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The Arecibo 12.6-centimeter wavelength radar system was used to image the polar 
regions of the moon at a resolution of 125 meters in a search for ice deposits in areas 
of possible permanent shadow from the sun. No areas greater than 1 square kilometer 
were found with high radar backscatter cross sections and high circular polarization 
ratios, properties suggestive of the presence of ice. A number of areas smaller than 1 
square kilometer were found with these properties, but optical images from spacecraft 
missions have shown some of these features to be in sunlight. Arecibo radar images of 
Sinus lridum at latitude 47"N also showed a number of small features with similar 
properties. The coincidence of some of these features with the radar-facing slopes of 
craters and their presence in sunlit areas suggests that very rough surfaces rather than 
ice deposits are responsible for their unusual radar properties. 

Ground-based observations of the moon 
were conducted using the Arecibo Obser- 
vatory, Puerto Rico, 2.38-GHz (12.6-cm 
wavelength) radar system to map regions of 
lunar surface radio-wave backscatter in two 
polarizations at high spatial resolution (1 ) .  
Observat~ons of the polar regions were fur- 
ther motivated by the ability of radar to 
image areas not illuminated by sunlight; 
such areas may provlde an environ~nent 
suitable for the preservation of ice deposits 
or other volatiles over geologic time scales 
(2).  Here, are present ground-based radar 
images of the north and south lunar poles 
and analyze the polarization properties of 
the reflected signal in the context of the " 

possible presence of ice. 
It has been suggested that per~nanently 

shadowed regions of the lunar poles would 
have relativelv constant surface and subsur- 
face temperatures, possibly as low as 40 K, 
providing an environment suitable for the 
entrapment and storage of ices over geolog- 
ic time scales (2) .  The discovery of anom- 
alous radar backscatter from permanently 
shadowed crater floors near the ooles of 
hlercury and the interpretation of these 
regions as areas of probable water ice depos- 
its (3, 4 )  strengthened the possibility of 
finding similar deposits near the lunar 
poles. The  ~nterpretation that ice is respon- 
sible for the anomalous radar backscatter in 
the Mercury radar images rests primarily on 
the unusual radar backscatter characteris- 
tics of Inany icy surfaces in the solar sys- 
tern-that is, high backscatter cross section 

per unit surface area i d )  with a circular , , 

polarization ratio (CPR) greater than unity 
(5). Although ice, with a dielectric con- 
stant of 3.15, does not have an intrinsically 
high reflectivity, ~t has low loss and thus 

u 

may serve as a weakly absorbing material 
containing a matrix of embedded scatterers; 
such a material could support volurne-scat- 
tering ~nechanislns such as the coherent 
backscatter opposition effect (6).  Recent 
bistatic radar observations of the lunar 
south pole by the Clementine spacecraft are 
reported to show a backscatter enhance- 
ment consistent with, but not uniaue to. 
the presence of ice deposits (7). In compar- 
ison, the backscatter characteristics of rock 
surfaces that are rough on the scale of the 
radar wavelength (such as lava flows) and 
are observed at h ~ g h  incidence angles gen- 
erally include high backscatter cross sec- 
tions and CPRs of 5 1  (8). However, CPRs 
greater than unitv have been observed over 
rock surfaces. Arkas of the blocky SP lava 
flow In northern Arizona observed at incl- 
dence angles of 42" to 52" have CPRs be- 
tween 1 and 2.5 19). ~, 

As viewed from the lunar poles, the 
Arecibo Observatorv rises a maximum of 
-6" above the horizon [incidence angle of 
84" ( lo ) ] ,  but, given the 1.53" inclination 
of the moon's equatorial plane to the ecl~p-  
tic plane, the limb of the sun can be up to 
1.82" above the horizon. Because n2e lack 
detailed knowledge of the lunar topography, 
these small angles mean that an unknonm 
fraction of the area shadowed from the sun 

u 
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craft optical images are not necessarily in 
permanent shadow because of the 18.6-year 
precessional period of the lunar spin axis. 
The  lack of detailed topographic informa- 
tion for the polar regions makes it impossi- 
ble to determ~ne which areas are in perma- 
nent shadow. 

