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The radar backscattering characteristics of the lunar surface are examined in detail at a wave-
length of 23 em. The backscattered waves ave studied both for circular and for lincar polarization
of the transmitted wave. Effects relating to the orientation of the local plane of incidence on the
moon with respect to the polarization of transmitted or scatiered waves are investigated.  The experi-
mental results appear to strongly support the hypothesis that the returns at oblique angles of incidence
arise through single scattering from discrete objects, as opposed to the returns at near normal inci-
dence which are dominated by quasi-specular reflection.

| 1. Introduction
The moon has been subjected to rather intensive studies by earth-based radars over the
last few years. Most of these studies have been carried out in order to derive information about
the physical properties of the lunar surface; some studies have also been devoted to the question
of orbit parameters of the moon.

Several different experime;ntal procedures are available for deriving information about lunar
surface properties. Measurements of the total lunar cross section have been carried out in the
wavelength region from 8 mm to 22 m (Evans and Pettengill, 1963a; Davis and Rohlfs, 1964).
Values of the cross section can be interpreted in terms of electrical properties of the surface
material based on various models of the lunar surface. The most credible interpretations of the
data at the moment appear to indicate that the dielectric constant of the surface material for
wavelengths of a few decimeteﬁrs is about 2.6-2.7 (livans and Hagfors, 1964; Rea, Hetherington,
and Mifflin, 1964). These estimates, however, are based on the assumption that the lunar surface
is homogeneous with depth and that an abrupt transition from vacuum to a dielectric medium takes
place at the interface. P

Measurements of the delay spread of the lunar echoes have been used to derive the back-
scattering cross section per unit surface area as a function of angle of incidence. The angular
variation of this cross section in turn has been used to derive certain statistical properties of the
slopes of the lunar surface (Hagfors, 1961; Daniels, 1963; Beckmann, 1965a).  Although there is
general agreement about the interpretation of the cchoes for small angles of incidence, the inter-
- pretation for larger angles is at present a subject ol dispute. Some authors maintain that the re-
turns, even at large angles of incidence, can be described in the usual Kirchhoff approximation
~if proper allowance is made forithe geometric shadowing of the surface (Beckmann and Klemperer,
1965; Beckmann, 1965b). Others maintain the view that the scattering at larger angles of incidence
- can best be thought of as returns from individual discrete scatterers of size comparable with the
" wavelength of observation (Evans and Pettengill, 1963b; Evans and Hagfors, 1966).

More refined observation {echniques have been developed to diseriminate between different

areas on the moon (Pettengill:and Henry, 1962).  ‘These methods have been used to study the
reflectivity of many features 6n the lunar surface (Thompson, 1965). It has been found that
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Most radar observations of the moon are calrled out w1th circular polarlzatlon at the trans
mitter and with the receiver adjusted for the orthogonal cuculally polarized wave. Observations?
have also been made in which the same circular poldnzal,lon is received as was transmitted
Since this component should contain no energy in the case lof an ideal reflector, this componen|
has been termed “depolarized” (Evans and Pettengill, 1963b). Extensive depolarization studi
of this type have been carried out at 68 and 23 cm wavdength (Evans and Hagfors, 1966). Thy
study of the depolarization of lunar echoes using cnr(,ularly polarized waves, however, does no
exhaust the possibilities for polarization observations. Thexe are many other combinations g
transmit and receive polarizations which may yield independent data on the scattering propertie:
of the surface. Examples of such additional polarization ;studies have been published previ
ously (Hagfors et al., 1965; Evans and Hagfors, 1966) in preliminary form. The present theoretic
understanding of scattering from rough surfaces does not appear to be sufficiently well develope
to be capable of fully utilizing the more complete measutements of depolarization propertie
discussed in this paper to make further deductions about the physical state of the lunar surface
material. It will be shown, however, that a numbér of physidally plausible conclusions can indeed
be drawn from the observational results — at least in a heuristic manner.

In the following sections it is first discussed how many' different measurements are require
for the complete electromagnetic determination of the l)deSCdltermg properties of the surface
in a statistical manner. Because of the statistical nature of the problem, the transmitted and
received radiation is adequately described in terms of seccmd order moments of the transverse
fields —or in terms of Stokes vector. The lunar surface is! characterized by quantities relating
various second-order moments of the radiation transmitted jto those received—or in terms of a
Mueller matrix. As the radar system used calls for certaini capabilities not commonly found i
radar systems, the equipment used is very briefly described i m the third section of the paper. The
fourth section contains a number of observational results obtained from the Millstone-Hill radar
at a wavelength of 23 cm, and also some preliminary obsérvatxondl results from the Haystack
radar at a wavelength of 3.8 cm.  Section 5 discusses at some length the significance of the obser.
vational results in terms of various physical models of the lunar surface, and also in the light of
observational material from expenmuﬂs not involving radar observations.

2. