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The Clementine Bistatic Radar Experiment 
S. Nozette,* C. L. Lichtenberg, P. Spudis, R. Bonner, W. Ort, 

E. Malaret, M. Robinson, E. M. Shoemaker 

During the Clementine 1 mission, a bistatic radar experiment measured the magnitude 
and polarization of the radar echo versus bistatic angle, p, for selected lunar areas. 
Observations of the lunar south pole yield a same-sense polarization enhancement 
around p = 0. Analysis shows that the observed enhancement is localized to the 
permanently shadowed regions of the lunar south pole. Radar observations of period- 
ically solar-illuminated lunar surfaces, including the north pole, yielded no such en- 
hancement. A probable explanation for these differences is the presence of low-loss 
volume scatterers, such as water ice, in the permanently shadowed region at the south 
pole. 

T h e  possibility of ice on the moon was 
suggested in 1961 (1 ). Volatiles degassed 
from the primitive moon or deposited on 
the lunar surface by cometary and asteroidal 
impacts might migrate to and collect in 
permanently shadowed cold traps near the 
lunar poles, where they could be stable over 
geologic time (1-5). Because these cold 
traps receive no direct solar illumination, 
and emit little radiation, they are difficult 
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to observe from the Earth. Radar can iden- 
tifv de~osits of frozen volatiles because. un- , . 
der certain conditions, they produce a 
unique radar signature (6). However, such 
radar observations may not be conclusive 
depending on the quantity of volatiles 
present, the nature of the surface, and the 
sensitivity of the measurements. Frozen 
volatiles have much lower transmission loss 
than silicate rocks, producing a higher av- 
erage radar reflectivitv than silicate rocks. " 
Total internal reflection also preserves the 
transmitted circular ~olarization sense in 
the scattered signal. An opposition surge or 
coherent backscatter opposition effect 
(CBOE) (7-1 2) may also be observed as the 
phase, or bistatic angle p (Fig. I), approach- 
es 0. The CBOE requires scattering centers 
(cracks or inhomogeneities) imbedded in a 
low loss matrix such as ice (7-9). The pres- 
ervation of the sense of polarization for 
CBOE has been observed in the laboratory 

using laser illumination of a particle suspen- 
sion (13, 14). A high ratio of same sense to 
opposite sense polarization and high reflec- 
tivity has been detected by radar observa- 
tions of the Galilean satellites of Jupiter 
(15, 16, 17), the residual south polar ice cap 
of Mars (la),  portions of the Greenland ice 
sheet (19, 20), and the permanently shad- 
owed polar craters of Mercury (21-23). 
These results are generally attributed to to- 
tal internal reflection and/or CBOE pro- 
duced bv low loss frozen volatiles (6). al- . ,. 
though other mechanisms have been pro- 
posed (24). High-resolution ground-based 
synthetic aperture (monostatic) radar ob- 
servations. from Arecibo. of the lunar south 
pole revealed some small anomalous same- 
sense polarization bright patches that are 
permanently shadowed (25). Brightening 
and enhancement of same sense polariza- 
tion can be caused by double bounce reflec- 
tions from large blocks or surface roughness. 
The presence of CBOE could distinguish 
brightening and polarization reversal pro- 
duced bv a low loss target from other scat- - 
tering mechanisms. Bistatic radar measure- 
ments, using a spacecraft in orbit acting as 
the transmitter, can be used as a test for 
CBOE (1 3, 14, 20) by measuring the echo 
magnitude and polarization sense as a func- 
tion of p. 