Radar images of the north and south 
polar regions of the moon arere acquired in 
May and August 1992, respectively (1 ). A 
circularly polarized wave was transmitted 
from the main Arecibo antenna, and both 
senses of circular polarization-opposite 
circular ( O C )  and same circular (SC)  
(13)-were received at a smaller auxiliary 
antenna located 11 km from the Arecibo 
telescope. This bistatic radar arrangement 
permitted a pulsed radar experiment that 
avoided ambiguities in range (range alias- 
ing) while maintaining an average data rate 
appropriate for the data acquisition hard- 
ware (14). The transmit signal was encoded 
with a pseudorando~n code, and 16,384 
pulses acquired in -25 min were combined 
to form a range-Doppler image with a res- 
o lu t~on  of -125 m and three or four looks 
(independent measurements of the back- 
scatter from a given surface area). The final 
processing stage resampled the range-Dop- 
pler image into selenographic coordinates 
and applied small offsets to align the posi- 
tion of the poles with published locations 
(11). 

The  OC image of the north pole was 
acquired on 8 May 1992 when Arecibo was 
-4.1" above the horizon at the pole, result- 
ing in extensive radar shadows from topo- 
graphic features so that only -40% of the 
area above 85"N (28,900 km2) was imaged 
(Fig. 1A).  The  image shows a slight topo- 
graph~c high running from 85.5"N, 240°E 
to 85"N, l1O0E, which appears to be caused 
by adjacent impact crater rims; this feature 
prevents the measurement of a radar echo 
from a large area in the lower half of the 
image. hlost areas of enhanced backscatter 
are associated with surface slopes inclined 
toward the radar, such as the radar-facing 
slopes in h~ghland areas and the radar-fac- 
ing inner and outer walls of impact craters. 
S ~ n o o t h  plains such as the flooded floor of 
the impact crater Gioja (82.5"N, 1.2"W) 
and the adjacent impact basin centered at 
84.5"N, 6"E are characterized by fairly uni- 
form backscatter interrupted by numerous 
smaller impact craters. In comparison, the 
highland areas, such as the segment be- 
tween 30°W and 55"W, 85"N to 90°N, 
have a hummocky appearance. 

The  south pole area was imaged on 18 
August 1992 (Fig. 1B) when Arecibo was 
-6.1" above the horizon at the pole, so that 
-60% of the area below 85"s (43,300 km2) 
was imaged. Smooth plains are less preva- 
lent in the south pole area, occurring main- 
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ly in the floor of the crater Amundsen at 
84.7"S, 82.2"E, in the area to the east of 
Amundsen around 85.7OS, 127.7OE, and in 
the region around 86S0S, 75"W, which 
appears to be the floor of an impact feature 
centered at 85S0S, 90°W in the Clemen- 
tine optical image (7, 12). 

The CPR images for the north and south 
pole regions have very similar characteris- 
tics. There are no extensive areas with 
CPRs approaching or greater than unity. 
The average CPRs for areas that appear to 
have little topographic expression (and are 
not in the radar shadow) are -0.45 for the 
north pole and 0.37 for the south pole. If 
large craters and complex areas are included 
in these measurements, then the CPRs in- 

crease to 0.54 and 0.45, respectively. These 
latter values are comparable to the ratio of 
0.54 estimated from previous scattering law 
measurements for the average lunar surface 
at high incidence angles at 23-cm wave- 
length (1 5). The images of both poles show 
areas of high CPR associated with the ra- 
dar-bright inner walls of several craters with 
rim diameters of <30 km as well as smaller 
radar-bright features, most of which appear 
to be associated with small craters. For these 
features, high SC backscatter cross sections 
correlate with the high CPRs, as shown in 
Fig. 2 for the south pole. For example, the 
large impact craters labeled A and B have 
radar-bright, radar-facing rims with CPRs 
near unity, whereas craters C and D have 

less bright radar-facing rims with CPRs 
closer to the mean value. The relatively flat 
region around location E has a uniform 
CPR of 0.4. Backscatter values for the mid- 
dle area of the radar-facing inner rim of the 
20.5-kmdiameter crater A, the south pole 
crater (a:, = 0.036, CPR = 0.94 ? 0.04), 
are greater than the values for the left side 
(in the image) of the radar-facing inner rim 
of crater C (a",, = 0.001, CPR = 0.38 ? 
0.02). The top of the rim of crater A is 
illuminated by sunlight in the Lunar Orbit- 
er IV and Clementine images (7, 11, 12), 
indicating that it is not in permanent shad- 
ow, which suggests that the presence of ice 
is not a viable explanation for the enhanced 
backscatter. Geometric effects such as dou- 
ble bounce may be responsible but hitherto 
have been clearlv observed onlv when the 

