
(Fig. 3, A and B), show that in a narrow rf 
power window all the particles in the sarne 
picture have the same temporally chaotic 
motion and similar interparticle distances. 

A t  higher rf powers, a more chaotic 3D 
collective excitation with typical frequen- 
cies from 10 to 20 Hz and a length scale of 
a few millimeters (Fig. 3, C and D) is ob- 
served. T h e  fluctuations of particle velocity 
and density are associated with the  fluctu- 
ations in the  local plasma emission ( the  
emission from the  atoms excited by electron 
impact collisions), which is a function of 
electron density (8). Another  typical state 
exhibits disordered motion (Fig. 3, E and F). 
In this state, the  contribution from the 
long-wavelength coherent part is much 
weaker than those in Fig. 3, C and D. Note 
that in all the  pictures of Fig. 3, the particle 
speeds ( 1 2  cm/s) are much higher than 
those in the  liauid state shown in Fie. IB. " 
T h e  corresponding kinetic energies (for a 
particle with a 5-pin  diameter, 1 cm/s cor- 
responds to about 5 eV kinetic energy) are 
many orders of magnitude higher than that 
supplied by the  background neutral gas, 
which is a t  room temperature. 

T h e  rf dusty plasma system is a typical 
stationary, nonequilibriuln open system 
with finite boundaries. Nevertheless, the 
low enerev states of our svstem exhibit ", 
hexatic phase and rotational cooperative 
motions with- various scales similar to other 
2D thermal svstems 112-14). Our  first ob- 
servations of ;he coherent and chaotic cou- 
plings between dust particles and self-orga- 
nized background plasma fluctuations are 
the  interesting and unique features of this 
open system attributable to its high energy 
and less viscous low-pressure background. 
Note  that although dust uarticles are un- " 

likely to gain energy from electron colli- 
sions because of large differences in mass, 
they can coherently or stochastically gain 
large amounts of energy ( > l o  eV) from 
fluctuations of a few millivolts in the  low- 
frequency electric field. This also shows 
that,  in addition to  the  general interest in 
its crvstal structure, ohase transition, and 
dusty plasma waves, dusty plasma is a good 
system in which to study nonlinear wave- 
particle interactions and heavy-particle mo- 
tion in a chaotic background (15). 
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Electrical Properties of the Venus Surface from 
Bistatic Radar Observations 

Gordon H. Pettengill," Peter G. Ford, Richard A. Simpson 

A bistatic radar experiment in 1994, involving reception on Earth of a specularly reflected, 
linearly polarized 13-centimeter-wavelength signal transmitted from the Magellan space- 
craft in orbit around Venus, has established that the surface materials viewed at low and 
intermediate altitudes on Venus have a relative dielectric permittivity of 4.0 i 0.5. How- 
ever, bistatic results for the Maxwell Montes highlands imply an electrically lossy surface 
with an imaginary dielectric permittivity of - i  100 2 50, probably associated with a 
specific conductivity of about 13 mhos per meter. Candidates for highlands surface 
composition include ferroelectrics, a thin frost of elemental tellurium, or a plating of 
magnetite or pyrites. 

R a d i o  observations of the  Venus hiehlands 
0 

have revealed a surface material that exhib- 
its radiotherinal emissivitv as low as 0.3 and 
normal-incidence radar rkflectivity as high 
as 0.6 ( 1 ,  2).  These values are not charac- 
teristic of most of the  Venus surface, for 
which the emissivity is about 0.85 and the 
reflectivity is about 0.15 (2) .  T h e  abrupt 
change in  emissivity and reflectivity in the  
highlands occurs above an  altitude of about 
6054 krn near the  equator, increasing to 
above 6055.5 kin a t  high northern latitudes. 
Mechanisms proposed to explain this unex- 
pected behavior include scattering and 
emission from a roughened high-dielectric 
interface (2 )  and low-loss volume scatterine , , " 
from wlthin the surface (3). As more obser- 
vations have accumulated, it has become 
difficult to find appropriate materials that 

transmitters and receivers as viewed from 
Venus is less than 1 minute of arc. W e  were 
fortunate that the  Magellan spacecraft (5), 
in orbit around Venus since August 1990, 
became available for such observations in 
late 1993, as it concluded its primary mis- 
slon objectives. 

