
continuous monitoring of the heliosphere 
with gro~und-based radio telescopes could 
substantially supplement future spacecraft 
observations, thus suggesting a future sy11- 
ergistic approach to ground- and space- 
based observations. 
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Radar Detection of the Nucleus and Coma of 
Comet Hyakutake (C/1996 B2) 

J. K. Harmon,* S. J. Ostro, L. A. M. Benner, K. D. Rosema, 
R. F. Jurgens, R. Winkler, D. K. Yeomans, D. Choate, 

R. Cormier, J. D. Giorgini, D. L. Mitchell,"F. W. Chodas, 
R. Rose, D. Kelley, M. A. Slade, M. L. Thomas 

Radar observations of comet Hyakutake (Cl1996 B2) made at the Goldstone Deep Space 
Communications Complex in California have detected echoes from the nucleus and from 
large grains in the inner coma. The nucleus of this bright comet was estimated to be only 
2 to 3 kilometers in diameter. Models of the coma echo indicate backscatter from porous, 
centimeter-size grains ejected anisotropically at velocities of tens of meters per second. 
The radar observations suggest that a comet's activity may be a poor indicator of its size 
and provide evidence that large grains constitute an important component of the mass 
loss from a typical active comet. 

R a d a r  is one of the most oowerful Earth- 
based techniques for studying comets be- 
cause it can be used to directly orobe the , L 

nucleus as well as identify populations of 
large grains in the coma. Unfortunately, 
comet radar detections are rare events, be- 
cause few of these small objects pass close 
enough to Earth to give measurable echoes. 
Before Hyakutake only five cornets had 
yielded radar detections. Three of these de- 
tections [P/Encke ( 1  ), P/Grigg-Skjellerup 
( 2 ) ,  and C/Sugano-Saigusa-F~1jikaa.a 1983 
J1 ( 3 ) ]  were of the nucleus alone. Comet 
C/IRAS-Araki-Alcock 1983 H I  (hence- 
forth referred to as IAA) made the closest 
approach [0.03 1 astrono~nical unit (AU)]  of 
the five and also was the first to show 
echoes from large coma grains as well as 
from the nucleus (4,  5). The 1985 appari- 
tion of cornet P/Halley produced the last 
and most distant (0.63 A U )  colnet radar 
detection; Hallerr showed on111 a coma echo. 
the nucleus echd being too &ak to be seen 
at this distance (6).  Comet Hyakutake (C/  
1996 B2), ah ich  passed within 0.10 A U  of 
Earth, offered the first eood colnet radar 

u 

opportunlt) In 13 years and the first chance 

J. K. Harmon, Natona Astronomy and Ionosphere Cen- 
ter. Arecbo Observatow Post Offce Box 995. Arecbo. 

to observe a brieht comet at close ranee. " 

Radar observations of Hyakutake were 
made in March 1996 with the X-band 
(8510 MHz; wavelength, A,  of 3.5 cm) radar 
on  the 70-111 antenna at the Goldstone 
facility in California. Echo detections were 
obtained on 24 and 25 March, when the 
comet was near its closest approach dis- 
tance (Fig. 1).  As with previous comet de- 
tections. the Hvakutake detections mere 
made with an unmodulated continuous- 
wave ( C W )  transmission (7). A 490-kW, 
circularly polarized wave was transmitted, 
and the echoes were received in the onno- 

L L 

site-sense circular ( O C )  and same-sense cir- 
cular (SC) polarizations (8). The  received 
signal was sa~npled and analyzed to give 
calibrated (9 )  echo power spectra with fre- 
quency resolutions of either 19.5 H i  (low 
resolution) or 1.95 Hz ihieh resolution). , L, 

The spectra mere summed for each polariza- 
tion to give one low-resolution and one 
high-resolution spectrum pair for 24 March, 
and one lon7-resolution spectrum pair for 25 
March. 

Both low-resolution spectra (Fig. 2, A 
and B) from the two successive days show a 
narrow spike, w h ~ c h  is the ~ ~ u c l e u s  echo, 
along with a broad hump skewed toward the 
negative side of the mike, ah ich  is the 

u 

PR 0061 4. USA. coma echo. The nucleus echo can also be 
S. J. Ostro L. A. M. Benner, K. D. Rosema R F. Jurgens. 
R. Wnker ,  D. K. Yeomans, D. Choate, R. Cormier, J, D. Seen at 210 Hz in spec- 
Gorgni, D. L. M~tchel.  P. W. Chodas. R Rose, D. Keey,  trum (Fig. 2C). (The total bandwidth of 
M. A. Slade, M. L. Thomas, Jet Propuson Laboratory, this spectrLun mas too 11arrow to recover the 
Caforna nsttute of Technology, "800 Oak Grove Drlve, 
Pasadena. CA 91 109-8099, USA. full coma echo, and we have subtracted any ~. . . .  . . . 