Fig. 1. OC backscatter image of (A) north pole and (B) south -.~-, , - 
pole regions in a stereograph~c map projection. The radar signal -50 0 0 25 50 75 100 
incidence angle (10) is 85.9" at the north pole and 83.9" at the a0 (dB) km 

south pole (4.1 " and 6.1 " above the local horizon, respectively). The incidence angle varies in proportion 
to latitude along approximately the O3 to 180" longitude line in these maps. The processed radar data 
were averaged to three looks with a resolution of 121 m in slant range (image top to bottom) for both 
images, 136 m in cross range (image left to right) for the north pole and 108 m in cross range for the 
south pole, before resampling to selenographic coordinates. The radar backscatter is shown in units of 
u", in a logarithmic scale with an absolute error of -3 dB (a factor of 2) (19). The sides of the south pole 
map show ghost images that were located at Doppler offsets beyond the radar sampling frequency 
(pulse repetition frequency) and were aliased into the processed Doppler bandwidth. 

47.2"N, 32S0W). The two craters in the 
lower left of the images, with diameters of 
-10 km, have CPRs in the range of 0.72 to 
0.94. for several areas on the radar-facing 
rims. Histograms of the entire CPR images 
in Figs. 2B and 3B have similar mean values 
of 0.48 and 0.49, respectively, and the high 
CPR tails of both distributions extend past 
a CPR of 1. 

A more puzzling problem than the near- 

crater at 88.4"N, 11 OOE, labeled 
F. The single-look image with a 1 I I I 1 
resolution of 121 in range by 4050 - -30 -20 -10 0 0 10 20 30 40 50 0 0 3 0 6 8 9  >1. 0 10 20 30 40 50 

o0 (dB) krn CPR km 
36 m in cross range (inset in A) 
shows that the radar-bright area is associated with the crater rim. 
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unity CPRs for the slopes of some of the 
larger craters is the problem of CPRs greater 
than unity for (i) a number of craters with 
diameters of < 1 km, (ii) small features that 
are ~robablv craters with sizes near or below 
the image resolution, and (iii) regions of < 1 
km2 on the radar-facing slopes of some of 
the larger craters. Twenty-six of the these 
features were identified in the region of the 
south pole shown in Fig. 2. The CPRs for 
these features varied from -1.2, a lower 
limit set by a selection requirement that the 
average CPR be 2 2  standard deviations 
above unity, to 2.6 (17, 18). Their SC 
backscatter cross sections varied from 0.022 
to 0.002. If the same ex~ression as in Har- 
mon et al. (4) is used to correct for the 
incidence angle, these cross sections corre- 
spond to full-disk albedos in the range 0.7 
to 0.06, with half the features having a 
value close to 0.1. This range is similar to 
that obtained bv Harmon et al. for the 
possible polar ice deposits on Mercury, al- 
though the median value is somewhat lower 
and the sizes of the regions are much small- 
er than those found on Mercury. However, 
examination of a mosaic of the south pole 
region made from Clementine images (1 2) 
indicates that at least 9 of the 26 features, 
primarily those in the smooth plains area to 
the left of crater C in Fig. 2 (near 86.5"S, 
75"W), are in sunlit areas. This estimate is 
probably low because the Clementine im- 
ages were obtained in the lunar southern 
winter, when the lunar spin axis was tilted 
so that the south pole pointed away from 
the sun (7); more of these features are likely 
to be in sunlight during the course of the 
lunar year and during the 18.6-year preces- 
sional period of the lunar spin axis. 

