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We report Doppler-only (cw) radar observations of near-Earth
Asteroid 2100 Ra-Shalom obtained at the Arecibo Observatory us-
ing a transmitter frequency of 2380 MHz (12.6 cm) on 1984 Aug.
18-22. Weighted and filtered sums of cw echoes achieve a maxi-
mum signal-to-noise ratio of 74 and cover the asteroid in rotation
phase. A weighted sum of all cw spectra gives an opposite circular
(OC) radar cross section of 1.13 4 0.40 km? and a circular polariza-
tion ratio of 0.31 £ 0.02. Inversion of echo edge frequencies yields
a convex hull with an elongation (maximum breadth/minimum
breadth) of 1.154+0.03 and places a lower bound on the maxi-
mum pole-on dimension of 2.4 km/cos §, where § is the angle be-
tween the radar line-of-sight and the asteroid’s apparent equator.
Ra-Shalom has one of the least elongated pole-on silhouettes of
the near-Earth asteroids for which similar shape information from
radar observations is available. Ra-Shalom’s effective diameter (di-
ameter of a sphere with equal cross-sectional area) is constrained
to a range of 2.4-3.6 km. We use a two-component radar scatter-
ing model to remove the “diffuse” contributions from Ra-Shalom’s
radar cross section and obtain a surface bulk density estimate of
1.1-3.3 g cm~3. When compared with reported bulk densities and
porosities of meteorites, our results are consistent with either: (1) a
C-class asteroid with carbonaceous-chondritic composition, effec-
tive diameter 2.6-3.6 km, and surface porosity <70%; or (2) an
S-class asteroid with ordinary-chondritic or stony-iron composi-
tion, effective diameter 2.4-2.6 km, and little or no surface regolith.
Ra-Shalom’s near-surface roughness appears to be globally hetero-
geneous.  (© 2000 Academic Press

1 Present address: 5209 21st Avenue NE, Seattle, Washington 98105.
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INTRODUCTION

2100 Ra-Shalom, one of 77 known Aten asteroids (as ¢
May 2000), was discovered on 1978 September 10 by Hel
et al. (1978). Shortly after its discovery, Lebofskyal. (1979)
obtained radiometry, polarimetry, and UBV photometry anc
classified Ra-Shalom as a C-type asteroid with a high surfa
thermal inertia. Additional observations and modeling have suj
ported the high surface thermal inertia interpretation (Veede
et al. 1989, Harriset al. 1998), but the C classification has been
guestioned (Harrist al. 1998). Estimated physical properties of
Ra-Shalom are listed in Tables | and II.

Ostro et al. (1984) conducted radar observations of Ra
Shalom at Arecibo (12.6-cm wavelength) on 1981 Aug. 23—2¢
They concluded that their data were consistent with the asterc
having a largest dimension near 3 km and a somewhat irreg
lar shape. They found the echo bandwidth to be within abot
1.5 Hz of 5.0 Hz on each date, but their estimates of radar pro
erties varied widely from night to night: unweighted opposite
circular radar cross sectiarne = 0.59 =+ 0.35 kn? and circu-
lar polarization ratiguc = 0.20+ 0.07 (uncertainties are rms
dispersions about the mean).

Here we report radar observations of Ra-Shalom in 198
with an Arecibo system (12.6-cm wavelength, transmitter powe
~420 KW, antenna gaiy10’) that was more sensitive and much
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TABLE | TABLE I
Estimated Physical Properties Observations
Property Value RA DEC Distance Receive start—stop ¢
Date 6 © (AU)  Runs (UTC hrs) 0
H (mag) 1607+ 0.08*
Class e sE 1984 Aug 18 268 28 0.206 22 19.23-21.73 0-45
P (h) 197974+ 0.003 1984 Aug19 269 26 0.209 17 19.19-21.75 76-121
19.7¢ 1984 Aug20 269 24 0.213 24 19.06-21.83 150-199
Am (mag) 0.4% 1984 Aug21 270 22 0.216 24 19.06-21.80 226-275
I'(ergcnm2s05K-1) >1.1x 106¢ 1984 Aug22 271 20 0.220 21 19.19-21.83 305-352
Note. His the absolute visual magnitude, class refers Note.Right ascension, declination, and distance are given at the beginning
to the taxonomic clas$? is the synodic rotation period, each day’s observations. “Runs” refers to the number of transmit—receive cycls
Am indicates the observed range of the lightcurve am- ¢ is the range in rotation phase covered on each day, arbitrarily seféo the
plitude, andr" is the surface thermal inertia. first reception on the first day and based on a rotation period of 19.79 h. T|
a Pravecet al. (1998). frequency resolution of each run was 0.098 Hz.