The Clementine 1 mission (26) provid- 
ed data on the environment and geology of 
the polar regions of the moon (27, 28). In 
the northern hemisphere, no large basin 
overlaps the polar area. The south pole, 
however, is located within the South Pole- 
Aitken basin (SPA), an impact crater over 
2500 km in diameter and averaging 12 km 
deep near the center of the basin (29). The 
pole is about 200 km inside the rim crest of 

Fig. 1. Orbital geornetly of the Clernentine bistatic 
radar experiment. The lunar polar tilt relative to the 
ecliptic (1.67, the lunar tilt toward Earth (-57, and 
the bistatic angle p between spacecraft, lunar sur- 
face. and Earth receiver are shown. 
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the SPA. Because of its location inside this 
topographic low, the elevation of the south 
pole is likely to be several kilometers below 
the mean lunar radius, resulting in zones of 
permanent shadow (27, 28). As the Clem- 
entine laser altimeter did not operate for 
lunar latitudes greater than 70". there is no - 
altimetry data for the polar regions. How- 
ever, multiring basins tend to preserve con- 
centric symmetry (30), thus the lunar south 
pole is estimated to lie about 5 to 8 km. 
below the highest point of the basin rim 
(29). If the elevation of the SPA rim crest 
on the near side is about 1 km, as suggested 
by the global map (3 1 ), then the pole would 
lie at an elevation of about -4 to -7 km. 
Study of the illumination conditions near 
the south pole of the moon during the 
mission reveal near constant illumination 
of several points within 30 km of the pole as 
well as darkness for other areas. Not all dark 

regions observed by Clementine are perma- 
nently dark, as the images were obtained 
during southern winter, near the time when 
the lunar spin axis obtained its maximum 
tilt away from the sun (1.6"). Initial analysis 
suggested that up to 30,000 km2 near the 
south pole was dark during the mission 
(27). Further analysis of the Clementine 
images of the south pole taken over a two- 
month period showed that some of this 
region was illuminated for a small portion 
(<lo%) of the lunar month. Images of the 
north pole taken on alternate orbits (10 
hour intervals) during the first month and 
images of the south pole taken during the 
second month were registered and added 
together to make composite images showing 
the extent of illuminated and darkened ar- 
eas (Fig. 2). These composite images show 
the extent of darkness near the south pole is 
much greater than that around the north 

Fig. 2. Composite Clementine orbital images of the poles of the moon, where more than 50 separate 
images have been summed together over one lunar day. In these views, areas of near permanent 
illumination are white and areas of near permanent darkness are black. Within 100 km of each pole, 
the south pole (A) shows considerable darkness (= cold traps) whereas the immediate surroundings 
of the north pole (B) show at least an order of magnitude greater illumination, and are therefore 
warmer. The scale bar is 100 km. 

pole. Mapping of the shadowed areas within 
a 2.5" latitude (75 km) radius circle of both 
poles reveals a; least 6361 km2 of darkness 
around the south pole while only 530 km2 
of darkness is measured around the north 
pole. A conservative analysis suggests an 
upper limit of 15,500 km2 of south pole 
terrain is likely to be in permanent dark- 
ness. As the cold trap area at the south pole 
is more extensive than at the north pole, it 
would be expected (2) to retain more 
trapped volatiles. 

In April 1994, during the times when 
the Earth passed through the Clementine 
orbital plane, the lunar axial tilt toward the 
Earth as viewed from the NASA Deep 
Space Network (DSN) was relatively large 
(4.5" to 5.5"). This favorable alignment 
occurred once for each pole during the 
month. At these times the s~acecraft. lunar 
target, and Earth-based receiver were co- 
~ lanar  with the s~acecraft orbital  lane. and 

L ,  

included the polar P = 0 condition (Fig. 1). 
Clementine transmitted an unmodulated S- 
band (2.273 GHz, 13.19 cm wavelength) 
right circular polarization (RCP) signal 
with a net power of about 6 W through its 
1.1 m high gain antenna (HGA), toward a 
specific lunar target. One of the DSN 70-m 
antennas served as a receiver. On 9 and 10 
April 1994, bistatic radar observations were 
made of the south pole region during orbits 
234,235,236, and 237. On 23 and 24 April 
1994, observations of the north pole were 
conducted on orbits 299, 301, and 302. 
Analytical results for orbits 234, 235, 301: 
and 302 are presented here. The other or- 
bits had systematic errors originating in the 
spacecraft and the ground stations that 
made the data unusable. Interpretation of 
the surface physical properties involved 
comparison of the measured echo compo- 
nents with scattering models (32). In the 
initial analysis, the polarization ratio was 
compared to p and local surface angle of 