residual coma echo lett after noise baseline 
'To whom correspondence should be addressed. 
.;?Present address. Space Scences Laboratory, Unvers- 'emoval.) Integrating under the three nu- 
ty of Caforna. Berkeley, CA 94720. USA. cleus echoes in Fig. 2 gives total radar cross 
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sections a = aoc + a,, of 0.187 km', 0.192 
km', and 0.178 km', respectively, a i t h  
1 3 0 %  uncertainty (10). The nucleus polar- 
ization ratio p, = a5c/o,, ranges from 0.39 
to 0.70 for the three spectral pairs and 
averages 0.49, indicating that Hyakutake's 
decimeter-scale surface roughness is compa- 
rable with that of the rougher near-Earth 
asteroids (1 1 ). Because this comet is very 
active for its size, it is possible that the high 
roughness is associated mith sublimatio~l 
erosion or fallback of ejected debris (12). 

W e  estimate the O C  cross sections for 
the coma echo to be 1.25 kmL and 1.42 km' 
from Fig. 2,  A and B, respectively (with 
1 3 0 %  uncertainty). This makes the coma 
echo an order of magnitude stronger than 
the nucleus echo. The  S C  coma echo is 
weaker than the OC coma echo. This p, < 
1 behavior was also seen in the coma echoes 
frotn IAA (5)  and Halley (6 )  and is consis- 
tent with single scattering from coma grains 
(8). 

Attempts to make a range-resolved detec- 
tion (7)  of Hyakutake faded, so we were not 
able to measure the nucleus size directly. 

However, we can estimate the size of the 
nucleus from its radar cross section and 
Doppler spread. The total cross section of 
0.19 kmZ of the Hvakutake nucleus is the 
second smallest of the five comets that have 
yielded nucleus detections (1 3). This itnplies 
that Hyakutake, unless it has an abnormally 
low radar albedo, must be a relative111 small 
comet. Probably the most reliable estimate 
for the radar albedo of a comet nucleus is the 
0.039 value estimated for comet IAA (14), 
which corres~onds to a surface a i t h  the con- 
sistency of packed snow or very loose sol1 
(5 ) .  If me assume an albedo of 0.039, we 
calculate a diameter of 2.5 km for Hya- 
kutake's nucleus (Fig. 3).  This small diame- 
ter is consistent a i t h  the snlall Doppler 
bandwidth of the nucleus echo. The diame- 
ter of a nucleus with a rotation period P, in 
hours, and a rotational Doppler bandwidth 
(at A = 3.5 cm) of B, in hertz, is given by 
D = (1.0 x 10pZ)BP/sin i, rvhere i is the 
angle between the line of sight and the 
rotation axis. We obtained an estimate of 
B = 12 F 4 Hz by fitting the high-resolution 
OC spectrum w ~ t h  a model nucleus echo 

24 Mar 96 k 0448-0654 UT I 

"-*Sun 
----\ \ 

- \  

9 0 
9 5 
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Fig. 1 (left). Orbit geometry showing 20 
-2000 -1000 0 1000 2000 

the relative postons of Earth and com- 
et Hyakutake on 19 March 1996 (when 
clockw~se-rotating optical dust jets 
were observed) and on 24 and 25 - 10 
March 1996 (when the radar observa- $ 
tions were made). Also shown are the g 
unit vectors (arrows) for the sun and 2 0 ejection cone drections corresponding 
to the model coma spectra plotted in 
Fig. 2A (24 March) and Fig. 2% (25 0 
March). Fig. 2 (right). Doppler 
spectrum pairs (OC and SC polarlza- -2000 -1000 0 1000 2000 

tions). (A) Low-resolution spectra for 24 10 

March 1996, with model coma spec- 
081 7-0855 UT 

trum overplotted on the OC echo (dot- 
ted curve). (B) Low-resout~on spectra 
for 25 March 1996, w~th model coma 
spectrum overpotted on the OC echo 0 

(dotted curve). (C) High-resolution 5 
spectra for 24 March 1996, with model 
nucleus spectrum overplotted on the 
OC echo (dotted cutve). Each spec- 0 

trum is an integration over the indcated 
UT time span. The total recelve-inte- -200 -100 0 100 200 

gration time IS smaller than this span, Frequency (Hz) 

and equals 45 min for (A), 18 min for (B), and 15 min for (C). Offsets of the nucleus echo from 0 Hz are 
caused by errors In the Doppler predcton ephemeris used for the observatons. Ths error also caused 
the echo to drlft across the soectrum at a rate of -15 Hz/hour. 

