
Table 1. Excess partial molar thermodynamic quantities of solution for oxygen as a function 
of temperature. These represent the change of the total thermodynamic quantity resulting 
from the transfer of one mole of oxygen from a hypothetical solution, in which there is one 
mole of oxygen per liter, to a hypothetical molar solution of sea water of unit chlorinity. 
Unit Cl: unit chlorinity, sea salt. 

Term- Cal (mole O2)-1 (unit Cl)-1 Cal deg-'(mole Oa)-1 (unit Cl)-1 
perature 

(OC) -Xs -sXs ~xs ~Xs 
AGo2 AHo2 ASo2 ACPo2 

0 6.92 24.3 0.064 (-0.7) 

10 6.43 17.3 .038 (-0.7) 

20 6.14 10.0 .013 (-0.7) 

30 6.12 2.5 -0.012 (-0.8) 
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coefficient of the gas; in fact, the for- 
mer may be avoided completely in 
thermodynamics by use of the latter. 

AGo2s -..RT log p (3) 

Substituting the experimental relation 
of Eq. 1 in Eq. 3, we obtain 

AGo2$ = RT k(t) Cl (4) 

The determined excess partial molar 
free energy, as calculated from the ex- 
perimental data by use of Eq. 4, was 
fitted to a temperature curve to yield 
smooth first and second derivatives: 

k - 0.1288 + 5344- 0.04442 log, T + 

7.145 *10-4 T (5) 

where T is the absolute temperature and 
k is given in reciprocal parts per thou- 
sand. From this smooth function the ex- 
cess partial molar thermodynamic quan- 
tities were computed on a unit-chlorin- 
ity basis (Table 1). The root-mean- 
square (standard) deviation of the cal- 
culated excess free energy is within 
about 3 percent over a range of 35?C, 
or about 12 percent of the absolute tem- 
perature. The accuracy of the excess 
enthalpy and of the excess entropy, ob- 
tained from the temperature derivative, 
is of the order of 25 percent. Further 
differentiation to obtain the excess heat 
capacity cannot yield accurate values, 
but the calculated excess heat capaci- 
ties are shown in parentheses in Table 
1 to indicate merely that they are small 
negative quantities. 

It is noted that the large exothermic 
(negative) heat of aqueous solution of 
oxygen (characteristic of N2, Ar, and 
the other inert gases) is reduced sig- 
nificantly by the addition of even small 
amounts of sea salt. (Unit-chlorinity 
sea water is equal in ionic strength to 
a 0.037M solution of 1: 1 electrolyte.) 
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Frank and Evans (11) have suggested 
that the observed entropies of solution 
and the enormous positive partial molar 
heat capacities of solution for the in- 
ert gases are consistent with a model 
picturing the solute gas as producing 
a more highly structured order of the 
water molecules in its vicinity. The data 
of Table 1 suggest that addition of sea 
salt (mainly NaCl) results in disorgani- 
zation of this induced structure. 

E. J. GREEN 
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Department of Geology and 
Geophysics, Massachusetts Institute 
of Technology, Cambridge 
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Bistatic-Radar Detection 
of Lunar Scattering Centers 
with Lunar Orbiter I 

Abstract. Continuous-wave signals 
transmitted from Lunar Orbiter I have 
been received on Earth after they have 
been reflected from the surface of the 
moon. The frequency spectrum of the 
reflected signals is used to locate dis- 
crete, heterogeneous, scattering centers 
on the lunar surface. The scattering 
centers are probably distinguished from 
the surrounding terrain by a higher 
surface reflectivity. Continuous-wave bi- 
static radar could provide an important 
new method for the study and map- 
ping of planetary surfaces. 

The dispatch of space probes to the 
moon and planets has made it possible 
to study the surfaces of these objects 
with bistatic radar, that is radar with 
well-separated transmitter and receiver, 
one on Earth and the other carried 
into space on the probe. We here dis- 
cuss a case where transmissions origi- 
nated on the spacecraft, were reflected 
from the surface of the moon, and 
finally received on Earth. The opposite, 
or up-link, case is analytically equiva- 
lent and may be preferred for plane- 
tary studies because of the much greater 
power available from Earth-based trans- 
mitters. 

We here present a preliminary analy- 
sis of the first bistatic-radar echoes ob- 
tained from a celestial body in order 
to (i) provide initial bistatic-radar evi- 
dence of the heterogeneity of the lunar 
surface, (ii) demonstrate the fact that 
the echo spectrum for continuous-wave 
illumination carries information from 
which a two-dimensional, radar-reflec- 
tivity map of the lunar surface can be 
constructed, and (iii) illustrate the po- 
tential of bistatic radar for eventual 
detailed mapping and radar-reflectivity 
studies of planetary surfaces. 

