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1 rlt rcxluc:t  i on

Al most cvc’.ry raciar obscrvtrt i C)I1 C)f ast C!rc)i CIS IMS rncmsureci
Sc)nle C}lalac;t.erj s~i CS of t hc cii sl r it.]ut i on C)f echo powe]- in t inle
C]c!]ay (~aIlgC) and ])Opp]~r  fl-C!C~LIC!IICy (ra C1la] V~]OCi~y) . Such nmisureruc~lts,
w}li c.11 are orthogonal t o opt i cal pla IIC of- sky angular ast. rcmwt ry, are al so clo IIe
irl the WC] 1- knowIl, “ab SC)]Llt ~“ ref ere Ilce frame c~f t he p] ane.t a ry e.phenter  i ties,
c)f ten wi tll fract ional preci siOIl t }lat i s r[mldl f i ~ler than cmn be achi evecl wi t }1
otl)c!r ki nds c)f grouncibasecl observat i c)rls; t hey t heref c)re c:an clramat i c:a] 1 y
~-ef illc o~”bi t s and ephcmeric]es . ‘1’lli s stat cme~lt is I[[cjst t I-ue for
IIear- Kar Lll ast eroicls (NKAs) , whi c:h c:c)rlst  i t ut e t Ile nlc)st.
~)~-c)l i fical 1 y observmi raciar targets anti ar-e 1 ikel y t o bc c)bservecl  irl
i rlc:I msi ng abu Ilclanc;  c as i nst I-ument al cxl~m}.)i ] i t.i CS inprc)ve aIIci WI)- basecl, NKA
sea l-C} I 1Jrogranc3 expancl . MOre C) VC!J”, St uci] es c)f c]c)se] y app] c)cJCllinq NltAs
~ ~ ~nl[?Ilc]c)Lls]  y f ror[l the ] rIVe I-SC! fC)UI”t 11- ]JC)WQI-  dCpeI”l(\C]”J(:C CJf cChC) st r~rJ~t })

tcJrget distance. l’or t }Jes C reasons, 1 cievot e t.}Ie bLI] k C)f t }Ii s ]“@pc?r t o

Syst cvIIs anti T’cchni ques
. . . . . . . .

bellcf i t
C)li
NNAs .

‘1’1112 Arec:jbo  :Jnci Gold stone radar syst.ems, t FJe n~c)st serls~ t ivc CJIJ ~he planet ,
arc rcs~)ol).si b] e for t Ile vast n(a~c~l-i t y c)f I-aciar obser vat i CJIIS  repo I-t CC] t C)
Clat c, altllcmg}l radar astronomy has a lc)rlg IIi st ory i~l Russia arid, ciuri ng t lle
!~tJst few years, two- stat. i c)rl asteroi ci raclar c)bscrvat i c)ns lIave LIsecl
i nt Cr:lat i ona] c;ombi nati C)J-JS c)f aIlt-cnrras i IL Russia, Germany, JapaIl,
UIli t ed States .

aIlci t}lc!
‘1’he upgraciccl  Arec:i bo 305 m t e] escope, c?x~)cc:t  C!d t O become

c)perat i c~na 1 irJ ]ate 1996, wi 11 be near] y a fac;tc)r” of 40 r[lc)J-C  sCIlsit ive t.}la~l
t }IC Gc)lclst  onc 70- m aJlt erJna (1)SS1 4) , wlli cil i n turr] i s r[k]rly  t imc. s mo~-e. se. Ilsi t i vc
t hzi Il c)t her avai lab] c radar systems . Arc!cibc) wi 11 have twi ce t}]e range aIIcl
wi 11 see tlil-ce  t irms the vo]ume c)f Goldst CJI”IC,  w}li lc Goldst or)e, whj c:h i s
fu] 1 y st. ec?rtJble, wil 1 see twice t])e ])ltJrle-  c) f- sky solicl aIIgle and wil 1 c:c)vc!r
tll J Ce t imes nlore hC)Llr atlgle thaIl Arec:~bcJ, w}li CkJ c:aIlncJt  pc>~ rlt more t hatl -20
cleg~-ec?s from the z.enit.h .

Whcrms sensi tivit y i s the ~)rinlziry  fact. c)r t hat limits a raclar system’ s
Cm]mbj 1 ] t i es i n ast. rormt.rry or inmgi ng, it i s riot t}le c]nl y clne . ]t tLlrIIS C>Llt
th~]t t.W& st ~It.1 CJrl (bi St. at.l c;) syst er[lS CZJn hCJVCI sig IJi f i cant advarlt ages over
sir)c~le- stat iclI~ (mo I~osi_at ic) systems ill c)bservat i C)r]s c)f very Cl c)sc, zJncl/or VCI y