cotnputed from the convolution of a cos3I2 0 
scattering law a i t h  the -15 Hz per hour 
ephemeris drift (Fig. 2C). From optical ob- 
servations of coma variability and dust jet 
rotation, the rotation period P of Hya- 
kutake's nucleus has been estimated to be 
either 6.25 hours (15) or 12.5 hours (16). 
Combining these B and P values gives lower 
limits of 0.75 or 1.5 km for the nucleus 
diameter for P = 6.25 hours and P = 12.5 
hours, respectively (Fig. 3 ) .  Therefore, we 
conclude that Hyakutake is a much smaller 
comet than either IAA (14) or Halley ( 17). 
This is consistent with estimates and umer 

L 

limits for the size of Hyakutake's nucleus 
based on infrared and radio continuum ob- 
servatlons (1 8). A small nucleus can also be 
inferred from the behavior of thls comet's 
orbital motion. Hyakutake is one of the few 
long-~eriod comets for which the inclusion 

L, 

of a nongravitational outgassing acceleration 
model was necessary to represent properly 
the optical and radar Doppler observations 
(1 9). Apparently, Hyakutake's small mass 
allows it to be pushed around by its active 
jets with relative ease. 

The  broadband component of the echo 
represents backscatter by large grains eject- 
ed from the nucleus at meeds of tens of 
meters per second. These grains can be 
anvwhere within the 7000-km-diameter 
cylinder subtended by the radar beatn at the 
comet, a region that ~ncludes much of the - 
so-called "inner coma." The  coma echo is 
asvmmetric, mith most of the echo offset to 
the negative-Doppler side of the nucleus. 
This asymmetry inlplies an anisotropy 111 

the direct1011 of grain ejection. W e  evalu- 
ated possible grain ejection geometries and 
velocities using the approach of Hartnon et 
al. 15) to the IAA coma echo. We assumed 
that the grains had an a-3."roduction size 
distribution, where a is grain radius, and 
that they were ejected in a 90'-aide cone at 

Diameter (km) 

Fig. 3. Radar albedo 4cr/srD2 of the Hyakutake 
nucleus as a functon of nucleus diameter D for an 
assumed sphercal nucleus (solid curve), and the 
estimated radar albedo of comet IM (sod  hor- 
zonta ne) .  The corresponding error bounds 
(dashed lines) are gven for each. Also shown are 
the lower m t s  to the nucleus dameterfor rotaton 
perlods of 6.25 and 12.5 hours. 
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velocities V =-. Cap'/ '  (20).  T h e  cone direc- 
tion and velocity scaling constant C m7ere 
then free parameters that could be adjusted 
to match the observed width and offset of 
the coma echo spectrum. T h e  velocity scal- 
ing we used for the model spectra (Fig. 2, A 
and B) corresponds to an  ejection velocity 
V = 40 ln/s for 1-cm-radius grains. Our  
rnodeli~le results show that the eiection was 
not aimed directly a t  the sun, as this would 
have offset the coma echo toward nositive 
Doppler shifts. There is a restricted range of 
directions for which the model snectra 
match the coma echo reasonably well (21 ). 
Exatnples of model spectra giving good fits 
are shown in Fig. 2, A and B, and their 
corresponding direction vectors are shown in 
Fig. 1. These directions are plausible if the 
grain ejection is deterlnined by a thermal- 
phase lag in the solar activation of rotating 
jets. Observations of optical dust jets around 
19 March (22, 23) showed a clockwise rota- 
tion, suggesting that, at that time, the nucle- 
us was showing its south pole to Earth (23). 
This rotation sense is consistent with the 
comet-sun and ejection-cone vectors 111 Fig. 
1. Because solne antlsolar directions also glve 
good fits (21 ), it is possible that there may 
have been a contribution to the coma echo 
from the trailing condensation of large grains 
invoked by Harris et al. (24) to explain 
Hyakutake i~nages obtained o n  26 March. 
Harris et al. also argued that evaporation of 
large icy grains could explain the observed 
sphericity of the gas coma. Such icy grains, if 
present, could have contrlhuted to the coma 
radar echo. 