b McFadderet al. (1984).
¢Harriset al. (1998).

d Ostroet al. (1984). umented pointing errors in the instrumentation. The asteroid
19.79-h spin period, suspected by Osttaal. 1984, has since

better calibrated than that available in 1981. In particular, in 198%€n confirmed (Praveet al. 1998), and we use this value in
we used a dual-polarization receiver, while in 1981 the receiv@iir @nalysis.

had to be switched back and forth between the same circu_lapurbaSiCd""t"""”‘cqUiSition and reduction techniques were si

(SC) and opposite circular (OC) polarizations to that of the tran@" t0 those described most recently by Mitchetlal. (1995).

mission. The OC cross sections measured on 1981 Aug. 2318%'€ Il gives ephemeris information and the number o
were significantly smaller than that measured on 1981 Aug. SE2nsmit-receive cycles (runs) completed on each date.

Our 1984 Aug. 18-22 OC cross sections are consistent with

each other and with the 1981 Aug. 26 value, suggesting that the RESULTS

1981 Aug. 23-25 calibration was faulty, possibly due to undoc-

Figure 1 shows weighted sums of echo power spectra fro
each day. There was no overlap in the day-to-day rotation-pha
coverage. Calibration uncertainties in these data are system:
and can be considered a constant source of error in all me

TABLE |1
Size Estimates

Derr (km) Py Technique surements; we estimate these to-b85% for this experiment
and due primarily to uncertainties in pointing and antenna gai
17 0.16 IRSTM Uncertainties due to random noise vary fren2—4% in the
172 0.26 IR STM daily sums shown in Fig. 1. Our estimates of the asteroid’s dis
2.04+0.10 01154 0.010 IR STM ) . "
24 0.08 IR ERM integrated radar properties show day-to-day variations that &
2.64 0.11 IR FRM larger than our expected uncertainties and are therefore proba
3.42+0.18 004+ 0.004 IR FRM physically significant (Table 1V). There also appear to be po:s
2.48 km 0.13 IR NEATM itive correlations between bandwidth, radar cross section, al
Bmaf g'gok':nm 0.05-0.13 Ezgg; (this work) - circular polarization ratio, which are discussed at greater leng
356 km (0.037) Polarimetfy below.

The mean OC radar cross section and circular polarizatic
Note. Dy is the diameter of a sphere with equal cross-sectional area. Radeatio for the entire experiment asgyc = 1.13+ 0.40 kn? and

based diameters are lower bounds on the maximum diameter. Visual afiigdo (, - = 0.314- 0.02, respectively. Among the 16 C-class main-

estimates were calculated (by their respective authors) based on their assoc'B@? and near-Earth asteroid (N EA) radar detections previous
diameters and the best absolute magnitude estimates available at the time o

each study. IR indicates that infrared radiometry was used; STMis the “standEt?&)orted’ the circular p0|anzaﬂon ratio of Ra-Shalom is great
thermal model;” FRM is the “fast rotating model;” and NEATM is the “nearthan those for 14, comparable to that for 1, and less than tr

Earth asteroid thermal model” (cf. Rets.andc). The polarimetric diameter for 1, indicating that its near surface is significantly roughe
estimate (Refc) was based on the assumption of the albedo in parenthesgs. decimeter scales than the average radar-detected C-cl

Uncertainties have been given where available. ;
asteroid.
aVeederet al. (1989). . .
b Harriset al. (1998). Figure 2 shows sums of spectra sorted by rotation phas
¢ Lebofskyet al. (1979). Echoes are not readily detected in some of the spectra beca