The measurements described here 
were made on 12 October 1966, with 
the Lunar Orbiter I spacecraft. For the 
purposes of this experiment, the radia- 
tion from the spacecraft, which was 
emitted through an omnidirectional an- 
tenna, consisted essentially of a 100- 
milliwatt carrier at 2295 Mhz. The 
signal received on the ground consisted 
of this carrier and an image of the 
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different rate than does the length of 
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the path followed by the reflected 

energy, the two signals (the direct 
and reflected) undergo different Dop- 
pler shifts and may be distinguished 
by their relative positions in the fre- 
quency spectrum. In addition, the re- 
flected signals suffer spectral broaden- 

ing and loss of strength. The Doppler 
shift of the direct signal was extracted 
by the receiving system on the ground 
so that reflected signals could be meas- 
ured relative to the carrier in both 
amplitude and frequency. 

The radar parameters were: radiated 
carrier power, 100 milliwatts continuous 
wave; antenna gain (transmitting), -1 
db; antenna gain (receiving), +57 db; 
system temperature during data pass, 
-80?K. 

At the time this record was made 

(Fig. 1), the spacecraft, which was in 
a near-equatorial orbit over the Crater 
Kastner and Mare Smythii on the 
moon's eastern limb, was approaching 
its minimum altitude of about 40 km. 
The spacecraft moved around the east- 
ern limb a few degrees below the lunar 
equator and disappeared at the time 
indicated as "occultation immersion" on 
the record. 

Because of their continuity, the bright 
traces on the record are presumed to 
result from discrete areas, or scatterers, 
on the lunar surface. Since the Doppler 
shift of the direct signal-which is used 
as a reference frequency-changes slow- 
ly compared with the Doppler shift of 
the reflected signal, the traces may be 
visualized as the last portion of the 
S-shaped time-frequency curve produced 
by a transmitter moving past a sta- 
tionary point. Figure 2 presents the 
data of Fig. 1 graphically. 

It is possible to locate the scattering 
areas on the lunar surface (Fig. 3) by a 
simple technique. The quantity given 
on the record is 

Af = AfB - AfD (1) 

where A/f is the Doppler shift of the 
signal from the scattering area and AfD 

is the Doppler shift of the signal directly 
from the spacecraft. The Doppler shift 
of the reflected signal, A/R, can be de- 
termined since Af is measured from the 
record and A/D may be calculated from 
the known orbit of the spacecraft. Fur- 
thermore, A/f? is related to the space- 
craft velocity vector by 

AfI = V sin 0 (2) x 

where 0 is the angle between the space- 
craft velocity vector and the direction 
vector to the lunar scattering point, 
and v is the velocity of the spacecraft. 
The motion of the moon gives only a 
negligible contribution. Thus a meas- 
urement of AfR defines a cone, with 
included half-angle 0, about the velocity 
vector. The intersection of this cone 
with the surface of the moon defines 
a locus on the surface in which the 
scatterer must lie. By determining AfI/ 
at different times, several loci are 
generated and a point scatterer must lie 
at their intersection. There is a twofold 

ambiguity which results from symmetri- 
cal intersections on either side of the 
spacecraft's ground track on the moon. 
However, when the possible locations 
are compared with the instantaneous 
point of specular reflection, one group 
of targets, those south of the ground 
track, consistently correspond to for- 
ward scattering and fall on or near 
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Fig. 1. Time-frequency variations of reflected signals. Time advances to the right; 
frequency, measured from the carrier, is the ordinate. Signal intensity is represented 
by the relative brightness of the various portions of the figure. The speckled back- 
ground is noise, while the constant horizontal lines are spurious responses due to 
imperfect filtering. 
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Fig. 2. A simplified drawing of the record 
in Fig. 1. The traces are identified by 
roman numerals. The oval region is dis- 
tinguished from the traces by the letter A. 

the specular point. Consequently, these 
near-specular locations, which would be 
expected to represent the stronger scat- 
tering, were chosen as the positions of 
the scattering areas in preference to the 
alternate points which correspond to 
oblique scattering. 

A similar procedure was followed in 
the case of region A, though in this 
case several points were simply picked 
from around the border of the region. 

Trace III is a special case. The loci 
intersected in two areas, which have 
been designated IIIa and IIIb. The area 
which contributed to the beginning of 
the trace is different from that at the 
end. The transition between the two is 
apparently continuous. Of a total of 
36 intersections, 10 were at IIIa and 
15 were at IIIb, with 11 intersections 
falling at intermediate locations. As in- 
dicated by the size of the squares in 
Fig. 3, the points at a and b were 
very closely packed. Some of the other 
areas, notably VI, also show some ap- 
parent motion of the target. However, 
only in the case of trace III could we 
be certain that this effect is real. 

In general, the spacecraft is moving 
away from the scatterer and into the 
region of specular reflection, while the 
signal strength from the scatterer re- 
mains constant. Since the signal strength 
from an isotropic scatterer would fall 
off as the inverse square of the range, 
we can only conclude that the strength 
of the scattering increases sharply in 
the specular direction given by the mean 
lunar surface. The angular half-power 
width of the scattered lobe appears to 
be on the order of 0.1 radians. 