Constrained by the  d~stance to Venus 
(1.3 astronomical u n ~ t s )  and bv the  rela- 
&ely low radiated avahable from 
Magellan (Table I ) ,  we restricted the  ob- 
servations to a geometry in which the  inci- 
dent and emerging ray directions lay in the 
sarne vertical plane ( the  scattering plane) 
and made equal angles to the  surface, taking 
advantape of the  scatterine enhancement " " 

associated with specular reflection. Equally 
important was the  applicability of the 

can satisfy all the known constraints of the  
scatterine models. Table 1. Magellan bistatic radar characteristics. 

" 
Bistatic radar observations, in  which the  

transmitter and receiver are physically sep- 
arated and thus view the surface from dif- 
ferent directions, can yield more ~nforma- 
tion o n  the  scattering process than can the 
usual backscattering geometry, particularly 
if a full polarization description of the echo 
1s available (4). Bistatic radar observation of 
Venus requires a spacecraft because the  
maximum angular separation of Earth-based 
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Parameter Value 

Magellan spacecraft transm~tter 
Frequency 
Wavelength 
Polar~zatlon 
C\/V power 
Antenna galn 

(3.7-m dlameter) 
Antenna beamwldth 

Earth recelver (DSN DSS63) 
Antenna galn 

(70-m dlameter) 
System temperature 

(vlewlng Venus) 
Polarlzat~on 

2.298 GHz 
13.05 cm 
Linear 
5 W  
35.9 dB 

2.1" by 2.5" 

63.3 dB 

20 K 

Left-r~ght 
circular 
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Fresnel scattering equations (6) to this ge- 
ometry, which permitted unambiguous the- 
oretical modeling of the results. The surface 
regions accessible to study were determined 
by the spacecraft's orbit, the relative posi- 
tions of Venus and Earth, and the rotational 
phase of Venus. Only in early June 1994 
were these geometric constraints fulfilled 
for Maxwell Montes, an extensive region 
known for anomalously low values of ther- 
mal emission. 

We carried out bistatic radar observa- 
tions on 5 June 1994, using the 70-m- 
diameter antenna of the NASA Deep 
Space Network (DSN) near Madrid, 
Spain, as the receiving system (Table 1). 
The linearly polarized S band high-gain 
transmitting antenna on the s~acecraft - 
was continuously directed at the region on 
the Venus surface that satisfied the con- 
ditions for specular reflection as seen from 
Earth. The direction of incident polariza- 
tion was maintained at 45' to the scatter- 
ing plane, thus ensuring equal in-phase 
excitation of the ~ara l le l  (in- lane) and . L 

perpendicular (normal-to-plane) Fresnel 
reflection components. Three orbital pass- 
es, separated by twice the orbital period 
of the spacecraft (about 2 x 93 min), used 
the S band system to view a surface strip 
extending northward from near the Venus 
equator and passing over Maxwell Montes 
(Fig. 1). The interleaved passes used Ma- 
gellan's shorter wavelength X band telem- - - 
etry carrier, but these passes did not yield 
detectable echoes, probably because of 
the large atmospheric absorption at the 
shorter wavelength. The received data 
were recorded and processed digitally (7) 
to obtain a Stokes vector description (8) 
of the intensity and polarization of the 
echoes. 

The results for most surface regions below 
an altitude of 6054 km (except near 65.5'N) 
(Table 2) imply a surface having a real di- 
electric permittivity of 4.0 2 0.5 (Fig. 2), 
consistent with earlier results deduced from 
emissivity data (1, 2). The behavior of the 
echo from Maxwell Montes, however, is dif- 
ferent (Fig. 3). The polarization angle (7) 
decreased as the specular reflection point 
entered the low-emissivity Maxwell high- 
lands at about 61°N. Initially the echo was 
weak, incurring large measurement errors in 
the polarization angle, but as the track passed 
by the prominent crater Cleopatra near 
65.5"N (Fig. I ) ,  the signal intensity in- 
creased, presumably a result of a smoother 
surface. In this area, the polarization angle 
averaged -36.9" ? 2" at an incidence angle 
of 67.0' (68.5' before correcting for refrac- 
tion) (Tables 2 and 3). This angle is in 
contrast with a polarization angle of +5.7', 
that would be expected for a dielectric per- 
mittivity of 4.0 at a similar incidence angle. 

