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1 nt roduct 3 on

Al nost every radar observat i on of ast eroi ds has measured

some characteri stics of t he di str ibut i on of echo power in t ime

delay (range) and Dopplerfrequency (ra dial velocity) . Such measurcments,

whi ¢h are orthogonal t o opt i cal pla ne- of- sky angular ast romet ry, are al so do ne
in the wel 1- known, "a bsolut e" ref ere nce frame of t he pl anet a ry ephemer i ties,

of ten wi th fract ional preci siont hat i s much f i ner than can be achi eved Wi t h
other ki nds of groundbased observat i ons; t hey t heref ore can dramat i cal 1y

ref inc orbit s and ephemerides . Thi S stat ement is most t rue for

near- kar th ast eroids (NEAs) , whi chconsti tut et he most

proli fical 1y observed radar targets anti are 1 ikely t o be observed in

i mecr easing abu ndanc e as i nst rument al  capabi] i ties improve and CCD- based, NEA
searct ) programs expand . More o ver, st udi es of closel ¥y appr caching NFAs hbenef it
t1 cmendousl y f rom the i nve rse fourt h- powerdependence of echo strength on
targetl distance. Yort hes ¢ reasons, 1 devot e the bulk of t his paper t 0 NkAs .

Syst ens anti Techni ques

The Arecibo and Gol dstone radar syst.ems, t he most sensit ive on Lthe planct ,
are responsi bl e for t he vast majorit y of radar obser vat i ons reportedt o

Oat ¢, although radar astronony has a long hi st ory in Russia and, duri ngt he
past few years, two- stat i on asteroi d radar observatl i ons have used

i nt ernat i onal combi nati ons of antennas i n Russia, Germany, Japan, and the
Unit ed States . The upgraded Areci bo 305 mt el escope, expect ed t O becone
operat i onal in late 1996, W 11 be ncarl y a factor of 40 more sensit ive tLhan
t he Goldst one 70- mant enna (PSS14) , whichi nturni S many t ime s more se nsit i ve
t ha n ot her avai labl ¢ radar systens . Arccibo W 11 have tw ce the range and
W 1] sce three t imes the volume of Goldst one, whi le Goldst one, whi ch i S

ful 1y st cerable, wil 1 see twice the planc- o - sky solid angle and wil 1 cover
th rect imes more hour angle than Arccibe, whi ¢h cannot point nore t han ~20
degrees from the zenith .

Whereas sensi tivit y i s the primary fact or t hat linmits a radar system s

capabi lit i es i n ast rometry Or imagi ng, it i s riot theonly onec . It turns out
that two- st ati on (bi st atic) syst ems can have signif i cant advant ages over
single- stat ion (morostat ic) systems in observat i ons of very ¢l ose, and/orverny
rapi dly moving t arget S (NKAs) . Ful 1 st cerabi Jity i S gencral 1 y advantl ageous
even for t he most di st ant radar- det ect able target S (in the Sal urn system

Bi st at i ¢ conf igurations using Goldst one’ s “/0- mant ennat 0t ransmit anti

eith er a second Golds tone ante nna (the 34- mDSST 3) or the 27- ant enna Very
Large Array (VIA) i n New Mexi co Lo recei ve have made uni que measurement S

For exampl ¢, int erferomet ri € obser vat ions wit ht lie. G V1A conf ign J-at ioncan
synthesi ze a beanwidt h as smal 1 as O .25" (vs . 2’ for single- di sh

obgervat i ons), and i s capableof O. 01 “ astrome try in the radio re fere nce

f rame. ¥ut ure bi st ati ¢ experiment S may 1ink Arecibo or Goldst one to the 100-
m G 1 cenbank Tel escope  (GB7T, under const ruct i o n) or t o cach ot her.