Fig. 3. (A) Circular polar- A 
ization ratio (RCP/LCP) B 17- 

-3 - 
as a function of p for or- 
bit 234 for a 2.5" radius 
latitude band centered 

- 

on the lunar south pole 
and for orbit 235, for a g -4 

- 

2.5" radius periodically il- 
luminated band cen- 3 4 . 5  - 
tered at 82.5"S, and for n 
orbits 301 and 302, orig- -5 - 
inating from a 2.5" radius 11 - 

band centered at the -5.5 
north pole. The area 
sampled is approximate- 9 - 

RcP235 3 
ly 45,000 km2 (orbits I 

234, 301, and 302) to -5 -4 -3 -2 -1 0 1 2 3 4 5 -5 -4 -3 -2 -1 0 1 2 3 4 5 
170,000 km2 (orbit 235). P (degrees) P (degrees) 
(B) Individual polarization 
channel (RCP and LCP) echo power response used on a frequency bin-by-bin basis to compute the orbit 234 and 235 polarization ratios. 
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incidence (33). The scattering values pre- 
sented represent regional averages. The 
normalized radar backscatter cross section 
(radar cross section per unit area) was esti- 
mated from the radar equation (34) and 
specific areas illuminated on the lunar sur- 
face. Typical values of normalized radar 
cross section derived from Clementine data 
for the near-polar regions, -80°(S) to 
-82.5" (S) (84" angle of incidence, P = * lo), are -29 dB LCP (left circular polar- 
ization) and -33.5 dB RCP, consistent 
with previous work (25). During orbit 234 
the p = 0 track (the locus of p = 0 points) 
and the center of the HGA beam were close 
(within 0.5" of each other and the south 
pole) which provided for good illumination 
of the entire permanently shadowed south 
pole region at the p = 0 condition. Orbit 
235 has no P = 0 points near the south pole 
and is representative of periodically solar 
illuminated lunar surface. A noticeable 
peak in RCP/LCP occurs around P = 0 for 
the orbit 234 Doppler bins contained with- 
in a 2.5" radius band centered on the lunar 
south pole (Figs. 3 and 4). Orbit 235 yielded 
no discernible enhancement in latitude 
bands that exclude the south pole region 
(Fig. 3). The peak in the RCP/LCP ratio 
observed in orbit 234, at P = 0, is due to 
enhanced power received in the RCP chan- 
nel (Fig. 3) as opposed to a reduction in 
LCP, as seen at P - 2.5 to 3.0". No statis- 
tically significant enhancement was ob- 
served in orbit 234 LCP (35). 

During orbits 301 and 302 the spacecraft 
was roughly four times closer to the lunar 
north pole surface at p = 0 than during the 
south pole observations. The corresponding 
antenna pattern had a proportionally small- 
er footprint, and the incident power density 
was roughly an order of magnitude greater 
than for the lunar s.outh pole. More sensi- 
tivity is therefore expected in detecting 
scattering enhancement. The lunar north 
pole observations showed no statistically 
significant polarization enhancements at p 
= 0 (Fig. 3). These observations were av- 
eraged over a latitude band of 2.5" radius, 
centered on the north pole, containing an 
area comparable with the orbit 234 south 
pole observations. As the spacecraft veloc- 
ity was greater near the north pole there are 
fewer p = 0 points in orbits 301 and 302. 
This produces flatter curves due to the fil- 
tering process (Fig 3). 

Clementine polar observations were 
conducted at incidence angles of 82" to 90". 
High incidence angle scattering is difficult 
to predict and can exhibit unusual behavior 
due to shadowing, diffraction, and multiple 
scattering effects (36). However no polar- 
ization ratio enhancement was observed on 
orbits 301 and 302, which had similar high 
incidence angle geometry and greater sur- 

face power illumination than orbits 234 and 
235. Additionally, orbits 234, 235, 301, and 
302 were re-analyzed, independently of P, 
to include only target areas at high local 
incidence angles (82" to 90"). Only orbit 
234 showed an enhanced polarization ratio 
at high local incidence angles, which inde- 
pendently corresponds to south pole illumi- 
nation at small p. All other orbits exhibited 
lower polarization ratio and no local angle 
of incidence dependent RCP/LCP en- 
hancements. Statistical analysis (37) yields 
only a small probability (<5%) that the 
polarization ratio enhancement on orbit 
234 is due to random variation in the data 
(Table l ) ,  and is probably not attributable 
to angle of incidence. 