I-ap; C~] y nlC)V~ rlq t ZJrg~t S (N~,AS) . FL]] 1 st. cerabi 1 ity i s qcIlcrtil 1 y acivant ageous
evCJI for t Ile nlost cii st ant radar- cict Cc:t able target S (in tl)e Sat uI-ll system) .
1{] st at i c CoIlf ]gLJratiorls  using Gc]lcist  c]rle’ s “/0- m ant Cnna t o t ransmi t anti
C!it}l C’l- a SCCOIICi Golds t.orle aIlte IIIIZJ (the 34- m 1)SS1 3) c)r t}le 2-1- arlt erlrla VCry
ltarqc Array (VI,A) i n New Mexi cc) t.o recei ve have nlacie uni que r[[ctJsu?-er[[e~lt  s .
I“c)l” cxtJnlpl  c, ] nt crferor[let  ri c: obser vat ions wit t~ t lie. G- Vl iA c:onf icju J-at ic)~l  c:a II
sy]ltllesi  7,C CJ bcanlwicit h as smal 1 as O .25” (VS . 2’ fc)I- single- di sll
c~bscrvat i c)IIs) , and i s captik.  r] c of O . 01 “ astronle try jr) the radio J-e fere Ilc:C
f lanle. I’ut. urc bi st at~ c expcrinic~lt  s may 1 ink Arec]bc) or Go]cist,  c)IIc to the 100-
m (; I t!c!rlt_);JI”]k  9’c:I escope (Gf{’1’,  uI)cicr const ruct i C) II) or t c) cad] ot Iler.



,.
1’}1(! sim})l cst racial- cxperimorrt s t rarlsmi  t a hig}l] y r[lc)rlc)c:l]rol[[t]t i c, ccjtlt il]uous  -
wave (c:w) siqr]al (2380-MHz, 13 cm, fc>] Ar-ecibo;  8510 M}17., 3.5 c:n~ for
Golds tc)rlcl)  . one tune.S the receiver Cc)llt iIluc)usl  y t c) tllc C’(:hc)’ s l)c)pp] e]-- s}li f t eci
f rcqucl)cy  usi ng a precfi ct i c)r] cphcrrlel  i s cal C:UI at ccl f]-om ar~ orbi t so]uti oIl t.llat ,
at least .initial]y, is basec] on cptic x]] aslrcJn~r2t r-y cjrlly. A cc)rrect i on t c)
t Ilc ephcwcri s i s mCasLlreci, and t ho rcs LIl tant I)c)IJIJl Cr clat Llr[l i s usecl in a next -
gellerat i C)I1 orbit. sc>]ut ion, which yields a ref incci l)c)~q~ler o~)}lc:rneri  s .
Sin~ilar-ly, “ranging” clbservat. i C)XIS  use t lmc - nlc)clu] at ecf wave. f crrms and nlea sure
C:o]-rec:t i c)rls t c) t i rue- cl~l ay prccli ct i OIJS . (My 1993 revi[?w c)f plarlc:tary r-aclar
as{ l-c)llomy ciescri bes wavcf c)l-r[l.s  aIIci obser vat i o~]a.1 t ecllrliques  in mc)re ciet ai 1 . )

‘1’cI do arly radar crbservat i c)ns, C)IIC! prefcr”s tc) bc! ab]c! to pc~int withil) -2.0” to
avc)ici siqlli fi cant. 1 0ss of edlc) power. CHIC! a] so ~)r-efers  sr[la] 1 I)cqy)] cr
ullc:ert aint i es, so the l-~c:eiver.  anti dat; )- ac:c]ui si t i 011 Syst cwl C:a?l LISC! a Ilarrow
frequency wi ncic~w and hencw a s] ow dat & acc]ui si t i CJII rat c. [;cnera] 1 y, one
must integrate echoes t.o fight noise, sc~ t Ilere are 1 imit s on Ilc)w fast tll~ Cc:}lc)
ca rl “ciri f t t hrc)ugh’f the r@Jemc!ri s hef or-e smea I- deg~-acics  echo st rengt.h (aIICi
l“C!SC)]Llt  i C)rl) .

‘J’}Ic rat c c)f change of t hc cie.lay–pre.ci] c.t I C)I1 e.~-rc)r i s,, t}le I)oJ)F,I  cr- precii Ct ~ c)]!
Crr-c)r t in~~s tile rlegative  reciprc)cml c)f
errc)r of 1 }17, (one- ha] f wavelength per
l-at C C)f - 36 Flr]ci - 10 rni Croseconcis per
t rarlsnl]  tt C!r freqLIC!llcie S . In prdct ice,
rcscjlut  i on cielay - I)oppJ er ast r-cm~etry t c)
sc)]ut ic)rls, airr[ing t o free7, e the targ(!t

the t ransmi t t er f l-cqilcncy-. A [)01)]-)] c! r

sec:oncl) cc)rres~)c}rlcis  t o a de Jay .sr~-c)r
day at the Areciho and Gc)lcist_oIle.
c)Ile  it erat es, Llsirlg  ir)creasirlgly  fine-
])r-c)duc:e irlcreasirlgly  ac:c:Llrate  c>rbit
in the c~)}len[c!ri  s .