The simpl est radar experiment S t ransmi t a highl y monochronat i ¢, cont inuous -
wave {(ew) signal (2380-MHz, 13 cm for Arecibo; 8510 MHz, 3.5 cm for

Golds tone) . One tunes the receiver cont inuousl y t o the echo’ S boppl er- shif t ed
f requency using a predi ¢t i on ephencr i S cal cul at ed from an orbit soluti on that ,
at Jeast initially, is based on opti cal astromet ry only. Acorrecti ont o

t he ephemeri s 0 s neasured, and t he res ul tant Doppl er dat un i s used in a next -
generat i oon orbit. solut ion, which yields a ref ined Doppler epheneri s

Similarly, “rangi ng” observat ions uset ime - nodul at ed wave { orms and mea sure
correct i onst ot i me-delay predicti ons . (My 1993 review of planctary radar

ast ronony descrid bes wavef orms and obs vat i onal t echniques in more det ai 1 . )

To do any radar observat i ons, one prefers to be able to point within -2.0" (o
avoid signi fi cant. 1 0ss of c¢cho power. Onc a] so prefers smal 1 Doppl er

uncert aint i es, so the receiver anti dat a- acqui sit i on syst em can use a narrow
frequency wi ndow and hence a s] ow dal a- acqui sit i onrat e. Generally, one

must integrate echoes to fight noise, sot here are 1 imit S on how fast the echo
can "drif t t hrough" the ephemeri s bef or'e smea r degrades echo st rength (and
resolut i on) .

The rat ¢ of change of t he delay-predi ¢ty on error i S the boppl er- predi ¢t i on
error t imes the negative reciprocal of thet ransmit t er f reguency. A Doppler
error of 1 Hz (one- hal f wavel ength per seccond) corresponds t 0 a de Jay error
rat ¢ of ~ 36 and - 10 mi croseconds per day at the Arecibo and Goldstone

t ransmi tt er frequencie s . In pract ice, one it erat es, using increasingly fine-
resolut i on delay - Doppl er ast rometry t o produce increasingly accurate orbit
solul ions, aiming t 0 frecz e the target in the cphemeri s

Ast romet ry

In reporting radar astrometry, one specif ies the reference poinis on the

t ransmitt ing antenna, the receiving ant enna, and the tar got . The target ' s
cent er of mass (COM) i s what matt ers for orbit est imat i ons, but echoes arce
ref 1l eccted f rom the sur face, SO0 ev ent val ly uncer tainty about the target’ s

si z¢ and shape may be the domi nant source of ast romet ri ¢ error, and hence in
t he degree t o whi c¢h radar can ref ine an orbit est inat € . Therciore, orbit

1ef inement i St ight 1y co upled to det erminat i on of physica ] properties

Radar measurements that produce new i nformat i on about at arget’ s si ze,
shape, rotat jon, Or surfa ce properties al so may provide use ful ast romet ry, and
Vi cc versa . The relative utilit y of the diff erent kinds of information
provi ded depends on the cal | ber Of t he ra dar dat @ and t he avai labl e pri or

inf ormat i on, as wel 1 as on t he sophi st i cat ion of anal ysi s t cchniques . 7Time-
r esol ved measurcements general 1y can achi eve f i ner f ract i onal preci si ont han
boppl ¢r- onl y neasurements anti are t hus more use ful ;. but they al so requi re

st ronger echoes .

Ast ¢1 0oid radar ast rometry dates to 1968, but nearly:wodecadespassed

before Yeomans et al . (1 98"/) carried out the f i rst systemati ¢ exp] orat ion
of t heuti 1 it y of delay- Doppler data for the ref incment of ast eroid and
comet orbit s and predi cti on ephemeri des . They demonst rat ed t hat a single

radar det ect ion can ensure the recovery of newl y di scovered ast eroids,
shrinking the instantaneous posit i onal uncert ainty by or der S of magni tude wi th
respect t 0 an opt i cal-on] y orbi t . Fven for an ast eroid with an ext ensive

opt ical- data hi story, a few radar mecasurcments can shrink the posit ional error
¢) lipsoid by a factor of 2 for at 1 cast a decade |

Usef ul D oppl er ast rometry ha s becen bt a i ned f or al 3 38 1 adar detect ed NEAs and
t ime delay asti ometry has been obtai ned for 1 7 NEAs and 3 MBAs . Al ] 1980

1990 delay/Doppler was reported by Ost ro et al . 1991, whoalsot abulat eda 11l
ot her ast cr oid and comet radar ast romct ry t hrough 1 990; Ycomans et al

(1 992) est imat ed the orbit s for each of t hose obje cts. Yrrorsi nopli cal-

onl y ephemeri des have been found to be as large as -1 00, 000 ki fOr newly

di scovered NrFAs, bul rarel y exceed seve ra 1 target radi i for MBAs .