d Ostroet al. (1984). of gaps in coverage and/or low system sensitivity.
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discussed by Ostret al. (1988), the accuracy of hull estima-
tion depends on the frequency and rotation-phase resolution
the spectra and the ability to discern the spectral edges of t
echoes, which depends strongly upon the signal-to-noise ra
(SNR). For this data set, the rotational coverage and signal-t
noise ratio are near the lower limit of what is necessary fo
the computation of a hull. The largest gap in phase covera
(modulo 180) is approximately 5 (The determination of the
hull silhouette requires only 180@f contiguous phase coverage;
therefore, all discussions of phase coverage or gaps are mod
180°.) We arbitrarily chose the first return echo from the first
run to be O rotation phase. A significant number of individual
runs had very low SNRs, making spectral edge detection diff
cult orimpossible. Because of this, we smoothed all runs using
1-Hz frequency filter, and then excluded 35 runs in which SNR
were less thand! leaving 73 of the original 108. The resulting
phase coverage, despite thre®4° gaps, is still adequate for hull
estimationUnless otherwise stated in the following, the uncer
tainties quoted span the full range of those values observed.
We estimated the hull using the OC spectra as follows. W
smoothed the spectra to frequency resolutions of 0.3, 0.4, 0.
0.75,and 1.0 Hz, and for each frequency resolution we smooth
the spectra to phase resolutions &f 50°, and 15. To each of
these 15 data sets, we added a synthetic echo spectrum fc
Lambertian sphere with the same radar cross section and ba
width as those of the asteroid at each of five different cents
frequencies that did not overlap echoes from the asteroid, th
contaminating the synthetic (model) spectra with noise. For ea
of the five synthetic spectra, we estimated the hull, using edg
frequency detection thresholds between 0 and 2 standard de
ations in intervals of 0.1 standard deviation. Because no sing
combination of frequency/phase smoothing and threshold es
mators perfectly estimated the model hull, we chose five comb
nations that best reproduced the circular shape (using the brea

0
TABLE IV
-10 Disc-Integrated Radar Properties
Doppler frequency (Hz)
oC
FIG. 1. Weighted (by SNR) sums of echo power spectra of Ra-Shalom, ~ Date SNR B (Hz) ooc (km?) e
grouped by observation date. Insets indicate relative rotational phase coverage;
0° is arbitrarily assigned to the beginning of reception during the first run o84 Aug 18 42  P+03/-06 116+003 027+0.02
1984 Aug 18 19.23 UTC. The lengths of the radial line segments at each ph4884 Aug 19 33 2+05/-02 135+004 035+0.03
are proportional to the noise level. A vertical bar at 0 Hz indicates 1 standa¥884 Aug 20 26 5+04/-07 082+0.03 021+0.02
deviation ¢) of the OC receiver noise. 1984 Aug 21 33 31+03/-01 1154+ 0.03 028+ 0.02
1984 Aug 22 32 B+07/-04 126+004 038+0.03
Whole experiment 74 8+04/-02 113+002 031+0.02

PHYSICAL PROPERTIES

Hull Estimation

Note.Radar properties on each date were determined from weighted (by SNI

sums of cw spectra. OC SNR is the OC signal-to-noise ratio obtained from ¢

optimally filtered weighted spectral surB. is bandwidth estimated from the

Given sufficient rotational coverage and echo strength, megectral edges at therzhoise levelooc is the OC radar cross section and
surements of echo edge frequencies can be used to obtaini%H@ circular polarization ratio. UncertaintiesBnare based on the bandwidth

convex hull of the target’s pole-on silhouette (Osttal. 1988,
1990). The convex hull can be thought of as the shape of arub

difference observed when estimating spectral edges at the 1-cantb8sing

Boints. Uncertainties quoted fec anduc are b standard errors caused by

§'Jkground noise. Absolute (calibration) uncertaintiesdg are estimated to

band stretched around the pole-on silhouette of the asteroid.bAs-35%.
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FIG. 2. Weighted summed spectra within°1phase intervals and smoothed to 0.5 Hz resolution. Labels give the weighted mean rotation phase in de
Identical linear scales are used throughout the figure. Each horizontal axis extendsSidmon the left to+5 Hz on the right. A vertical bar at 0 Hz indicates
+1 standard deviation of the OC receiver noise. Each plot may represent as many as five summed spectra. Particularly low SNRs (e.g.{ pl&6 abt82
276 phase) are due to low numbers of summed spectra (as few as one) and/or low individual run SNR. Gaps in phase indicate a lack of observations.

ratio as a proxy—see below) and correct bandwidth of the modelndwidth for the 25 estimates (five synthetic spectra, five ht
Lambert sphere (Table V). Figure 3 shows the estimates of th&timates each) of the Lambert model ar&4y- 0.08/—0.07
Lambert model’s hull obtained using those combinations. Tlaad 3801+ 0.458 Hz, respectively. We underestimate the ac
scatter of the hulls about the model conveys the degree of undaal model bandwidth (3.908 Hz) by-8 12%.