Furthermore, 10% of the echo power from ter at an emergence angle of 45' (1 ), permits 
this region is right circularly polarized. Com- an estimate of dielectric permittivity. 
bining these observed parameters with the It is clear from the large negative polar- 
value of emissivity, 0.33, measured earlier for ization angle that the specularly reflecting 
Maxwell Montes by the Magellan radiome- surface must have a high relative dielectric 

permittivity. The generation of circular po- 

351; 0 
East longitude 

Fig. 1. Track of the specularly reflecting region 
over the Venus surface observed during the three 
S band bistatic radar passes of 5 June 1994. The 
extended bright feature represents the elevated 
Maxwell Montes, with the impact crater Cleopatra 
to the upper right. 

Incidence angle (degrees) 

Fig. 2. Plot of polarization angle versus angle of 
incidence, for a dielectric permittivity .z of 4.0. Cir- 
cles indicate observed data (with errors) from those 
locations in Table 2 not located in Maxwell Montes. 

larization requires a complex permittivity, 
implying a finite phase shift (other than 0" 
or 180") between the reflected components 
parallel and perpendicular to the scattering 
plane. Such a shift can arise only if there is 
loss in the reflection process. 

The Fresnel (amplitude) reflection coef- 
ficients are complex numbers given by (6) 

A : '. :-.. A .. . . . '.. 
Echo intensity - :*.-d 

: (arbitraly units) j "b' 

58 60 62 64 66 68 
Latitude (ON) 

Fig. 3. Plot of the average received echo power 
(arbitrary linear units) and polarization angle in the 
Maxwell Montes region for the three S band orbital 
passes of 5 June 1994. Filled circles represent 
data from the first orbital pass, open circles the 
second, and triangles the third. 

Table 2. Observed parameters for selected reflecting locations on Venus. The three entries in each 
subgroup correspond to S band passes 1 ,2 ,  and 3, respectively. 

Surface Incidence angle* Polarization Circular 

Latitude ("N) Longitude ("E) (degrees) angle (degrees) polarizationt (%) 

'Corrected for refraction. PNegative sign indicates right-hand circular sense. $Strong adjacent frequency 
interference noted in this 0bSe~ation. 
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where 1 1  refers to  the  parallel and 1 t o  the  
perpendicular reflected components, E is 
the complex relative dielectric permittivity, 
and 0 is the  angle of incidence (and reflec- 
t ion).  T h e  associated emissivities corre- 
spond to 1 minus the  squared ruagnititde of 
p11 and p,. W e  assumed that the emissivity 
observed over Maxwell Montes is the  aver- 
age value of the  two polarization cornpo- 
nents, because the surface in this region is 
known to  be highly depolarizing. 

T h e  circularly polarized fractional pow- 
er, C, is related to  the  differential shase 
shift between the  two coefficients, 6 ( in  the  
sense: 1 1  minus l), by (8)  

C = (sin2ysinS)' (2 )  

where y = tan-'lp!!/p,(. T h e  polarization 
angle, A, of the  linearly polarized compo- 
nen t  is given by 

T h e  Stokes vector convention asslgns a neg- 
a twe sign to C when the right circular sense 
sredornmates, as it does in our observations. 

W e  have explored the complex reflec- 
tlon amplitudes associated with various real 
and i~naeinarv comsonents of the  dielectric " ,  
permittivity of a surface material and find 
the  best agreement with our data for E = 
-i100, with an  error in E I  of less than 50 
(Table 3 ) .  For the  illumination geometry 
used here, with the  incident linear polariza- 
tion plane maintained to the  upper left a t  
45' t o  the  scattering plane as viewed from 
the  spacecraft, the  inferred value of 6 = 
162. l o  at  a refraction-corrected incidence 
angle of 67.0' (as compared to  6 = 180' for 
a lossless dielectric viewed below its Brew- 
ster angle) yields a right circularly polarized 
sense, as observed. T h e  discrepancy in emis- 
sivity may arise in part from the  effects of a 

Table 3. Comparison between the average val- 
ues of three observed parameters for the surface 
of a region in Maxwell Montes and the corre- 
sponding calculated values for a complex dielec- 
tric permittivity & = -11 00. The emissivity is polar- 
ization-averaged and calculated for an emission 
angle of 45", whereas the polarization angleA and 
the percentage of circular power C correspond to 
an incidence angle of 67.0". 

Case Emissivity A 
(45") (degrees) c (%) 

As observed -0.33 -36.9 2 2 -10 + 2 
8 = -1100 0.26 -36.1 -8.7 

rough surface, which raise the  emission ef- 
ficiency as compared with the  e~nissivity 
calculated for a smooth specular surface (9). 