An examination of the north pole and 
Sinus Iridum regions found a comparable 
number of small regions with high cross 

Fig. 3. Images of (A) the SC 
polarization backscatter and 
(B) the CPR of Sinus lridum 
and the area to the north- 
west (centered on 47.2"N, 
32.5"W) in the radar delay- 
Doppler projection. The im- 
ages are 360 km high by 
340 km wide, are oriented 
with southeast to the top 
and northwest to the bot- 
tom, and have an incidence 
angle varying from 52.4" at 
the top to 64.0" at the bot- 
tom. The ratio image was 
calculated from data aver- 
aged to -1.5-km resolution 
with 256 looks. The inner 
slopes of the three craters at 
the lower left, the ejecta of 
the medium-size crater at 
the upper middle left, and mar 

sections and CPRs of 1.2 to 2.2. Many of 
the features in the Sinus Iridum area are 
associated with the steep impact basin 
walls, but some are also associated with 
small craters. Consequently, scattering 
mechanisms associated with a high degree 
of wavelength-scale surface roughness (9) 
seem the most probable explanation for the 
high u0's and CPRs of these small features. 

L. 

These same properties may, of course, also 
be indicative of ice for those features in 
permanent shadow. Feature F in Fig. 2A has 
a CPR of 2.4 2 0.14 and an SC cross 
section of 0.022 for an area of 0.42 km2, and 
is the best candidate in the Arecibo data for 
a reflection from ice. However, as can be 
seen from the subimage of feature F in Fig. 
2A, the high SC backscatter is from the 
radar-facing outer and inner slopes of the 
crater's walls. It is not clear whv this would 
be the case if the high radar return were the 
result of volume scattering in ice on the 

u 

crater floor. This association of the en- 
hanced scatter with the crater walls again 
suggests that a rough-surface scattering 
mechanism may be responsible. 

The similarities in the Arecibo and 
Clementine bistatic radar (7) experiments 
make them suitable for comparison. Both 
used a 2.38-GHz radar system and measured 
the scattered circular polarization signal. Al- 
though the transmitter positions were differ- 
ent, both used a ground-based receiver, and 
thus the collected signal was constrained by 
the Earth-moon eeometrv. The Arecibo im- 
age of the south ;ole area, acquired with the 
Arecibo telescope 6.1" above the horizon, 
imaged fractionally more features within the 
south pole region than did Clementine, 
where the receiving antenna was 4.5" to 5.5" 
above the horizon. Shadows evident in Fig. 
2A clearly show that the geometry for both 
the Arecibo and Clementine experiments 

- 
-50 0 0 >1.2 

cr" (dB) CPR 

iy  areas around the basin rim have CPRs around unity. 

Table 1. Arecibo and Clementine CPR 
measurements. 

'Iem- Clem- Are- 
Region entine entine cibo footprint 

area (km2) CPR CPR 

South pole 45,000 0.45 0.51 
Near south pole 170,000 0.29 0.43' 
North pole 45,000 0.35 0.50 

'The Arecibo measurement is the central 87,000 km2 of 
the Clementine foot~rint. 

precluded measurement of radar scatter from 
the floors of the craters at the south pole. 
Maps of the Clementine south pole foot- 
prints (7) and our best understanding of the 
north pole footprint were used to crop the 
Arecibo data and calculate CPRs for com- 
parison with the Clementine measurements. 
The Arecibo results, which show similar 
CPRs for the two poles, do not agree with 
the Clementine measurement that showed a 
sienificantlv enhanced CPR for the south - 
pole relative to the north pole and to a 
reference area near the south pole (Table 1). 
The Clementine experiment measured the 
radar cross sections as a function of the bi- 
static angle p for a large area (per observa- 
tion), whereas the Arecibo experiment mea- 
sured the backscatter signal (P = 0) at high 
spatial resolution. The Clementine data 
show a CPR enhancement near R = 0. 
whereas the Arecibo data show only small 
(< 1 km2) areas with CPR > 1. If the en- 
hancement in the south pole CPR measured 
by Clementine around p = 0 is attributable 
to the high-CPR areas identified in the 
much finer resolution Arecibo data set, then, 

. because these areas are typically associated 
with impact craters and some appear to be in 
sunlit areas, the observed phenomena may 
be attributable to rough-surface scattering. 