tainty that may be expected from our Ra-Shalom hull estimateNext, we applied the same filtering/threshold combination
using those combinations. A simple measure of hull circularitp estimate Ra-Shalom’s hull. We repeated this process for
is the breadth (or aspect) ratio (BR) of the hull's maximum tlarge enough range of center frequency values to locate the as!
minimum widths. A circular hull (as well as several other equarjd’s center-of-mass (COM), given by the minimum value of the
but noncircular figures) has a BR equal to 1. The mean BR angighted sum of squares of the residual®)( Figure 4 overlays
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TABLE V FFrrrrrrg{rrrrrrrrJfrrrrrrrrrrrrrrrrze
Hull Estimators 15 | 90° ]
Phase Frequency Edge detection threshol L 180" 0 ]
resolution () resolution (Hz) (st. dev.’s of noise) i L ]
L 270° ]
5.0 0.50 0.4
5.0 0.75 0.9 - -
10.0 0.50 0.7 o5 ]
15.0 0.40 0.7 i 1
15.0 0.50 0.9

km/cos &
(=]
1
1

estimates of Ra-Shalom’s hull obtained with the five estim 05 |- ]
tors. The five are consistent in shape with a mean BR18 4+

0.03/-0.02, and a mean bandwidth of6¥ 4+ 0.35/—0.31 Hz.

Ra-Shalom has among the least elongated pole-on silhouette
any NEA for which similar shape information from radar dat L ]
is available. Elongations have been reported for 12 otherrad _15 [ N
detected NEAs; their mean and standard deviation6s-10.4, [ ]

with a (previous) minimum of 1.18 (1991 CS) and maximum ¢ s -1 -0.5 0 05 1 15
2.5 (1620 Geographos) (Benretral. 1999, Hudson and Ostro km/cos 3
1999).

FIG. 4. Estimates of Ra-Shalom’s hull, using the five phase/frequency
threshold combinations given in Table V. Rotation phase orientation for the pl

Size is shown with an inset cross.
We adopt 3.36 Hz, our lowest bandwidth estimated above, as

alower bound on the maximum breadth of Ra-Shalom’s pole-on ] ) . .
silhouette. Using the known rotation period of 19.79 h, this cor

responds to a maximum pole-on breaddhay, 0f 2.40 km/cos,
wheres is the subradar latitude. There are several estimates
.| Ra-Shalom’s size reported in the literature (Table II) with effec
{1 tive diameters (the diameter of a sphere with equivalent cros
sectional area)Des, ranging from 1.7 to 3.6 km. The sizes ob-
| tained by usand by Ostad al.(1984) ardowerbounds oD«

4 The highest estimates in Table Il (3.56 and2+ 0.18 km)

1 were based on polarimetry and radiometry, respectively. Tt
lowest estimates were all based upon the application of tt
1 “standard thermal model” (STM) to radiometric observation:
1 of Ra-Shalom (cf. Lebofsky and Spencer 1989) which assum
1 a nonrotating asteroid, zero thermal inertia surface (e.g., fin
grained or “dusty” regolith), and thermal emission only from the
Sun-facing hemisphere. However, the STM does a poor job
fitting Ra-Shalom’s radiometric observations and the consens
is that its surface has a high thermal inertia consistent with ba
rock, or a very thin (less than a few centimeters) regolith ovel
lying a solid substrate (Lebofslat al. 1979, Veedeet al. 1989,
Harriset al. 1998). Harriset al. 1998 note that the lunar regolith

—— T T T T T T [ T T T T | T T T T T
= [ ambert sphere

hull estimates

Hertz
o
T

1+

2}

b e e e s v . d has athermal inertid; ~ 5 x 100 erg enm?s %5 K1) at least
2 - 0 ! 2 a factor of 20 lower than their estimate for Ra-Shalom (Table I
Hertz We therefore exclude the estimates based on the STM and ad

FIG. 3. Estimates of a Lambert sphere’s hull from synthetic spectra cog—'4_3'6 km as the most Ilkely range Dt for Ra-Shalom.
taminated with noise. Five estimators are shown (thin lines), corresponding to
one realization of noise and five different phase/frequency/threshold combifzlassification
tions (Table V). The dispersion of the hulls about the circle (the model's actual _. .
hull) give a visual sense of the uncertainties that are present in our estimates of igure 5 shows how the radar and optical albedos of R:
Ra-Shalom’s hull. Shalom depend on its effective diameter. The radar albedo
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FIG.5. Constraints on Ra-Shalom’s diameter, radar albedo, and visual geometric (or optical) albedo. Radar albedo is shown as a thick solid curve c
using Ra-Shalom’s OC radar cross section (Table V). Thin solid curves denote tiecgrtainty in the radar albedo that propagates from the 35% uncertair
in ooc. Allowed geometric albedos, shown as the dash—dot curve, were computed as a function of diametergyom 6269 — 2logD — 0.4H (Bowell et al.
1989), whereH is Ra-Shalom’s absolute magnitude (Table I). The vertical dashed line denotes a lower bound on the pole-on breadth from the hull esti
Histograms show the distribution by taxonomic class of main-belt (Metgi. 1999) and near-Earth asteroids, and radar and optical albedos (optical albedos v
taken from the JPL/Horizons online data base: http://ssd.jpl.nasa.gov/horizons.html, Chaeilzrlif97).