W e  estimated the grain production rate 

Fig. 4. Mass loss rate M In dust and gralns as 
Inferred from the radar c o m a  echo (upper solid 
curve) and from the radio continuum observations 
(dashed curve) for an a --3 p a r t c e  producton 
s z e  distr ibut~on wlth mlnlmum grain s z e  a,,-,. = 1 
p,m and m a x m u m  grain size a,,,,,. Also shown is 
the radar curve corresponding to  a,,.,,, = 1 m m  
(lower solid curve). The grans were assumed to 
have a density p = 0 . 3  g/cm3 and a complex 
refractive n d e x  n = 1.25 - iO.O1. The mean gas 
production rate M, (horzontal dashed Ilne) at the 
time of the radar observations is shown. Mle the- 
ory was used to calculate backscatter e f fcencies 
for the radar curves and absorpton eff lcences for 
the radlo curve. 

f ro~n  the strength of the coma echo. W e  
calculated the nucleus mass loss rate M ( in  
dust and large grains) from (5)  using the 
veloc~ty scaling from the coma spectrum fits 
and assuming the grains to have a density 
(0.3 g/cm3) and refractive index (n = 1.25) 
characteristic of a lightly packed snowball. 
T h e  grain production size distribution was 
assumed to he a n  a-'." nower law between a 
minimum radius, a,,,,,, and maximum radius 
a ,,,~,x (25).  T h e  M curve (Fig. 4 )  shows that 
the largest grains must exceed 1 mm in ra- 
dius, or else the erain Inass loss rate far 
exceeds the gas production rate Ahc, which 
averaged about 5 x 10"/s during this period 
(26). Making the maximum grain size greater 
than 1 cm gives Ah values that are comnara- 
ble with the gas proJuctio11 rate and the  
estimated 5 X lo6 g/s dust production rate 
(1 5, 26, 27). T h e  radar M curve for a ,,,,,, = 

1 lnnl (Fig. 4 )  S~IO\I'S that the largest grains 
( a  > 1 mm) account for about 1 X lo6 g/s of 
the total nucleus Inass loss. IThls curve is 
also less sensitive to the assumed power law 
Index than the a,,,,,, = 1 p m  case and gives 
a good approximation to M for the case of a 
flatter (ap3.5) size distrlhution with a,,,,,, = 1 
pm.] Therefore, the estimated large-grain 
l>roduction rate inferred from the radar cross 
section of the  coma echo is substantial, yet 
physically reasonable. 

T h e  calculated mass loss rates are sensi- 
tive to the assulned gram properties. Making 
the grains solid ice or rock glves M values 
several times smaller than those in Fig. 4, 
whereas going to llghter grains increases M 
(5) .  Though these uncertainties in grain 
densitv and M cannot he resolved from the 
radar hata alone, they can be reduced hy 
comparing the radar results with mllllmeter- 
wave radlo continuum measurements. In Flg. 
4 we shovv the M required to give the  con- 
tinuurn flux density of 220 mJy ( 1  Jy = 

lo-'" ~ n - '  Hzp1) measured at A = 1.1 
min by Jewitt and Matthevvs (28); this was 
calculated with the Rayleigh-Jeans law (5)  
for a 0.3-g/cm3 dirty snowball (n  = 1.25 - 
10.01). Note that for a,,,~,x > 1 cm, the radio- 
derived Id 1s an  order of inagnitude greater 
than the radar-derived M. Calculations 
showed that this discrepancy callnot he re- 
nloved by adjusting the size distribution 
spectral index, nor can the radio Id curve be 
lowered much by increasing the grain con- 
ductivity (as the large grains are already op- 
tically thick). Also, trying silicate grains 
with densities in the range of 0.5 to 2 g/cm3 
~ n a d e  the discrepancy worse regardless of the 
spectral index. It appears that the only way 
to  recollcile the radar and radio measure- 
lnellts is to invoke erains that are more " 
porous than those we have considered here. 
Increasing the grain porosity will raise the 
absorption per unit Inass (or "mass opac~ty" 
K) as it lowers the backscatter per unit mass 

(29,  30),  the  combined effect being to bring 
the radar and radio curves closer to some M 
values intermediate between the curves 111 

Fig. 4. It is known that certain " f l u f ~ "  grains 
can have opacities (at  A = 1 mm) well in 
excess of the K 0.4 mL/kg that character- 
izes the radio curve in Fig. 4 (29).  Fluffy 
grains could also help to explain the relative- 
ly high velocities that were predicted by our 
coma s p e c t r ~ ~ m  model, because such grains 
are light and would couple Inore strongly to 
the outflowi~lg gas ( 3  1 ). 
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Spontaneous Formation of Macroscopic 
Chiral Domains in a Fluid Smectic Phase 

of Achiral Molecules 
Darren R. Link, Giorgio Natale, Renfan Shao, 

Joseph E. Maclennan, Noel A. Clark, Eva Korblova, 
David M. Walba 

A smectic liquid-crystal phase made from achiral molecules with bent cores was found 
to have fluid layers that exhibit two spontaneous symmetry-breaking instabilities: polar 
molecular orientational ordering about the layer normal and molecular tilt. These insta- 
bilities combine to form a chiral layer structure with a handedness that depends on the 
sign of the tilt. The bulk states are either antiferroelectric-racemic, with the layer polar 
direction and handedness alternating in sign from layerto layer, or antiferroelectric-chiral, 
which is of uniform layer handedness. Both states exhibit an electric field-induced 
transition from antiferroelectric to ferroelectric. 