Ast rcmlet ry

III re~x)~ti~lg  radar astrometryr cJI]e S]>eci f ies t.tle refercllc:c pc)ints on the
t rar)sr[litt  irlg antexlna, the receivirlg ant cllr~a,  arid tile tal qet . I’hc tal”cJc!t ‘ s
C:c!rlt cl- c)f nlass (~OM) i s what mat.t o~-s fc)z- orbit est. in~at i c)ns, but CCIIO~S arC
I c’f 1 ec:t eci f ~-cwrl the sLlr face, so t2v Cnt Llal 1 y urlcc!r Lai rlt y a}_)c)Llt t}lc! LarcJc!L’ s
si 7,e arlci stlapc may be the ciomj nant sourc:c of ast rcmlct ri c: error, and Iler]cc irl
t l]c: Clegrec t o whi c}l racial- c:arl ref inc aIl or-hi t cst inmt e . ‘l’he?-c!fc)~-e,  or-hi t
J ef irlcv[le~lt  i s t Ight ] y cc) Llp]ed tc) det c!rn(ir)at i c)rl c)f ~)llysi c;a ] pro~)ert ies .
Raciar n[easurenlerrt.s  that. prc)ciLlcc new i rlfc)r-n[at i C)II abc)ut a t arge~’ s si 7,e,
Slla])c, 3-c)tat ic)]l, or SLll”fa Ce properties al sc) r[lay J)rovicle use fLll ast ronlet ry, arlcl
vi cc versa . ~’hc relative uti]it. y c]f tile cliff CrCIlt kincjs c)f irlforrr~atic)n
P~ovi c~eci ci~T~encis  on ~hc c:al i kr Of t h~ l“a Ciar Ciat a arid t hc! avai lab] e pri c)r
illf orlllat i 0]1, as we] 1 as on t hc! scrp})i st. i c:at. ic)rl  c)f arlal ysi s t ec:liniques  . ~’inle-
I- CSOI VC.C1 metisLlrane.nLs  general 1 y earl ac:}li eve f i ne~- f ract i c)r)al  preci si 011 t han
1)0])1)1  cr- C)III y r[\easLlremCnts anti are t hLls mc)re use fLll , bLlt thc!y al Sc) I-eC]Llj  l-c!
st rc)nger  Cc:hoes  .

Ast e] oid raciar ast rometry dates to 1968, b u t  11(::11-]  y t WC) CiC’CtlCiC!S  p?ISSd

before Yec)mans et al . (1 98”/) Carrieci c)L)t. the f i rst systernati c exp] c~r-at ]c)~l
cjf t }le ut i 1 it y of delay- I)c)ppler- ciata fc)r t}le ref illcmlC1lt  of ast e~-oicl ancl
c:ornc.t  c)rk)i t s and pr-ecfi Cti on cy>hcmeri  des . ‘J’lJey cienlonst rat Cd t }Iat a si r~ql c
radar clct cc:t ic)ll call ensure tile recovery c)f lIewl y cii sc:c)ver-cci ast. erc)ic]s,
sllr.irlking the instantaneous posit i c>]]a] uncel”t airlt y by OJ” CIE!I  S of magni tude wi Lh
res})ect t o an opt i Cal- on] y orbi t . Kvcrl for at~ ast er-c)ici  with all ext ellsivc
c)l)t ic:a]. ci;lta )l.i story, a few raclar r[lCz~sLl~-c!r[[erlts  c:art sllri~lk tile posit iollal Crrc)r
Cl li]>soid t.)y a fact_or of 2 for at 1 cast a Cjecadc ,

~]SC!f Ll] I) O]”)]>] C!l EISt rOnLC!tl-y  ~la S b~C![”l  Obt a j nL2C~ f 01” a] ] 38 ! clC]al dC!t~C:t C!Ci Np;AS tlllCi
t imc?- c]e]ay ast I ometry has hcc!rl c)btai rleci fc)r 1 ‘/ NKAs arlc] 3 Ml\As . Al ] 1980-
1990 clelay/I)c)Jy)ler  was repc)rteci  by C)st rc) et al . 1991, Wl]c) a 1 Sc) t abu] at C’ci a 1 1
ot }Ier ast Cl oi d anti C.cxuct radar ast l-cm[et ry t }]l”cJLlgll 1 990; Yeonmr]s c!t al .
(1 992) est imil!. cd t}le orbit s foI- eactl c]f t t!c)se c)b-jec; ts. I:rro] s i n c)pt i c:a] -
or)] y oJ~l]emC1-i  dcs }Iave beer-l fOLlll(i  tc) be as large aS -1 (l(l, ()()(1  kn~ for II~W] y

cii scc)vc!rect NKAs, but rare] y cxccecl scvc I-a J tar-get.  racii i for Mt\As .



The fcjllc>wing  table c:c)nveys the state c)f t}]e art fC)r raciar rec:c)nnai SSarlCc
of a fairly large asteroici  during a CIC)SC Kar-th ap~)rc~act~:

Asteroid Raciar- Measurm@r)t  I)recisioll

Ran g c1 Raciia] Velc)c~ty
(rueters) (rrmt c!rsisec:)

I{cst R;]clar Resc~lut ion - l o 0.0001

Asterc)icl  “size” -1 000 0.01 tc) 1

Ast c!]”c)icl “loc:aLion” - l o  0 0 0  0 0 0  0 0 0 10000

in pljr)ci})le, it. is not Imrci to resolve su~h a tar-get intc) 10,000 imaging
pixc]s. (;iven aclcquat.e  c)r~entatjona] coveragcr a sequenc:c c)f clelay- I)c)pp]cr
images can bC inverted tc) prociuco a cietaileci p}lysicm] mcxle] (Ilucisor) 1993)
and simultanec)us]y  t-c) locate the ~OM’ s pc)sit ion with arl ur]cert_airl  Ly t}lat is
C:onl}mra}.)]c to or smaller t,han tlLe delay- I)opp]er C:(:I 1 resolut i or]. in other
Wc)l”cis, (X)M ast rometry with sut>-decamete~’ acc:ur-acy is wit hill tt~e r~ach c)f
nIC)d C1-ll ]-aclar c:apal.)i 1 it ies.