defined as are two other high albedo classes not shown explicitly in Fig. !
A and R, which can also be excluded from further consideratic
4ooc (Tedesceet al. 1984, Tholen and Barucci 1984).

&OC = 5.
anﬁ

Astrometry

Figure 5 also indicates representative values of the optical geoQur hull estimation yields an estimate9809166 + 0.12 Hz,
metric albedopy, for principal taxonomic classes, and it conforthe Doppler frequency corresponding to Arecibo echoes fro
denses information about the distribution of estimates of othRk-Shalom’s COM at 00:00:00 UTC on 1984 Aug. 21. Thi

asteroid radar albedos. Using the range of sizes discussed abgt refines the preliminary estimat€98092+ 1 Hz, reported
we infer that the radar cross section and absolute magnitudeypfOstroet al. (1991).

Ra-Shalom correspond to limits on the radar and optical albedos
of 0.07 < 6oc < 0.33 and 005 < p, < 0.13. Both ranges span
values consistent with Ra-Shalom’s C-class taxonomy. Based on
the range of radar albedo alone, we cannot exclude any classifi- . .
cation for Ra-Shalom (Magat al. 1999), but using our adoptedsllhermal Inertia and Bulk Density
size constraints and associated range of optical albedo, we caRadiometric observations and modeling suggest that the si
safely rule out higher albedo classes E and V as too bright. Théaee of Ra-Shalom has a high thermal inertia, and by inferen

DISCUSSION
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is largely bare rock or covered by an extremely thin regolitfionships change with incidence angle, and therefore they shot
(Lebofskyet al. 1979, Veedeet al. 1989, Harriset al. 1998). be valid when disc-integrated. Using Egs. (2) and (3) an
Can the radar data confirm or reject this model? The high eRé-Shalom’s observed circular polarization ratio &0+ 0.02,
of our radar albedo estimates suggests a dense medium, buinesestimate that 67—71% of the observed OC radar cross sect
ing the radar albedo alone to estimate the dielectric constan{as 50—-55% of the total radar cross section) is due to SF sce
misleading in this case because the relatively high circular pering events. Thus the disc-integrated radar albedo due only
larization ratio indicates that a significant amount of the ecl®F scatteringgsr, satisfies M5 < 65 < 0.23.
is due to “diffuse” scattering. We can, however, make a roughWe now use the relatiossr = g R (making the assumption
estimate of the echo power that is due solely to single scattdérat o5 is the albedo due to Fresnel or “quasi-specular” re
ing and then use this to infer a dielectric constant, and hencéextions), whergy is the radar backscatter gain aRdis the
surface bulk density, as follows. normal Fresnel reflectivity, to estimate the normal reflectivity
We adopt a model first proposed by Cample¢hl. (1993) to of Ra-Shalom (Mitchelkt al. 1996). The gaing, encompasses
interpret linear polarization experiments, modified to deal withoth the shape of the asteroid and its local surface roughne
our circular polarization experiments. Those authors showéck., facets). Without any constraints other than the relativel
that over a wide range of surface roughness at both C-bdadye uc, we adopt a range of gains,<1g < 1.5, and propa-
(5.6 cm) and L-band (24 cm) wavelengths, the radar cross sgate the uncertainties, obtaining8 < R < 0.23. An empirical
tion from weathered basaltic flows could be modeled as the suetationship between the bulk densiti{g cn3), and Fresnel
of “small-facet” (SF) and “diffuse” (DIFF) scattering compo-reflectivity of geologic material is (Garviet al. 1985)
nents. The small-facet component contributes singly scattered
energy in the form of “expected” polarized OC echoes. The dif- d = 3.2In[(1 + R*%)/(1 — R%®)]. (5)
fuse component contributes equal amounts of energy in both

senses of pqlarization (“expectgd” and “unexpected” or OC_ aﬂgserting our interval foR into (5) gives 11 < d < 3.3gcnT?3.
SC, respectively) due to scattering by wavelength-scale dipol easurements of the bulk densities of meteorites are scar

structures and/or multiple scattering. In using this model, V&t Consolmagno and Britt (1998) and Britt and Consolmagn
assume no significant returns due to dihedral (double corn%-