Chiral i ty  has been recognized as an impor- 
tant feature of liquid crystals (LCs) since the 
time of their discovery (1 ). Now the influence 
of chirality on phase behavior and macroscop- 
ic structure is of major interest in LC science, 
stimulated in part by the recent discoveries of 
the blue phases (2)  and of chiral srnectic (Sm) 
ferroelectric (3),  antiferroelectric (4), and 
twist grain boundary (5) phases. In these and 
all other known chiral LC nhases, the chiral- 
ity is of molecular origin, bkng built into the 
molecular structure uoon s~.nthesis, and is es- 

L ,  

sentially permanent. Here we report macro- 
sconicallv chiral LC ohases obtained bv the 

A ,  

spontaneous chiral organization of achiral 
molecules. Soecificallv, we have found coex- 
isting bulk fluid chiral Sm domains of oppo- 
site handedness soontaneouslv formed from 
molecules that are achiral in the isotropic 
~ h a s e .  We  ~ r o v i d e  evidence for the soonta- 
neous formation of chiral layers in a Sm phase 
made from achiral molecules with bent cores 
[the homologous compounds 1 (6) and 2 (7)  
(Fig. I ) ]  and provide structural evidence for a 
symmetry-breaking transition to polar order- 
ing in an achiral LC. 

The current interest in the LC behavior of 
bent-core lnolecules has been stimulated by 
the synthetic work of Matsunaga and col- 
leagues (7, 8), which includes the design and 
synthesis of co~npound 2 and its homologs 
(7) .  They identified the highest temperature 
Sm ohase in 2 as a smectic C ISmC) and used 
x-ray layer spacing lneasurements of the ho- 
 nol logo us series to argue that the tails are - - 
nearly normal to the Sm layers wherep the 
cores are tilted. Thev found an 18.5 A core 
thickness and, assuming a core confor~nation 
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giving a 27.5 A spacing between the alkoxy 
oxygens of 2, obtained a core tilt of 48" (7).  
Recently, Watanabe, Takezoe, and co-work- 
ers (6) synthesized and studied the alkyl ho- 
mologs of compound 1, concluding from op- 
tical lneasurements that its highest tempera- 
ture Sm phase had untilted cores and, fro111 
switching current measurements, that there " 
was ferroelectric ordering of the molecular 
bows, with their arrows pointing in a partic- 
ular direction that could be switched by an 
applied electric field. Study by Weissflog et al. 
(9) of the octyl holnolog of 2 showed an 
antiferroelectric current resnonse and led 
thein to a model with an untilted core struc- 
ture and antiferroelectric ordering of the mo- 

w 

lecular bows. Heppke et al. observed ferroelec- 
tric switching current dynamics in several 
other homologs of 1 and 2 (1 0). 

Here we oresent the results of ootical mi- 
croscopy studies of the highest temperature 
Sm phase of compounds 1 and 2 in the freely 
suspended film (1 1 ) and "bookshelf" (1 2)  
electro-optical geometries. Our work, directed 
toward revealing the structure of this phase, 
demonstrates (i)  the layer-by-layer antiferro- 
electric structure of the equilibrium phase, (ii) 
spontaneous breaking of achiral symmetry in a 
bulk LC (in this case into chiral Sm layers), 
(iii) the existence of racemic (R) and homo- 
geneously chiral (H) stacking of these chiral 
layers, the racemic being the lower free-ener- 
gy state, (iv) the coexistence of macroscopic, 
homogeneously chiral domains of opposite 
handedness, which maintain their handed- 
ness during electro-optic switching and are 
identifiable by their chiral response to applied 
electric field, and (v)  "sergeants-and-soldiers" 
biasing of the global chirality by addition of 
chiral dopant. On the basis of these observa- 
tions, we have adopted the nomenclature 
"SmCP," for this phase (13). The  SmCP, 
phase of both colnpounds 1 and 2 behaved in 
essentially identical fashion in the film and 
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