F,xani})les of NF,A Exl)er Ime~lt s

JICt me try to (c)mnmnicat.e  tt~c p~-c)gress  and pc>tclltia] c,f asterc)~ci
r“adal ast r“cmmt. ry by relat i ng some of our ex~”~erierlc:es  wi t h NKAs .

1862 A])c)llc)

2’lIc 1980 Arec:ibc) observations of tll]s c)bjec:t (Ost r-c) et al . 1991) ac:}lieved
tile first. Iangirlg  to an Earth- c:rosse]-, wit}l cliff icu]ty. S}lc)rt ly after tllc!
C)bscl-vatic)r]s  began, B. C;. Mar-sclc!n  rlotifiecl us via telephone! ttlat new
opt icxa] ast r-cmnct ry had revealecl  our- preclict  iorl c~)llemcr-is  t c) be itl errc)r
by sc?vcra] arcminut es . We implcmmr~tcd pcrintillg cc~rrccticrrls,  ant] t.}lerl SaW
CCIJOCS that were: much stronger than in arly prc:vic)us asterc)icl radar experimer)t .

‘1’l]e avail ab]c ciclay - Doppler- rc!solut. ic)Il was liruitcxi by t-he ciata - acc]uisitic)n
llar-ciwar-c and software, ]Ctt. ing  LIS resc)]vc! the c)bje. c:t into c)n]y IO ce]]s

in I)c)Jpler a~]c] about 1 .5 in Cie]ay. ‘1’lie> ~I\it la] cle]ay Cc)rrect  ions t.o C)ri girl a]
ep}]cmlcris  was - ?,1 ms.

4’169 Cas

Glstal ia
C>rl)ital
Wc)ulci ])a

alja (1989 1’1])

was ciiscovered on ALlgust 9, 1 989, by E. $’. IIc I in. I’wo clays later-r
:a] c:u]at i or]s shc>wec] that thi s c)})ject was approaclll t]g tile F:ar-t 1] aIlci
s wittlin t}le Arccibc) Observdt ory ’ s ficlcl of view ciul”i~l~  Aucrust 39

22 at distancc:s likely to J)rovicie  CC} ICJCS-mUCh
-J–

st r-c)ngcr than ill l)re.v]c)us
ast Cr-c)ici raciar c)lbservat io~ls, during t inw wincic)ws t}lat had alreac]y  })CCI1
al]ocat. eci for 12 Vic:to]-i  Ca. ‘J’he asterc)ici’s t.rajectc)ry passcc] wit. hirl 0.02”/ AU
(11 lunar ciistanc:es) from Ear-t.h c)ll August 25, w}lc!n t Ile Vc)yager 2 spacecraft
was making its c:lc)sest ap~)rc)adl  t o Nc:pt UII(: . (7’lIe  Golclst c)r]e “/0- meter antenl]a
was c)c:c;upicci with Vc)yaqer con[r[~t]rli(:;itic)Ils  cluri]]g tl]e Ncpt. ulle eIlcc)unter ancl
was u]lavai lab]c fo~- raciar- astrc)~lon~y urlt i] Aug. 30, Wllc!l) C.w Spcc:t rcl k~c.rc!
obtai)lccl.  ) Mc)re infer-nlat.ive c)bservat lc)rls were c:c)rlcluc:t  cd at. Arccibc) on August
19- 22, thanks in part. to fc)llow-LIp astrc)I1wtry  l)y scvc I-al cledicat. ccl o~)t. icwl
ast r-c)llom~rs, whose? r[tca SLlr-C!mCIlt.  S CiUrlllg t }1(’ }]l”c!v~oLls  week C!rlsllrCci  that WC? wc)Ll]ci



bC! dbl~ to pc)int aC:C:Urtltel  y. R. McNaught prc)vidcd  cr]t. ical a:;trCJnlctry  at
Sidjllq SpI-irlg clespite the asteroici’s prc>x~n[ity tc) the ncar]y full nlc~crn, arIci
two c)bservc:rs in GrcaL l~ritair]  (J. 11. S}latlkliI-r  at ~anlbI’lC]~C aIIci 13. ManIliI]q
at Stake~lbriclqe)  rmcle uscfu] nl~asurernerlts  ciurinc~  the Aug. 1-/ t.c)ta]  luIIar
cc:] i}>se .

‘1’l~c iIlit ial Arccibo c)bsc?rvatioIls  disc:]oscd  c!~”rhc!rnc!ris errors c)f abc)ut 200 117,
aIIcl 60 rns (1 .5 Nartl] racli i ) . By Aug . 22, J. F. chandler  at. the Ckrlt.cr fc)r
Ast. rrol,llysi  cs Ilaci USCC1 t.l]c! raclar ast ~-cmmt ry t c) r[[ake an inqjrovcci  clel ay - lJc)l)lJI Cr
eJ)h CmK2ri s, wll] c:h he sc!~lt to Arcc:ibo  via cm[ai ] . (Prior to enmil, tl)is
process  WOU] d have rel i Ccl C)ll c2xprc2ss  ai rmai 1 . ) ‘J’lIC i m~)rc)vc:d  q)hcmcI- ~ s was USCCI
t c) make a 64- f ram riiciar movi e. F,ach frame p] aced no more t harl a -30 pi xc] s C)II
the ast. erc)icir but the 150 x -1 ”/0- m resolut ic)n was ad Clq Llat C! tO I- C: VC!C1] a
Collsi st. ent. l y biruc)clal cii st. I-i but. j or) of ccJIc) power, suggest ing a bi fur-cat eci
sha~)c!  . Anal ysi s c)f the ciat a yieldecl  ast rormt ry with unc:ert airlt ies set by
t}lc inmginq resc)lut  ion : 2 rrli Cr-OSeCOIlCiS  and 1 117. ~’he ast Crc)i c1 was rccc)verccl
by McNauy}lt in May 1990,  - 0.4 arc Sec from the posit ion precii ct cd frcml
rackir+ ol)t i CZJ1 ciat a arlcl - 24 arc:sec: from t.llat based on an c)pt i c:al prccii ct i c)n.