The following table conveys the state of the art for radar reconnai ssance
of a fairly large asteroid during a close karth approach:

Asteroi d Radar Measurcment Precision

Ran g ¢ Radial Vclocity
(meters) (met ers/sec)
Best Radar Resoluti on -lo 0.0001
Asteroid "size" -1 000 001to 1
Ast ecroid "location" -lo 000 000 000 10000

in principle, it. is not hard to resolve such a target into 10, 000 i magi ng
pixels. Given adequate orientational coverage, a secquence of delay- Doppler
i mges can be inverted to produce a detailed physical model (Hudson 1993)
and simultaneously to locate the COM’ s posit ion with an uncertain ty that is
comparabhle to or smaller than the delay- Doppler cel ]l resolut ion. in other
words, COM ast rometry W th sub- decamcter accuracy 1S wit hin the reach of
mod ern radar capabi lit ies.

kxamples of WEA Exper iment s

let me try to communicate the progress and potential of asteroid
radar ast rome Lry by relat i ng some of our experiences wit h NkAs .

1862 Apollo

The 1980 Arecibo observations of this object (Ost ro et al . 1991) achieved

the first. ranging to an Farth- crosser, with diff iculty. Shortly after the
observations began, B. G. Marsden notified us via tel ephone! that new

opt ical ast romet ry had revealed our predict ion ephemeris t o be in error

by several arcuinut es . We inplemented pointing corrections, ant] then saw
cchoes that were: much stronger than in any previous asteroid radar experiment .

The avail able delay - Doppler- resolut jon was limited by the data - acquisition
hardware and software, Jlett ingus resolve the obj ect into only 10 cells

in boppler and about 1 .5 in delay. ‘1'lie> initial delay correct ions to ori ginal
¢cphemeris was - 21 ns.

4769 Cas alia (1989 pn)

Castali a was discovered on August 9, 1 989, by k. ¥. He 1in. Two days later,
orbital :al culat i ons showed that thi s object was approachi ng the Fart h and
would pa S within the Arecibo Observat ory s field of view durina August 19
22 at distances likely to provide cct ioes much st ronger than in previous
ast croid radar observat ions, during t ime windows that had already been
allocat ed for 12 victori a. The asteroid’s trajectory passed wit hin 0.027 AU
(11 lunar distances) from Farth on August 25, when t he Voyager 2 spacecraft
was meking its closest approach t 0 Neptune. (The Goldst one “/0- neter antenna
was occupied W th Voyager communications during the Nept une encounter and
was unavai lable for radar astronomy unt i] Aug. 30, when cw spect ra were
obtained. ) More infer-nlat.ive observat ions were conducteda. Arecibo on August
19- 22, thanks in part. to follow-up astrometry by seve ral dedicat ed opt ical
ast ronomers, whose? mea surcnen Ls during t he previous week ensured that we would




be able 1o point accuratel y. R, McNaught provided crit ical astromctry at
Siding Spring despite the asteroid’s proximity to the nearly full moon, and
two observers in Great Britain (J. D. Shanklin at Canbridge and B. Manning
at Stekenbridge) made usciul mecasurements during the Aug. 1-/ total lunar
ecl ipse .

The init ial Arccibo observations disclosed ephemeris errors of about 200 Hz

and 60 ms (1 .5 karthradii ) . By Aug . 22, J. F. Chandler at. the Center for
Ast rophysi ¢s had used the radar ast romet ry t o make an improved del ay - Doppl er
eph emeri S, whi ¢h he sent to Arecibo via emai 1 . (Prior to email, this

processwudhaverel i ed on express ai rmai 1 . ) The i mproved ephemer i S Was used
t o make a 64- f rame radar novi e. kach frame pl aced no more t han a -30pi Xxc] son
the ast eroid, but the 150 X ~170- mresolut on was ad eguat ¢ to r ¢ veal a

consi st ent |y bimodal di st I-i bu tion of echo power, suggest ing a bifurcat cd
shape . Anal ysi s of the dat a yielded ast romet ry with uncert aint ies set by
the imaging resolut ion : 2 ni croseconds and 1 Hz. The ast eroi cl was recovered

by McNaught in May 1990, - Odarc scc fromthe posit ion predict ed from
radard opt i cal dat a and - 24 arcsec fromthat based on an opt i cal predi ¢t i on.

