  uncl  arr  ine l in l t t ion o l '9( r  us
r l oes  t l t e  r l i s t l r r t  e l us te  r .

. . l t  l i r t t t n  l c t l q t ' r t i c r i l r .  \ \ r c  l h l r nk  t l r c  t c l c sco l . l c  ( ) pc r i l l ( ) r s  i l t  t hc
( i o l c l s t o n c ' f l l c k i n g  S t u t i o n  l i r r  t h c i r  c r c c l l c n t  s u p l - r o l t . ' [ ' l t c
l c scu l ch  dcsc r i bc r l  i n  t h r :  p t r pc l  t us  cu r l i c t l  o r r t .  i n  p l r r t .  b r  t l t c
. l c t  I ) r o P u l s i o n  L u b o l u t o r r .  ( ' i r l i l i r r r t r t r  I  r t r l i t u t c  o l '  T c c l t n r r l o s r .
t t t t c l c r  u  c ( ) n t r i r c t  r i  i t h  t l r c  \ l t i on i r l  Ac ron l r u t i c s  l r n t l  Sp l r cc
A t l n r i n i s t  n r t r o r r .
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