It is not certain whether the enhance- 
ment seen in orbit 234 is due to CBOE or 
some other scattering effect. The CBOE 
peak usually predicted from lossless volume 
scattering should be much narrower 
(<O.lO), and also show a larger enhance- 
ment in RCP and LCP, than was observed 
(7-12, 23). There are several possible ex- 
planations for these observations, including 
the possibility that they are not due to 
CBOE from ice deposits. The orbit 234 data 
have been averaged over a large area of 
lunar surface (45,000 km2) of which 14 to 
33% is permanently shadowed (Fig. 4). If 
the putative ice deposits are small and 
patchy, the magnitude of the polarization 

Fig. 4. Clementine mosaic of the south pole re- 
gion of the moon showing area sampled on orbit 
234.The white outline indicates the nominal area 
at the time of peak RCP response on orbit 234, as 
shown in Fig. 3. The limits of this area are defined 
by contours of constant Doppler shifl of the re- 
ceived signal and the RF terminator on an ideal- 
ized spherical moon. The spread of Doppler shift 
was chosen to maximize the fraction of perma- 
nently shadowed ground in the area sampled. On 
the actual moon, the true boundaries are irregular, 
owing to topography, and the fraction of the Sam- 
pled area occupied by permanently shadowed 
ground probably is higher than in the idealized 
case. 

reversal will be, muted by reflections from 
the larger surrounding lunar surface area. 
Rocky -lunar regolith may cover and be 
mixed with any ice deposits, further reduc- 
ing the peak amplitude by increasing loss in 
the medium. Using the observed orbit 234 
maximum, and median RCP/LCP ratios 
(Fie. 3 and Table 1). and methods used to . - , . 
estimate the extent of the Mercury polar 
devosits (23). we estimate the vure ice . . .  
equivalent area of putative south pole ice 
deposits to be on the order of 0.2 to 0.3% of 
the observed region, or approximately 90 to 
135 km2. This area is consistent with small 
patches of high ( 2 1 )  RCP/LCP surface ob- 
served from Arecibo (25). The estimate 
may be a lower limit, as the viewing geom- 
etry does not allow observation of the deep- 
est parts of the shadowed terrain. The broad 
orbit 234 RCP/LCP peak and the low value 
of RCP/LCP (<I )  are consistent with rig- 
orous theoretical calculations of CBOE for 
measurements made at grazing incidence 
angles, assuming wavelength scale scatterers 
imbedded in a lossy medium (7-12). The 
observed orbit 234 RCP peak width and 
magnitude is predicted by CBOE theory if 
the scattering centers are nonspherical (1 1 ) 
and cover only a fraction of the sampled 
area. In this case the ~redicted LCP ~ e a k  
amplitude would be significantly smaller 
and its width much larger than the observed 
orbit 234 RCP peak (1 Z), and is not observ- 
able in the Clementine data owing to the 
inherent fluctuation of the much larger 
LCP background. This does not preclude 
the existence of a number of small scatter- 
ing areas with RCP/LCP >> 1 and corre- 
sponding sharper LCP peaks that cannot be 
resolved in the data. These assumptions are 
geologically realistic for patchy, dirty ice. 
Other scattering mechanisms (roughness, 
double bounce) might explain the observed 
south pole RCP enhancement. However, 
the Clementine bistatic radar data only 
show this enhancement around B = 0 in an 
area at the lunar south pole containing at 
least 6361 km2 of permanently shadowed 

Table 1. Circular polarization ratio (RCP/LCP) 
median value with 95% confidence interval for 
data sorted as a function of incidence angle, not 
as a function of p. All frequency bins representing 
82" to 90" angle of incidence are included and 
presented as a median value. Because the orbit 
234 RCP/LCP ratio is statistically greater than the 
other orbits, it is unlikely that this larger ratio would 
be found for other orbits when sorted on the basis 
of high angle of incidence. 