Reconst ruct jon of Castal i a s shape (11094) est. abl i shed the asteroid’ s contact -
binary shape and al so produced re fined COM astrometry with uncertainties of
0.3 microscconds and 0.1 Hz. Th e current plane-of- sky and rangc uncertaintics
in Casta lia’s posit ion during its next ¢lose approach (Lo 0.025 AU in 2046)
arc aboul 3 arcmi n and 2000 km (b . K Yeomans, pers . comm. )

4179 Toutatis (1989 AC = 1934 CT)

Tout at i s was (re)di scovered in ear] y 1989, ncarly four years before its
approach t 0 0.024 pu On Dec. 8, 1992, Despit e the long opt | cal- ast romet ri C:

t ime base (1 934t 0 Nov. 1 992),the init i a] radar measur ement S correct ed the
cphemerides by 2 .5 s | Aft er radar ref inement S int he orbit during t he week
bef ore the ¢l osest approach, the radar correct ions were al 1 smal ler than the
ast croid’ s delay- Doppler di spersion (t ypically - 2 Hz and - 10 ni crosecond) ;

t hat i S, uncert ainty in astromet ry t iedt o Toutat i 8° COM was due to

uncert ainty in the asteroid s size and shape. The images showed a bi zarre,
part 1 ally bj furcated object in @ highl y unusual, non- princ:ial- axi s (NPA) spin
state with several day Character st i ¢t ime scales . Det ai 1 ed definit i on of

Tout at i §° spin stat ¢ (and shape) req ui red inversion (Hudson 1 993) of the image
seque nce W Lh a comprehensi ve physi cal model . Hudson and Ostro (1 995)
carricdoutsuch an i nversionon a 1 ow resolul i on (typically O.5 microsecond X
0.1- Hz) subset. of the images, est. imai ngt he ast eroid’ s shape anti inert ia

t ensor, t heir mutual orientat ion, initial conditi ons f or the ast eroid’ s spin
and ori ent at i on, the radar scattering propert ies of the! surface, and the COM’ s
del ay - boppl er tra ject ory. For exampl ¢, {for monost at i ¢ 8510- MHz observat i ons
with 1) $5- 14 on bec. 8, the est imates of the t ime delay and Doppl er frequency
O ¢ choe sfromToutati s’ COM received at 14:40:00 UTC are 24.2028192"10 scc 4 /-
0.12 microseconds and - 58768 .687 4 /- 0.02 Hz . The vada 14 opt | cal orbi t

so Jut i om, est ima ted with DM 245 and confirmnedwi th PEP740, yi elded we ight ed
rms residual s of O .83 arc seconds, 0. 08-/ Hz (1 .5 nm/s in radial velocity)

and O . 39 ni croseconds (59 min range) . Thi s sol uti oni ndicat es that

Toutatlis will pass 0. 010360 AU (f our lunar di stances) from karth on 29
September 2004, the closest approach predicted for any ast eroid or comet
between now and 2060 (Yeomans and Chodas 1994) .

Toutatl 18’ dimensions al ong the principal axes are 1 .92, 2.40, anti 4.6 km

1t is rotating in a long- axi s modecharacterized by pceriods of 5.41 days
(rotation about the long axis) and ‘/ .35 clays (average for long- axis precession
about the angul ar momentum vect or) . The principal moments of inertia are in
ratios within 3% of 3.19 and 3.01, and the inertiat ensor i S indi st ingui shahl e
fromthat. of a honbgeneous body. (Such information has yet to be determined
for any other asteroid or comet, and probably is impossible to acquire in a
fast spacecraft flyby. ) At. this witing, the highest - resolution (0.125-

mi crosecond X O 008-tz) images are being incorporat ed intca t he inversi on .