Rec:ollst ruct iorl of ~astal i a’ s shape (11094) est. ab] i sheci the asteroid’ s cc)rlt-ac:t.  -
billary s}]a},c and also prc)ciuceci  r-e fined CX)M astrcmletry with uncertainties of
0.3 mico-c)scconcis  and 0.1 H7. T’h C cxrrrent. plane-of- sky and range uncmrtai~~tics
irl Ckist. alia’s posit ic)r) ciurirlq  its next close approac}] (tc) 0.025 AU in 2046)
arc abc)ut 3 arcxni n and 2000 km (1) . K. Yecmmns, pers . ccmrn. ) .

41-/9 ~’outatjs  (1989 AC = 1934 CT)

‘1’out at i s was (rc)cli scc)vcreci in ear] y 1989, nearly four years before its
aI~IIJ’OaC~I t CJ O-ozg AU On l)cc. ~t 1992. I)es}>it e tho lc)Ilg c)pt i cm]- ast ror[let ri c:
t ir[w l.rasc (1 934 t o Nc)v. 1 992) , thr2 irlit i a] raclar measul eruent s c:c)rrect  ccl tile
e]>ll~mericles  by 2 .5 IIIS . Aft c~- raciar rc?f incment s i~l t 11(: c)rk)it  clu~-i~lq t }lc: week
bc>f C)I-c! t)lc} c:] Oscst ELpprc)ach, the raciar corrc:ct. ions wcl”c a] 1 sr[ml ler thall the
ast [:l-c)id’  s delay- I)opplcr  cii spersi c)n (t ypi ml 1 y - 2 117. aIId - 10 r[~i c:rc)sec:c)lld) ;
t }Iat i s, unc:ert ai nt. y irl ast ror[mt ry t icci t c) ‘I’c)utat. i s’ COM W<IS CiUC! ~0
unc:ert aint.y in the asteroid’ s si 7je atlcl shape. The images showcc~ a b] zarrer
pal-t i all y bi furc:atcd  object irl a hjgl]] y unusua] , Irc)rb  princ: ip al- ax] s (NPA) spin
stt~tc witt) scvera] day Character st i C t imc: sc:a)es . Ilet ai 1 ccl Ciefirlit.  i c)n of
‘J’c)llt at i s’ spin stat C (ancl shape) req Lli reci inversion (I]udson 1 993) of t}lc iruagc
SCC]LIe  IICe wi t,h a ccmlpreher]si  vc physi cal model . llucison iirlcl ostro (1 995)
(:<11’J j C?C]  C)Ut SUC:~I  arl i nvcrsi 011 c)n a 1 OW- I’~SC)] ut. i c)rl (t y~~i ml 1 y O .5 n[i C:rc)scconcl  x
0.1- 117. ) subset. of the images, est. imat. i ng t he ast erc)id’ s shape anti inert ia
t ~llSC)J-, t I]ci r mutual orierltat.  ion, initial Cc>nciit i C)lls f or the ast Crc)ici’ s spin
ancl ori ent at i on, t}lc radar Scattc?rirlq pro]lc!rt ies of the! surface, arlcl t}le CX)M’ s
clcl ay - l)c)ppl er t.ra ject ory. For cxampl e, fc)r nlc)r”rost.  at i c 8510- MI17. ohservat i c)ns
with 1) SS- 14 on I)c?c. 8, the Cst irnates c)f the t irne cielay ancl I)opp] er frC?qLlC!12Cy
Of C! ChOe S from T’outati  S’ ~OM receivecl at 14:40:00 UI’C are 24.2028192”10 scc +/-
0.12 rrlicrc)sec:onds  ancl - 58’/68 .68-1 -i /- 0.02 l[z. . ‘1’t~e r-aCia J-+ c)pt i cm] c)rbi t
so Jut i on, C!st. imat. eci with DI% 245 and c:onfi J“ruc!d  wi th l’KI’”/40,  yi elded we Ig}lt cd
rms l“c?siclua] s c)f O .83 arc seconds, 0. 08-/ Hz (1 .5 rrtrrds  in raciial veloc:it,y)
aI)ci O . 39 nli Crc)sec:onds  (59 m in range) . ‘1’}]i s sol ut i C) I-I i ndi cat es t.}lal
ToLltatis wi]] pass (). t)]t)360  AU (f Ollr_ ]Unar distances) frcml Earth C)n 29
SC1)tCY[lbeI_  ~00~, t.hc C]osest.  approach predict~ci for any ast. ercrici CJJ- Ccxuet
bc,tweC1l IIC)W ancl 2060 (Yecm~ans and Chocias 199~) .