Enhanced scattering must come from 
distinct variations in the general shape 
of the surface, the surface reflectivity, 
or some combination of the two. We 
conclude that the scatterers can only 
be accounted for by an enhanced re- 
flectivity in the scattering centers, pos- 
sibly coupled with local variations in 
surface roughness, slopes, or shadowing. 
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The salient feature of the scattering 
is the intermittent occurrence of strong, 
relatively narrow lobes from discrete 
areas. A model based on changes in re- 

flectivity from place to place can ex- 

plain these observations. An alternate 
explanation might be that the signals are 
the result of reflections from large, rela- 
tively smooth undulations in the sur- 
face, such as occurs in the reflection of 
sunlight from the top of a wave. Such 
a mechanism might be provided by the 
side of a mountain or the rim of a 
crater. If the surface were uniformly 
reflective, then an individual reflection 

point in such a model would be ex- 
pected to show some motion along a 
path more or less parallel to the specu- 
lar track, and this does not occur. At 
the same time, the angular width of the 
scattered lobes in space clearly indi- 
cates either that the slopes vary within 
the scattering center, or that the scat- 
terers are rough, or possibly both. 

We should also consider whether or 
not variations in small-scale roughness 
alone can provide a satisfactory model. 
Unless the scatterers correspond to rel- 
atively smooth areas of the surface, 
small-scale roughness would be expected 
to attenuate rather than to enhance the 
signal in a given direction, since the 
roughness would result in a more uni- 
form distribution of the scattered energy 
in the space above the surface. How- 
ever, this would require a moon which 
is extremely rough on the average, in 

contradiction to the conclusions of 
Earth-based, monostatic-radar observa- 
tions. Thus, while this possibility can- 
not be entirely ruled out on the basis 
of the results given here, it seems un- 
likely. 

Shadowing is the third effect which 
must be taken into account. Clearly, 
this will play an increasingly important 
role as the orbiter approaches occulta- 
tions. It is a simple matter to visualize 
the last several scatterers as standing 
out in the spectra because they are the 
only objects near the limb which are 
high enough to be illuminated. Still, 
this does not invalidate the arguments 
already given, particularly near the be- 
ginning of the record. In addition, other 
records taken near the center of the 
lunar disk where shadowing would not 
be present exhibit the characteristics 
which we have associated with the dis- 
crete scatterers. However, shadowing 
may have the effect of hiding some 
scattering centers for the region shown 
in Fig. 3. Estimates based on optical 
photographs of the terminator indicate 
that shadowing is important within 5? 
of the limb. 

Thus we are unable to give a satis- 

factory explanation for the observations 
by slopes, roughness, or shadowing if 
these three mechanisms are taken in- 
dependently; nor does it seem probable 
that some combination of these would 
be satisfactory. However, we cannot be 
certain that this is not the case. On 
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Fig. 3. Locations of scattering centers in selenographic latitudes and longitudes. 
The centers of the squares indicate location, while the size of the squares represents 
the estimate of the variance. In the case of the smaller values, the variance probably 
represents measurement error, but in the case of larger ones, such as IV, it is 
believed to be due to the extent of the target itself. The spacecraft ground track 
and the specular track are noted. The tick marks correspond to the positions along 
the track at the indicated times. The dashed line corresponds to the approximate 
limb of the moon at the time the data were taken. (A deviation of only a few 
hundred meters above the surface of the mean moon is required for an object at 
position I to be visible above the mean limb.) 
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the other hand, the addition of varia- 
tions in surface reflectivity does pro- 
vide a model which will explain the 
observations, and this appears to be 
the most probable explanation. If cor- 
rect, this conclusion requires that the 
material in the scattering areas be con- 

siderably more compact, or markedly 
depart in some other way, from the 
material in the surrounding areas. The 
traces are generally 3 to 4 db above 
the level of the noise with III being 
the strongest trace at 5.5 db above the 
system noise. Thus, we can say that 
the enhancement factor has a value 
of at least 3 and may be considerably 
larger. Similar enhancements have been 
observed in radar backscattering of the 
newer craters by a number of workers 
(1). It has been hypothesized that in 
the creation of these craters dense ma- 
terial is uncovered or that the surface 
is compacted. Thus, relatively new fea- 
tures may be present at the locations 
given in Fig. 3. 

The strength of the received signal 
may be used to estimate the signal levels 
which would be encountered in a plane- 
tary experiment in which the transmis- 
sions originate on Earth and are re- 
ceived on the spacecraft. The follow- 
ing set of radar parameters might be 
assumed: radiated signal power, 5 X 105 
watts; antenna gain (transmitting), 65 
db; antenna gain (receiving), 20 db; 
receiving-system noise temperature, 
300-600?K. If these numbers are com- 
pared with the system characteristics of 
the experiment described here, the im- 
provement in signal-to-noise ratios for 
the same range from transmitter to 
target and target to receiver is about 
90 db, depending on the choice of sys- 
tem noise temperature. The scattering 
would still be 10 to 15 db stronger even 
if the target were located 1.0 A.U. 
away (on Venus, for example) and the 
orbiter were 1-2 X 103 km above the 
surface. 

G. L. TYLER, V. R. ESHLEMAN 
G. FJELDBO, H. T. HOWARD 

A. M. PETERSON 
Center for Radar Astronomy, 
Stanford University, 
Stanford, California 94305 
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