- S . 000) report bulk densities for 14 carbonaceous chondrite
bounce) scattering, “small-perturbation” scattering, or cohere

. . alogues for C-class asteroids, of 1.6—3.4 g&mrain densi-
backscattering. Under these assumptions, the small-facet sk of 2 43-3.84 g o (reported for only three samples), and
tering component of the echo is '

porosities (volume fraction of pore space}5%. Some of these
samples are different fragments of the same meteorite. Our bt
density estimates are consistent with a carbonaceous-chondr
and the fraction of the OC cross section due to small-facet chlf_rface with poro_sn)E?Q%. Porpsmes at t_he upper end of this
tering is estlmat'e. appear |nconS|§tent with a regolith-free carbonqce_m

chondritic surface, but this conclusion rests upon a very limite
@) data set.

Recently, Harrigt al. (1998) speculated that Ra-Shalom may

Since SF scattering contributes only to the OC cross section, ffe@n S-class object, based on their estimate of its visual albe:

fraction of the total cross section (OESC) due to SF scattering P = 0.13, infrared color indices (Veedet al. 1983), and spec-
is tral features in the ultraviolet and near-infrared (McFadetei.

1984, 1989). Consolmagno and Britt (1998) also report bul
fse = (1 — pc)/(L+ ue), (3) densities of 18 ordinary chondrites and 7 stony-iron meteorite
both possible analogues for S-class objects, with ranges of 2.9

and that due to diffuse scattering is 3.53 and 4.16—4.97 g cm, respectively. The porosities of all
these samples werel0%. Our estimates of bulk density for Ra-
foire = 1 — fsp = 2uc/(1 + we). (4) Shalom are inconsistent with a regolith-free stony-iron surfac

Stony-iron surfaces with porosities20—75% are permitted by
Note that the diffuse component for circularly polarized ereur estimates, requiring a thin to substantial regolith if the me
ergy in this model could result from wavelength-scale surfateorite porosities reported above are representative. Therefo
structure (i.e., randomly distributed dipoles), multiple scattesur results appear to be consistent with a high surface thermr
ing, and/or volume scattering; each of these mechanisms fraartia and stony-iron composition only if Ra-Shalom is near o

maximumgyc ~ 1. at the lower end of our effective diameter range.

Let us assume that these relations hold for disc-integrated obOur estimates of bulk density for Ra-Shalom are consistel
servations of Ra-Shalom. The terrestrial observations on whiefth ordinary-chondritic surfaces with porositiesr0%, and
the model is based occurred at intermediate backscattering ankike stony-irons, regolith-free chondritic surfaces are permi
gles (~30°—60°). However, there is no evidence that these reléed. The upper range of allowed porosities requires a substant

OsF = 0oc — 0sG; (1)

fsroc =1— uc.
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TABLE VI relations, we use a Spearman rank-order correlation test (Pri
Spearman’s Correlation and Significance Tests et al. 1989), which allows us to test for correlations withaut
priori assumptions of linearity and is preferred over more tre

Variables PP Significance ditional correlation tests (e.g., Pearson’s) because of the sm
sc. oToT 0.87 0.05 sample size. Our null hypothesis is that any two variables a
(G OSC 0.90 0.04 uncorrelated, and we adopt a significance level of 10%. (Wit
UC, 0OC 0.80 0.10 a sample size of five, the significance resolution of this test
UG, ODIFF 0.90 0.04 limited; e.g., a 1% significance cannot be meaningfully teste
UG, OSF 0.30 0.62 in this case.)

e, BW 0.30 0.62 The uncertainties in radar cross section quoted in Table |
BW, otoT 0.67 0.22 are due to random noise and are appropriate (as opposed to
BW, osc 0.30 0.62 35% uncertainties in absolute calibration) for comparing dail
BW, aoc 0.53 0.36 observations. Even at this reduced level of uncertainty, the

is considerable overlap in the radar properties on several da

Note For each pair of variables being tested for corre- . L e . .
P 9 and Aug. 18 and 21 are virtually indistinguishable. There ar

lation, psp is the correlation coefficient, and significance

<0.10 indicates that we can reject the null hypothesis (no larger uncertainties in the rank order of bandwidths, dependir
correlation) with 90% confidence. The numbers above on whether one chooses the spectral edges to be at the 1-, 2-
represent the least correlative coefficients from any of the 30 noise level. Because of the limited number of samples (°

tests performed. See text for details. and the possible variations in parameter rank order, we adc

the following significance-testing protocol. We ran tests for cot

regolith, and our results are consistent with a high surface th&lation and significance assuming (1) the current rank order

mal inertia and chondritic compositiamlyif Ra-Shalom is near Parameters, (2) reversal of Aug. 18 and 21 in relative rank, ar
the lower end of our effective diameter range. (3) three different bandwidth rankings based on the three spe