‘1’c)utat is’ ciinmnsions along i.lle ]>rinc:ipal dxes arc: 1 .92, 2.40, anti 4.6 km.
]t is rotating in a ]Ong- axis r[mcic!  dlCJr~CtC!l-]7,~Cl by pcr]ods C)f 5.41 ciays
(rc)tatic)]l abc)ut the loJlg axis) and ‘/ .35 clays (avcraclc fol- IC)rlq- ax]s l)rec:Css.icJ1l
about t.l]e arlfgul ar r[or[lent~]r[l  vec:t c)r) . ‘1’he pr-inc:ipal r[lcmmnts  C)f inertia are i~]
ratic)s witllirl 3% c)f 3.19 and 3.01, arlci t.lle irlert la t eIIsc)r i s incii st illqui s}]a})l e
from that. of a homogeneous bc)dy. (Suc}l il}fc>rmatiorl  Ilas yet tc) km cieterr[[irleci
fc)r arly c)tiler asteroid or c:oruet, a~lci ~)1-Ob2Jbly  is inl~)ossiblc to aC:C]llil”~ irl a
fast spacxc:raft  flyby. ) At. this writing, tile hiqhcst - rc!solut ion (0 .125-
nli c:rc)sccc)rld  x O. 008.117.) images arc l.)cing  ]rlc:or~)c)rat cd i Ilt CL t lle irlvcrsi 011 .
It will 1.JC ir-rtcrcstirlg  to fit. sllapc, spill- slate, arlcl ol-bit. a] paramet crs
siruultarlec)us]  y t.C) iruagcs with d.ec;anmter t e.sc)lutl on.



1 620 Gc!c)g)’ap)los

C; COg I-aPIIOS’ Aug. ?.5, 1994, aplJI-oa  Ch to 0.0333 AU, the c:lc)sest. for at least the
next two C,ent. urj es, provicied  a ullic]ue opportunity for Gc)lcistonc  raciar
c)bservai ions. I’his experirrmnt was given specia] ir[~~)etus  by the Clcm~erlt.irle
mi ssi on, w}lic:h planned a 10 .-/ km/s flyby of Gc!oqraphos  01] ALlg. 31 at. a miss
clistar~c:c  c>f approxim~ely 1 0 0  km (Nc>zette a n t i  (+al”]-et. t 1996; a  c:cm~mter
nmlfunclion leci to Cxlrlccllatic)rl  c)f the flyby. ) . We intenctcci  t.o usc raciar
ast. rcmlc:t.ry Lc) improve t he pre - ellcc)unt Cl cy)hcm(cl-is ancl t.c) use in~agillg  wit 11
cor[l})le~e  rotational Coveraqc tc~ crpt imi7, e tl~e ~~ost.- Cncc)unt.  er pllysi cm] rnc)cic]
c)f t}le ast crc)i cl.

~’he tlfjt.erc)]cl entered Golcist,  one’s dcc:linatic)ll  windc)w on Aug. 28 anti (rstro e.t
al . (1996,  lcarus) observecl it. ciaily fc)r a  w e e k ,  o b t a i n i n g  cwcr 4 0 0  images
W}IOSC  l i n e a r  s p a t i a l  res Olut, i o n s  ~-ange fl-cm - “/5 m  LO - 151 m , l’he  imayes
cmntain  an jrltrixlsic nor Lh/south  ant.riquity, b u t  t h e  equatoria]  v i e w  allcwc!ci
accurate cleterru inat ion o f  tt]e s}lape o f  t h e  rdclar - facing  p a r t  o f  t_he ast, crc)ici’ s
~)c)lc- c)n sji]hc)uet,  Le at. any rc)tation p}mse. Sur[(s c)f co- regist crcd images
ciefi)led  t}]e extrcvmely  c!lc)ngat.t!ci  shape c)f t}]at silhouette (C)stro  et. al . 1995,
Natu~-~ 375, 474-477), revealed cr-aters  ancl other c:ontrast  features “insicle”
t}le s~]hc)uct. t.e, and also shc)wcci cur-i c)us ~)r’otubcrances  at tllc ast eroi cl’ s ends
that nmy bc related to the pattern c)f e~ecta renmva] a]lci dq>osit.ioxl cmused
by t}le asteroid’s gravity fielcl. 2’}Ic Clelay-I)OJ)])lCr-  tra~ec:tc)ry of
Gc!c)gr-a~)hc)s’ cent er of ni ass was clc!termincd to abc)ut 200 m on Aug. 28 anti tc)
abc)ut 100 m c)n Aug. 31, arl ]r[prc)vemc!nt c)f two c)rciers of rnaqnitucie  c)vcr ~)rc-
observat ion ephemericles.