T h e  most likely explanation of the  large 
imaginary component is a semiconductillg 
surface material, where the  relation be- 
tween E and conductivity, a, is given by (6)  

where a is in mhos per meter, w = 2rrf is 
the  angular frequency of the  transmitted 
carrier, and E ,  is the  permittivity of free 
space. For E = -i100, o = 13 mho/m, 
which is about lop6 of the  electrical con- 
ductivity of most metals and conducting 
minerals, and a t  least 10'' times the  a for 
insulators (10).  Among the elements, only 
Ge ,  with o,, .= 20 mho/m ( l o ) ,  and Te ,  
with oCc -= 2000 mho/m, for low radio 
frequencies a t  temperature T = 700 K (1 1 ), 
have conductivities within a few orders of 
magnitude of our observations. Of the  two 
elements, the  more interesting is T e ,  with a 
melting-point temperature of 723 K (12) 
[Te is a liquid in the  Venus lowlands ( T  = 
730 to 750 K) (13) but a solid a t  Venus 
altitudes above about 6054 km]. In the  low- 
lands, T e  has a saturated vapor pressure of 
about 7 x bar (1 l ) ,  which drops to 
below 10-j bar in the  Maxwell Montes 
highlands, where temperatures fall as low as 
650 K. Thus, there could be a c o n t i n ~ ~ o ~ ~ s l v  
recycling cold-trap deposition of T e  fro14 
the  vapor phase ( 1 4 ) ,  if enough of it is 
available above an  altitude of about 6054 
km, the  lowest altitude a t  which the  anom- 
alous electrical sroserties are observed. 

A A 

Compounds containing T e  are found In 
volcanic eff~tsions o n  Earth (14) and are 
probably brought to  the  surface o n  Venus 
by such processes, although the  presence of 
elemental T e  in these emtsslons has not  
been established. 

How might we explain the  200-fold dis- 
crepancy between the  inferred electrical 
conductivity of 13 mho/rn and the  estirnat- 
ed value of 2000 mho/m for T e  a t  a tem- 
perature of 700 K ?  T h e  values a t  high radio 
frequency might be less than a t  low fre- 
quencies as a result of the  finite number of 
charge carriers in  a semiconductor such as 
Te .  Note  also that we have deduced the  
value of conductivity from the observed 
dielectric permittivity, assuming a surface 
layer thickness greater than the electrical 
skin depth (15) of 3.0 mrn for the  S band 
wavelength used here. A thinner surface 

u 

deposition would yield a lower effective 
conductivity. If the conductivity for a thick 
layer of T e  is actually 2000 mho/m, then 
the  corresponding skin depth is 0.3 mm, 
and a layer about 5 p m  thick would have a 
conductivity of 13 mho/m. If we assume the  
terrestrial abundance of about 16 x lop" 

for T e  (16) throughout the  mantle and 
crust of Venus, it would require outgassing 
of less than 1 part in lop4 to  saturate the  
atmosphere over the  highlands. 

T h e  high dielectric permittivity found 
o n  Maxwell Montes rules out volitme scat- 
tering (3)  as the  controlling factor in pro- 
ducing low emissivity in the  highlands, al- 
though the  large depolarizations seen in 
radar echoes there lnav arise frotn dual scat- 
tering from highly reflective, wavelength- 
scale deep structure o n  the  surface (17). 
Wood (18) has proposed a plating of pyrites 
or magnetite as a source of conducting ma- 
terial, and Shepard e t  nl. (19) have shown 
that ferroelectrics may also have the  elec- 
trical properties needed to  account for the  
radar observations. Both of these types of 
material require substantial loss mecha- 
nisms if they are responsible for the  bistatic 
observations. Unt i l  spacecraft probes have 
satnpled the  surface in the  highlands, the  
composition of this region will probably 
remain uncertain. 
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High-Resolution Molecular Spectroscopy of 
van der Waals Clusters in Liquid Helium Droplets 

Matthias Hartmann, Roger E. Miller,* J. Peter Toennies,f 
Andrej F. Vilesov 

Small van der Waals clusters of sulfur hexafluoride (SF6) and mixed SF6-rare gas clusters 
were prepared inside large droplets of helium-4, with each droplet consisting of about 
4000 helium atoms. A diode laser was used to measure the high-resolution infrared 
spectra of these clusters in the vicinity of the v3 vibrational mode. In all cases rotational 
structure was observed, indicating that the embedded species rotate nearly freely, 
although they had been cooled to a temperature of 0.37 kelvin. The results indicate that 
helium droplets are probably superfluid and thereby provide a uniquely cold yet gentle 
matrix for high-resolution spectroscopy. 