For discussion purposes, we adopt an optical albedo boundtcw edge estimators. We rejected the null hypothesis (variabl

of p, = 0.1 between S- and C-class asteroids. Using the Bowgfpcorrelated) only i&ll of these tests attained a significance o
: : % or better.

et al. (1989) relationship between effective diameter and opt]r-0

cal albedo, and the absolute magnitude reported for Ra—ShannTable Vi Iistsl the comfibrin.ations gf yar_ifgbles cfor:isi:ered
(Table 1) we find that our estimat®ey 2.4—2.6 km is consis- Spearman correlation coefficient, and significance foldast

tent with an S classification for Ra-Shalom, and thag 2.6— correlative test. There is a significant rank correlation betwee
3.6 km is consistent wita C classification, our analyées 01the polarization ratio and the total, OC, and SC cross sectior

Ra-Shalom's bulk density and composition are consistent w other words, higher radar cross sections are positively ai
these ranges significantly correlated with higher polarization ratios. There i

no significant correlation between bandwidth and polarizatio

ratio, contrary to initial impressions, and there is no significar

correlation between bandwidth and the total, OC, or SC rad
Now let us return to the apparent correlations between theoss sections.

values of bandwidth, radar cross section, and circular polariza-Table VIl lists the total radar cross section, circular polariza

tion ratio in Table IV. To assess the significance of these cdien ratio, fractions of the echo due to SF and DIFF scatterin

Correlations in Radar Properties

TABLE VII
Model Scattering Parameters

Mean rotational

Date phase°) e otor (km?) fsk foire osr (km?) opirr (km?)
1984 Aug 18 24 @27+ 0.02 148+ 0.03 0.57 0.43 B85+ 0.03 063+ 0.02
1984 Aug 19 104 (B5+0.03 182+ 0.05 0.48 0.52 B8+ 0.05 094+ 0.04
1984 Aug 20 176 214+ 0.02 100+ 0.03 0.65 0.35 ®5+ 0.03 035+ 0.02
1984 Aug 21 252 28+ 0.02 148+ 0.04 0.56 0.44 B3+ 0.03 065+ 0.03
1984 Aug 22 328 38+ 0.03 1744+ 0.05 0.45 0.55 &8+ 0.05 096+ 0.04

Note.Mean rotational phase is the weighted average of all phases observed during the day’s obsenyaisathe circular polarization rati@rror is the total
(OC+ SC) radar cross section for the weighted spectral sum of each day’s observations. Uncertainties quetedrfdj.c are b standard errors caused by
background noisefsg and fpjrr are the model fractions of the radar cross section due to single-facet (SF) scattering and diffuse (DIFF) scattering, respe
osk andopeg are the model estimates of the radar cross section due to SF and DIFF scattering, respectively; the uncertainties in these estimates are
from pc andotor.
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(from Egs. (3) and (4)), and resulting cross sections due talurgens, R. Rose, M. A. Slade, M. L. Thomas, R. Winkler, and D. K. Yeoman

SF and DIFF scattering. Note the partitioning between SF and999. Radar observations of Asteroid 7822 (1991 Q&jrus 137, 247-

DIFF echoes in Table Vllgsg is smaller tharooc and opier 259.

is Iarger tharvsc because some of the OC echo is caused &qwell, E., B.'Hapke,D. Domingug, K. Lumme, J. Pelt'oniemi,a.nd A. W. Harris

diffuse mechanisms. As a test of the scattering model, theré?:félATp @gﬁ?&g c:n%h&tosm mﬁgﬁeﬁc}g )a S;Erglgjé;egogr?iy(cal?fAI:fzonz

should be little correlation between the polarization ratio andpress, Tucson. o R o

SF cross section: increasing surface roughness should increagep. 1., and G. J. Consolmagno 2000. The porosity of dark meteorites ar

the polarization ratio while not significantly affecting the single structure of low-albedo asteroidsarus 146, 213-219.

scattering SF cross section. Increasing wavelength-scale surfaaepbell, B. A., and D. B. Campbell 1992. Analysis of volcanic surface mor

roughness should increase the DIFF cross section and result ifology on Venus from comparison of Arecibo, Magellan, and terrestria

a high degree of correlation between the polarization ratio andiorne radar datd. Geophys. Res7, 16,293-16,314.