It will be interesting to fit. shape, spin- slate, and orbi tal paramet ers
sinultancousl y Lo images with decameter t csoluti on.



1 620 Geographos

G cog raphos’ Aug. 25,1994, approachto0.0333 AU, the closest for at |east the
next two cent uri es, provided a unique opportunity for Goldstone radar

observatl ions. This experiment was given special impetus by the Clementine

mi ssi on, which planned a 10 .-/ km's flyby of Geographos on Aug. 31 at a m ss
distance of approximately 100 km (Nozette anti Garrel {19%4; a computer
malfunction lJed to cancellation of the flyby. ) . We intended to use radar

ast rometry to inprove t he pre - encount er epheneris ancl to usc imaging Wit h
complete rotational coverage Lo crpt imiz e the post- encount er physi cal mode)

of the ast eroi d.

The asteroid enlered Goldst one’s declination window on Aug. 28 anti Qstrao et
al . (1996, Icarus) observed it. daily for a week, obtaining over 400 images
whose linear spatial resolut ions rangefrom - 75 m to~151 m, The images
containan intrinsic nor th/south ambiguity, but the equatorial view allowed
accurate determination of the shape of the rada - facing part of the ast eroid’ s
pole-onsilhouct.teat any rotation phase. Sums of co- regist ered images
defined the extremely elongated shape of that silhouette (Ostro et. al . 1995,
Nature 375, 474-477), revealed craters and other contrast features "inside"
the silhouct te, and al so showed curi ous protuberances at the ast eroi d’ s ends
that nay be related to the pattern of ejecta removal and deposition caused
by the asteroid s gravity field. The delay-Doppler trajectory of
Geographos’ cent er of ma ss was determined to about 200 m on Aug. 28 anti to
about 100 m on Aug. 31, an improvement of two orders of magnitude over pre-
observat i on ephemerides.

The Geographos experience suggest ed that Wit h adequat e radar reconnai ssance,
it would be possible for a spacecr aft Jacking onboard optical navigation t 0 be
guided int o orbit around, or collision cours ¢ wit h, an aster oid. 11 onboard
opnav capability were avail abl e, radar would nonetheless shrink the navigat ion
uncertaint ies significantl y, perhaps reducing the missions fucl requi rement s
enough to allow a |arger mass budgel for science inst runentation. For example,
Goldstone observations would have shrunk the posit ional error ellipsoid of
Geographos -just prior to a Clementine flyby of that target on Aug. 31,

1994. Before the Goldstone observat ions, the ellipsoid’s typical overall
dimension was -11 km Ranging on Aug. 28 29 anti a prelimnary shape

reconst ruct ion collapsed t he el lipsoi d” s siz e along the line. of sight to
several hundred neters, so it s project ion toward Cenment ine on its inbound leg
would have been 11 x 2km. Goldstone-VIA plane- of- sky astrometry co uld have
shrunk the error el 1 ipsoid’ s |longest dimension t 0 about 1 km, about hal f of
Geographos’s short est overal 1 dimension.

6489 Golevka (1991 JX)

This asteroid was ranged wit h sub microsecond time resolution at, both
Arecibo and Golds tone, she)]-t.ly after Helin discovered it. in 1991 . 1t was
recovered in March ]995, 5" and 3600” from posit ions based on radar4 opt ical
and opt ical - only predict jons (D. K Yeomans, pers. comm. ) . Ry then, the
cycle Lime for updat ing delay-Doppler predicati on ephenerides haci beenshrunk
dramaticallybyD. K Yeomans anti J. |). Giorgirii' s JpPl On site Orbit
Determination Program (O SOD) . Installed at Goldst one prior to the
Geographos experinent., this user- friendly software package made it possible
for us to use radar (or optical) astrometry to refine ephemerides at the

t elescope . In June 1995, we took advant age of 0SOD during an ambit ious sceries
of Goldstone observat ions . During Junc 3- 8, we procecede d through three
generations of orbit solutions, unt ilour only limitat jon wWas un ¢ ert aint y in
the location of the asteroid’s COM. That is, our ephemeris was "inside" the
asteroid. Fortunately (for ast rometry but not for imaging) , the asteroid is
only several hundred neters across, so COMt ine- delay ast romet r-y had an
uncertaint y of only 2 microseconds. By June 9, when the ast eroid made it s
closest approach (0.034 AU) , we werce using a refined epheneris that was
lJater found to be accurat ¢ to 0.01 Bz (0.2 mu/s in radial velocity) . On twe)