Orbit RCP/LCP median value (dB) 
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terrain. Cle~nent ine  bistatic radar data tak- 
en  froln other. intermittentlv sunlit areas 
with similar geometry, and subjected to the 
same data reduction nrocess. shon. no evi- 
clellce of such an  enhancement.  This leads 
to the conclusion that the  scatterino mech- u 

anism responsible for the orhit 214 en- 
hancement is associated ~ i t h  the uernla- 
nently shadowed terrain, \ ~ l l i c h  is sugges- 
tlve of a muted CBOE originating trom 
sil~all patches of ice (andlor other froren 
volatiles) covered and mixeil n>lth rocky 
material. 
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tlie resolution In p 1s -to 2'. Due to Doppler bln 
mgrat~on i-tl bn l  phase nolse or tlie spacecraft 
osc~llator 122 bns),  and FFT wndovdng effects 1-t2 
b n s l  the Doppler bancl regons have an estmated 
rlns resouton ~~ncer tanty  of about -t25 km at 9 0 '  
at tude for the 16,384 pont FFT data rles 

36 L Tsang, J A Kong. R T Shn. Tr-ieonf of M~cro- 
wave Reiilote Sensmg ~\l l~~leylntersc~ence New 
York. 1985). 

37 A standarcl ana\/ss or varance IANOVA) fol- unba- 
anced desgn was performed on the data from eacli 
orb~t.  ANOVA tests the null hypothes~s that the 
rneans are the same and only appear d~fferent In 
measurement because of random f l~~ct~ra tons In the 
data Ths anayss tests the statstca sgnrcance or 
the d~fferences arnong the means The data repre- 
sented target return bns  corresponcl~ng to angles or 
ncdence g~eater than 92' 
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Stabilizing Lead-Salt Diode Lasers: 
Understanding and Controlling Chaotic 

Frequency Emission 
Gordon Chin, Larry R. Senesac, William E. Blass, 

John J. Hillman 

Lead-salt tunable diode lasers (TDLs) are the only devices currently available that can 
generate tunable monochromatic radiation at arbitrary wavelengths between 3 and 30 
micrometers and are particularly useful for high-resolution spectroscopy over a wide 
range of spectral regimes. Detailed observations of TDLs show that the observed in- 
strumental linewidth is actually a temporal average of many narrow (less than 0.5 
megahertz) emission "modes." The time scale characteristic of these "modes," which 
appear to be of relatively constant intensity, is of the order of a microsecond. The laser's 
behavior is highly suggestive of a chaotic process, that is, seemingly random excursions 
of a dynamic variable (frequency) within a bounded range. This report shows experi- 
mentally that TDL emissions are indeed chaotic. Furthermore, in a simple and robust 
fashion, this chaotic behavior has been successfully controlled with the use of recent 
techniques that take advantage of chaos to produce a narrow band laser output. 

C h a o t i c  behavii~r is an  intrinsic propertv of logical svstems, the solar system, optical ,inti 
a tlonlillear system. hlec11;inical systems, laser systems. ,inti many other nonlinear svs- 
communication and electronic systems, blo- terns i~ t t en  exhillit chaotlc llehavior. Chaos 

is also often called iieterministic random mo- 

G, chin and J J H ~ ~ ~ ~ ,  NASA ~ ~ d d ~ ~ d  space F ght tion. T h c  motion is iieterministic because its 
Center Laboraton! for Extraterrestr~al Piiys~cs, Green- traiecton. can be calc~~lateci h r  all titnes 
belt. MD 20771  USA. given thc starting conciitions, b ~ l t  it is also 
L R Senesac and W E. Slass, Department of Physcs 
and Astronomy, Unl,!erslty of Tennessee, ~ n o x v l l l e  TN motion in which itlstahilities appear every- 
37996-1 200, USA l ~ h e r e  in the system's tralectory tn phase 
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