DIFF cross section. Table VI shows that, as expected, theré-f&"Pbell, B. A., R. E. Arvidson, and M. K. Shepard 1993. Radar polariza

no significant correlation between the polarization ratio and Slfrfontg rsogr?;tr']zs ;;(;' ci',gi:'g g;gﬁ:?tﬁpsrzgﬁfzxﬂf t'gg;go tle;rggg'_al 16

cross section, but a significant correlation between the polarizay7 114, ' Y

tion ratio and DIFF cross section, consistent with terrestrial dat@amberlin, A. B., D. K. Yeomans, P. W. Chodas, J. D. Giorgini, R. A. Jacobsor

(Campbell and Campbell 1992). In other words, the scatteringv. S. Keesey, J. H. Lieske, S. J. Ostro, E. M. Standish, and R. N. Wimber|

model adopted here appears to correctly separate the SF adfl97. JPL Solar System dynamics WWW siaill. Am. Astron. Soc29,

DIFF scattered components of the radar cross section. 1014. [Abstract] _ . . _
In Table VII, we note that, although the total radar cross SeEgnsolmagno,_G. J.,and D T. Britt 1998. The density and porosity of meteorite

tions vary dramatically from day-to-day, the cross sections duefrom the Vatican collectiorMeteor. Planet. ScB3, 1231-1241.

X - Garvin, J. B., J. W. Head, G. H. Pettengill, and S. H. Zisk 1985. lobe
to SF scattering are similar on Aug 18, 19, 21, and 22. Thig " ea etergr an o o dio

a4 . radar reflectivity and correlations with elevatidn Geophys. Re80, 6859—
suggests that much of the variation in the total cross section igg71.

associated with variation in circular polarization ratio, and by insarris, A. W., J. K. Davies, and S. F. Green 1998. Thermal infrared spectroph:
ference, by a rotation-phase-dependent near-surface roughnesgsnetry of the near-Earth asteroids 2100 Ra-Shalom and 1991cEfis
The cross-section estimate for Aug 20 is lower than expected!35 441-450.

however, and may be caused by large-scale topographic effetaty, E. F., E. M. Shoemaker, and R. F. Wolfe 1978. Ra-Shalom: Third men
on that Sidef'180) rotation from the side observed on Aug 18) ber of the Aten class of Earth-crossing asteroilgl. Am. Astron. Socl0,

732.
of Ra-Shalom. _ ,
Hudson, R.S.,andS. J. Ostro 1999. Physical model of Asteroid 1620 Geograpl

from radar and optical datécarus 140, 369-378.
Hudson, S. 1993. Three-dimensional reconstruction of asteroids from radar c
The most favorable opportunities for observations of Ra-servationsRemote Sens. R&/.195-203.
Shalom in the coming decade occur in 2000 September drggofsky, L. A._, M. J. Lebofsky, and G. H. Rieke 19?9. Radiometry and sur
2003 August, both of which support SNRs high enough forface properties of Apollo, Amor, and Aten asteroidstron. J.84, 885—

. . . 888.
radar Imaging (dally SNRs 6200500 and total SNRs1000 Lebofsky, L. A., and J. R. Spencer 1989. Radiometry and thermal modeling ¢

O_n both enco_unters_ at AI’ECIbO) and reconStrUCt_mn of the aSterésteroids. IrAsteroids lI(R. P. Binzel, T. Gehrels, and M. S. Matthews, Eds.),
oid’s three-dimensional shape atl00-m resolution (Hudson pp. 128-147. Univ. of Arizona Press, Tucson.

1993). In 2000, Ra-Shalom will be 75 away (measured asmagri, C., S. J. Ostro, K. D. Rosema, M. L. Thomas, D. L. Mitchell,
an arc along a great circle) from the position of its 1984 clos-D. B. Campbell, J. F. Chandler, I. I. Shapiro, J. D. Giorgini, and
est approach, so the 1984 and 2000 results should yield usef K- Yeomans 1999. Mainbelt asteroids: Results of Arecibo and Goldston
constraints on pole direction. L%(iar observations of 37 objects during 1980-19@%rus 140, 379-
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