‘1’}Ic (;cogra~]hc)s  expcrienc:e suggc!st eci that wit h aclequat e l-adar rcconnai ssanc:e,
it wou]ci bC pc)ssib]e for a spac:c!c: raft la{:k]ng C)xlt)c)al-c]  C)ptlc:a]  navigatiorl t o i)c?
guiclec] int c) orbit arc)unci, c)r c:c)ll isic)rl  ccILIrs C wit h, an aster c)ici. If onbc)arc~
c)~)~]av  Cmpat)i]it.y were available, ]“aciar wc)u]ci !lcJ1lc!t})c!]css  s}lrink the navjgat ic>n
urlc:crtaillt ics significxlnt. ly, per})a~>s l-echlc:illrg  t}ic nlissic)ns fUC!] l“~C~Lll I’CV[lCrlt S
eIIouq}I tc) allc)w a larger nmss bucigct fC)l- sc:ienc:c irlst rurrwlltat_ioxl. Fc)r Cxanp]e,
(;cjldstoIlc cjbservations  wc)uld have sllrullk  tllc ])c)sit  ional Crrol- Cllipsoici  clf
C;c!c)gr-apllc)s -just prior tcl a ~]enmt”ltirlc!  f]yt-~y of t~]ai- itjrg~t C)I1 Aug. ~],
1994. }Iefore the Goldston~ c)bservat ions, the ellipsoicirs typical c)vcrall
ciin(cnsic)n was -11 km. Rarlglng on ALlg. 28- 29 anti a preliminary shal)c
rec:ollst.  ruct, ion collapsed t lle c1 ]]psc)i cl’ s siz, e along the line. c)f sight tc)
several hur]cir-ed  meters, SC) it s p~-c)ject  ic)xl t.c)warci  Clement ine 011 its ir]bc)unci leg
woLI]ci have been ]] x 2 km. Golcistol”lc:-VI,A  plane- of- sky astrcm@tl”y  cc) Lllci have
sllr-urlk the error e] 1 ipsoici’ s longest ciimerlsic)n  t o abc)ut 1 knl, tlbout llal f C)f
Gcc)grapllc)s’ s snort. est c)veral 1 ciinler)sioll.

6489 Golevka (1991 JX)

I’l)is asteroid was rangeci w]t. h sut)- microsecc)rld  time rcsolutiorl  at, bot.}1
Arccibo  and Golds tone, she)]-t.ly after Ilclin ci]scc)vered  it. ill 1991 . IL was
recovered ]n March ]995, 5“ and 3600” from posit ic)~ls l)asecl c)n radar+ opt ic:al
arlci opt ic:al - c>nly predict, ic)rls (11. K. Yeornans, pe]-s. cor[un. ) . By then, the
CyC]e time for upd?it.  ing Clc!]ay-l)opp]er  predication cphernc!r”icies  haci been sl]runk
ciramatic:al]y by 1). K. Yeomans anti J. I). GIC)l-gir  Li ‘ s J}’], 011 site orbit
l)ctcrnlirlatio~l I’rogram  (0 S01)) . IIlstalleci at Gc)lcist. c)ne pric)r to the
(ieographc~s experiment., this user- friendly sc)ftware ]>ackage nlacie it pc)ssiblc
for us t,c) use radar (or c)pt] cm]) astl-c)nmtry to rc!fine epher[[erjcles  at t}]c
t C?lc?scopcl . III June 1995, we tc)ok acivant aqc of 0S01) ciuri]lg  an arnbit ic)us series
c)f Golcistorre  observat, ic]ns . I)ul”ing Jutle 3 8, we proc:eecie. cl tllrc)ugh tl~ree
gc~lel-at.ic)ns c)f c)rbit. sc)lut.ic)lls, UIlt 1 ] oLll” C)T”I] y ]lr[lltilt.  iOrl was Url C: C?l-t Zlir-Lt y irl
the lc)czlticr~l of t-he asterc)]ci’s ~OM. That is, our C])hemcr]s was “]nsicie”  the
astcrc)ici. F’c)rt urlate]y (for ast. rcmletry but not fc)r imaging) , the astcrc~ici is
c)n]y several huncired meters across, so COM t imc- clclay ast rornet r-y haci aII
u~lccrtaint y c)f c)n] y 2 r[~icrc)secc)llcis. I\y JuTle 9, when t.t)e ast Crc)id made it s
c:]c)sost.  a~)~!”crar:]l (().0:+4 A(J) , WC were usirlg a refineci Cpl]cmlel-is  t.llat, was
later fc)tlnci  tc) be acc:urat.  ~ to 0.01 117 (0.2 r[u[l/s ill raciia] velocity) . 011 twc)



.

Ciat es we c:or)duc;  teci raciar apertur~-  syIltl)esis c)k)sc’1 va~ io[ls, with C;clldstcJTle
trallsr[l]tt]rlg anti th~ VI,A rcc:civirlg; the ~Csult.arlt  ~ruages y]clci angultr~-
Pc)sltlons  with ?Jt:JsollltC llrlcerta~nties of a fCW hUIldr-CCithS  of ar] arc:sec: (}’.
Palruel-, pcrs. CC)IIW[l. ) . (JI) June ]3-15 we Carr-.iec]  C)U1 the! f~rst
]rltcl’c:c)llti]ler]tt]l raclar astrcrncrruy crbservatiorls, c:c)rlsistinq  of C+c>lcist.c)no  cw
t.rarlsn[issic)rls  a:ld rccepticrrr  of t.hc asterc)]cl’s echoes with ttle Kvpzrtoritr
(Ukl-~line) ‘/O-n\ antenna on cac:h of thc)se ciatcs allci lecept iorl c)f cc:hcres  wit.11  the
Ki~sl~iJiIII (Japarl) 34-nl anterlna on Jurle 15. 2’lJc full 1991- 1995 racial-iopticzl]
ast ronwt ~-ic, ciata set al lc)ws an ac:cmraie c)rbj t i nt egrat i cr]l sc)nm seven Centuri  cs
i r]t o t }lc! fl]tur”c (1). K. Yccm~ar,s, pers . CCmL-rL.  ) .