»

dal es we conduc ted radar aperture- synthesis obser vat ions, W th Goldstone
transmitting anti the VIA receiving; the resultant images yield angular
positions with absolute uncertaintics of & few hundredths of an arcsec (P.
Palmer, pers. comm. ) | On June 13-15 we carried out thel first

intercontinental radar astronomy observations, consisting of Goldstone cw
transmissions and rcception of the asteroid’s echoes with the kvpatoria
(Ukraine) 70-m antenna on ecach of those dates and rccept ion of echoes with the
Kashima (Japan) 34-m antenna on Junc 15. The full 1991- 1995 radardoptical

ast romet ric data set al lows an accurate orbit i nt egrat i on some seven centuries
int 0t he future (. K Yeonans, pers . comm. )

1996 JG

Thi s ast eroi d was di scovered by R McNaught on May 8. Ten monut es of
observat i ons on May 26 revealed a 580- Hz (20 rids) correct iont o the optical
on] y ephemerities.  Onthe next. day’'s five- hour track, we didt wo it erat ions
with 0s01), producing ephemerides whosc delay - predict ion errors decreased
from - 4600 microseconds to ~20 microscconds.

kExpectat ions anti Concluding Remarks

. At 't hiswriting, theupgraded Arecibo t elescope appears to be within
Si X months of first “radar 1 ight . “ Th ¢ impact of this instrument on
ast romet 11 ¢ and physi Cal studi es of asl eroids
is likely to be far- reaching. Duringit s f i rst decade of
operat i on, i t should provide several - hundred- pi xel images of -100 MBAs and
several- thousand- pixel inages of ~50 NkAs, and t he best rada 1 COM ast romet vy
should be good t 0 a few meters for NEAs anti a few ki lomet ers for MBAs . In the
past , radar has barecl y skimmed the inner edge of the main belt , but the
upgraded Arecibo wi 11 have access t o ast eroids t hroughout the belt . The
inst rument shoul d bet echnically ablel o dorangingt 0 a an average of one. MBAa
per week . Short - period comel s, which general] y lie at t he edge of the
current det ect abi 1i t y window, W ] 1 become casier target S, al though NEA
opport unit i es Wi Jlbe onet 0t wo orders of magnit ude more f1 equent .

apart f rom ast romet ry, asteroid radar i s cont ributingt o

ot her arenas wit hin dynami ¢s t hrough t he product i on of t he

f irust det ailed shape model s of smal 1 NKAs . The Cast a] ia and

Toutatl is model s have been used by Scheeres et al . (1 996 and 1995,

respect jvel y) t 0 study c¢lose orbi t S around those bodies.  Our goal is to

expl ore t he short - termevolution and long-t erm st abilit y of t hose orbit S, wi th
applicat i on to robot dc or pi 1 ot ed spacecraf t, nat ural satel ] ites,andnon
escapi ng i mpact eject a . Almost al 1 these cal culat ions rest on a gravity

f i e)d calculated froma ¢l osed- formexpr essi on (Werner 1 994) for a pol ygonal
represent at i on of the shape under the assumpt i on of uni form densi ty . Stable
anti unst abl e peri odi ¢ orbit s exi st about each body, and t he fate of nat erj al
Jaunched f rom thesurfaceis astrongfunctionof initialvelocit y andsurface
location.

The Castal ia model also i s current 1 y beingusedbyk. Asphaug et al
(1996) tosimulate theeffects of impacts in various cnergy

regimes; since one of those effect S 1 st 0 launch mat erial int o ret urn
orbit s, t he simulations provideiniti a conditions f ordynanical

invest igationsofman-pati ¢l e syst ems in a novel dynanical regine
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