Opectroscopy has contributed greatly to our 
understanding of molecular behavior, but 
unfortunately many of the methods are in­
effective when applied to complex mole­
cules because of spectral congestion (vibra­
tional and rotational) that blurs the details. 
For this reason, free jet expansions are wide­
ly used to simplify spectra by cooling mol­
ecules (1). Nevertheless, for large molecules 
the heat capacity may be so large that the 
cooling is incomplete. Although ultracold 
solid matrices (2) overcome this limitation, 
the matrix interactions can significantly 
perturb the spectrum (2, 3). From this point 
of view, liquid He would be the ideal ma-

Max-Planck-lnstitut fur Stromungsforschung, Bunsen-
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trix, except for the fact that the solvated 
molecules are quickly lost to the container 
walls (4—6). This problem can be overcome 
if the molecules are captured inside small 
droplets of liquid He, thus providing the 
needed isolation (7-9). Reported here are 
high-resolution spectra (0.01 cm' 1 ) of a 
number of He-solvated molecules, clusters, 
and van der Waals complexes that demon­
strate that this is a viable approach for 
carrying out ultracold spectroscopy of large 
molecules. The results show that the sol­
vent effects are weak yet interesting in their 
own right and that the solvated species are 
cooled to the temperature of the liquid 
droplets (0.37 K). 

We have previously studied the case of a 
single SF6 molecule in a He droplet (9, 10). 
We concluded that the molecule was sol­
vated inside the droplet in a homogeneous 

environment, as deduced from mass spec­
trometer experiments (11) and predicted by 
theory (12-14)- This is in contrast with the 
idea that the SF6 molecule is positioned at 
an asymmetric surface site [this hypothesis 
was proposed earlier on the basis of low-
resolution infrared studies (8)]. The vibra­
tional hot bands of SF6, which are observed 
even in the free jet expansion spectra (15), 
were completely absent in our spectrum, 
indicating that the cooling was complete. 
These results suggested that liquid He drop­
lets may provide an ultracold, gentle matrix 
in which molecules are free to rotate and 
that the detailed rotational structure may 
provide insights into the interactions be­
tween the liquid He and the trapped mole­
cule. We found from the rotational struc­
ture of the SF6 spectrum that the tempera­
ture of the 4He droplet was T = 0.37 K. 
Nevertheless, in considering the generality 
of the method, one might argue that the 
spherical symmetry of the SF6 molecule is 
ideally suited to minimizing the interaction 
with the He and that this example may not 
be representative of the general case. Rath­
er than switching to a different molecule to 
address this issue, we chose to study van der 
Waals complexes of SF6, for example, the 
dimer of SF6 which has been studied exten­
sively in free jet expansions (16, 17) and at 
low resolution in liquid He (8). 

The experimental apparatus used in the 
present study has been described previously 
(9, 10) (Fig. 1). We introduced SF6 mole­
cules into the He droplets using a "pick-up" 
method (18). Once formed, the droplets 
passed through a scattering chamber where 
th e gas of interest, SF, was added at a 

5 mbar. The known pressure, typically 10 
average number of molecules captured by 
the He droplet depends directly on this 
pressure (19). Upon capturing a hot SF6 

molecule, the droplet rapidly evaporates He 
atoms from its surface, and after approxi­
mately 10 - 6 s, the temperature returns to 
the initial droplet temperature, cooling the 
captured molecule. Of the —4000 He atoms 
that make up the droplet (20), about 600 
evaporate during the capture process (19). 

The SF6-containing He droplets were 
detected by electron impact ionization in a 
quadrupole mass spectrometer. By far the 
most probable event is ionization of a He 
atom in the droplet, followed by resonant 
charge transfer with neighboring atoms un­
til the charge localizes on the SF6 molecule 
(11). This charge localization usually results 
in the complete evaporation of the remain­
ing He droplet, owing to the release of the 
large difference in the ionization energies of 
He and SF6 to the cluster. The largest ion 
signals were observed at the mass of the 
major SF6 ion fragment, namely, SF5

 + . A 
semiconductor diode laser was used to ex-
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