Because of the association of the high 
CPR areas with impact features and the 
location of many of these areas in sunlit 
regions, there is no clear evidence from the 
Arecibo images for the presence of ice. 
Most high CPR areas appear to be the result 
of increased surface roughness or blocky 
areas associated with the steep inner rim 
slopes of impact craters. 
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The Source of Green Light Emission 
Determined from a Heavy-Ion 

Storage Ring Experiment 
D. Kella, L. Vejby-Christensen, P. J. Johnson, H. B. Pedersen, 

L. H. Andersen* 

The final electronic states of oxygen atoms formed by dissociative recombination of 0 2
+ 

with cold electrons have been measured by an imaging technique at a heavy-ion storage 
ring. The 3P, 1D, and 1S quantum yield for 0 2

+ in the vibrational ground level was found 
to be 0.86, 1.09, and 0.05, respectively. The yield of the 1S state, which is responsible 
for the 5577 angstrom green light from upper planetary atmospheres, was more than an 
order of magnitude larger than the theoretical value used in atmospheric models. The 
results may help refine the models of the chemistry and dynamics of the ionosphere and 
provide guidance for further quantum-chemistry calculations. 

During the daytime, the atmosphere is ex­
posed to ultraviolet sunlight that creates ion­
ized molecules like 0 2

+ . At nighttime, the 
molecular ions may recombine with elec­
trons and dissociate into atomic fragments 
with electronic excitation. The subsequent 
emission of light from excited atoms in the 
atmosphere gives rise to several characteris­
tic lines in the emission spectrum. The green 
line at 5577 A, which is a prominent feature 
of the spectrum of the night sky, was detect­
ed more than 100 years ago by Campbell (1). 
In 1927 McLennan and co-workers suggest­
ed that the origin of this line is the forbidden 
transition in atomic oxygen *S —> lD (2). A 
few years later Kaplan (3) suggested that the 
excited 0(1S) atoms might be a product of 
dissociative recombination (DR), and in 
1947 Bates and Massey (4) pointed out that 
DR of 0 2

+ was indeed the only process that 
could explain the observed electron recom­
bination rates in the ionosphere of Earth 
(>100-km altitude). 

Knowledge of the rate of production of 
O atoms in different electronic states is 
important foro aeronomers who extensively 
use the 5577 A 0(1S) green line emission as 
a source of information about the chemistry 
and dynamics of the ionosphere (5, 6). De­
spite many years of experimental and theo­
retical research, the distribution of specific 
excited states of atomic oxygen as a result of 
DR is still uncertain. The interpretation of 
laboratory as well as observational data has 
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been difficult and controversial due to the 
lack of such knowledge. For example, the 
expectation of a very low fraction of oxygen 
atoms in the lS excited state has led to 
speculation that an unknown source of 
0(1S) might exist in the atmosphere, or the 
0 2

+ ions might have an unusually high 
degree of vibrational excitation that causes 
an enhanced lS yield (7, 8). Molecular ox­
ygen ions are abundant in the atmosphere 
of Earth as well as in the atmospheres of 
other planets like Mars and Venus. Because 
DR provides neutral oxygen atoms with a 
kinetic energy that depends on their final 
electronic states, the branching ratios for 
formation of oxygen in the various elec­
tronic states are needed to model the heat­
ing of such atmospheres as well as for de­
termining the continuous escape of atoms 
from the atmospheres (9, 10). 

The DR of 0 2
+ with low-energy elec­

trons (E ^ 0) may be written as 
e~E~o + &2+ ~^ O + O + kinetic energy 

( i ) 

It involves transformation of potential and 
kinetic energy from the incoming electron, 
e - , into electronic excitation and kinetic 
energy of the atoms after dissociation of the 
molecule. To understand the direct DR pro­
cess, in which the electron is captured into 
a doubly excited repulsive electronic state, 
knowledge about the initial potential-ener­
gy curve of the molecular ion, the repulsive 
curves of the excited, neutral molecule, and 
the capture probability of the relevant 
curves is required. In addition, the progres­
sion along the repulsive curves, often with 

1530 SCIENCE • VOL. 276 • 6 JUNE 1997 • www.sciencemag.org 

mailto:lha@dfi.aau.dk
http://www.sciencemag.org