1996 J(;

!l’h] s ast e~-oi d was cii scc)vered  by R. McNauqllt C)II May 8. ‘1’cn mi nut es of
c)bscrvat i c)rls C)II May 26 revealed a 580- Hz (20 rids) c:c>rrcct ic)n t c) the op~ical
on] y
wittl
f rcm{

e})l]mmr] ties . on  the next. day’s five- hc)ur trac:k, we d]ci t wo it erat. ic)ns
0s01 ) , prcjduc]ng  c?phernericies  whose cielay - ~>redict ion errors ciec~-eased
- 4600 n~ic:rc)scconcis  to -20 mjcrc)scc:c)llcis.

l;x~)cctat )c)]]s anti Conc)ucling  Rer[~arks
..-. . . . . . . . . . . . . . . . . . . . . . . . . . . .

At t hi s wri t j ng, the u])gradecl Arc?c:jbc)  t clc:scc)~)e  ap])ears  to l)<! witllirl
six mc)lltlls c)f first “radar 1 ight . “ 7’11 C! inl}mc:t of this instrur[~e~)~ on
ast I-omci r i c. arrci physi Cal stl~di es c)f ast erc)icls
is likely to be far- reaching. I)uring it s f i rst Clecmcie of
c)perat i on, i t sllc)uld provicle  several - hurlcireci-  ~>j xc] imacles c)f -100 Mt;As ancl
several-  tllousa]~c]-  pixc] inlaqes of -50 NKAs, a]]ci t I)e l.wst racla ] COM ast rc)nlet I-y
s}loulcj l)c C]OOC1 t o a few nmters for NEAs anti a few ki lc)nlet crs fc)r M}\AS . lrl the
~mst , racia~”  Ilas barcl y skinrrneci  tl~e illllc~ edge of tl]c r[lai r) bcl t , ].)tlt.  t}le
upqraciccl  Arcc:il>c)  wi 11 }Iave accc!ss t c) ast e~-c~ids t llroug}~out tile belt . ‘1’he
j l]st rurwrlt S}LOUI Ci bc t cctln] ca] 1 y at.rl c t o dc) I ar”lgj r]g t o a arl avc!ragc! c)f one. Mt\A
})c]- we~>k . SJhc)rt  - peri oci comet s, which general] y .l ie at t Ile eclqe of the
Cul”re[lt  ciet Cct abj 1 i t y wi ndc)w, Wi ] ] bc!CcmK! C!asier target s, a] t)lc)ug}l NE;A
c)}y)c~rt unit i es wi 11 be cjne t_o t wc) orciers c)f nmgrlit ucie r[mre fl equent .

A])art f r-cm{ ast rcmnet ry, asteroid I-adar i s Ccjr]t  ri buti I]q t o
c)t her arenas wi t hin dynami cs t hr-ougll t he prociuct i on c)f t Ilc
f 1 rust cic!t ai ] c!ci slla~m mocie] s of sma] 1 NltAs . ~’}]e Cast a] ia ancl
I’c)ut-at  is nlc)del  s have been LIseci kry Scheeres et al . (1 996 ar)ci 1995,
rc>s~)cct ive] y) t o stuciy c:lc)sc orbi t s arounci tt]osc bocli  cs . our goal is to
Cxpl ore t he short - term cwc)lut,iorl arrcl lc)ng- t Crm st. at)i 1 it y of t hose c)rbit,  s, wi t_h
app] j cat i on t C) r_obot. i c or pi 1 ot Cci spac:ec.rra f t , nat ura] sate] 1 itcs,  arid  nom

escapi ng i rnpact eject a . A]nLost a] 1 these cal cxrlat iorls rest c)n a gravity
f i cl ci c:d] c:u] trteci from a c:] oseci- form cxpl essi c)rl (Wcrl~cr 1 994) for a pc)] ygc)na]
represent at i or] c)f tile sllap~ uncler LIJC assur[pl i on of ur]i forn[ clensi ty . stab] c
anti urlst ab] e pcri c)cii  c; orbi t s exi St abc)ut eac:}l bc)cly, and t lIC fate c)f nldt Cri al
laundlecl f rc)ru ttle surfacm js a strong  func:t i c)n c~f irli t.ial velocj  t y arlcl su~-fac:e
locat ic)rl .

‘1’}Ic G~stal ia nlc)cicl also i s currerlt 1 y being  USCC1 by E. AsplLauq  et al .
( 1 9 9 6 )  tc) simulate the effects o f  im}mc:ts i n  varic)us energy
r-crg.inms; si ncx one of t.llc)se effec:t s i s t o ]aurlc}l rrk3t e]-ia] ir]t o ret urIl
c)]-b]  t s, t ]IC s imulat ions prc)vicie  iIlit i a] ec)Ildi t i c)ns f c)~- dyrlan[i  Cal
invest icjat iorls c)f marly - part i c1 C syst cmm in a IIovel ciyl~aruic:al r~rgirlm .

A~KNOWl,I,:l )C;MP;NT’

l’tli s rc!sc!arc}) was conduct d at t II(: Jet, l)ropu] si on I,aborat. oryr
G]] i fc)r!li a inst. it. utc of Tcchrlo]ogy, uncle] c:crnt rac:t wi t II tl]c?  Nat. i orl<l]
Acrc)~laut,i  cs ar]ci SpaC:C Acimi ni st rat i C)II .
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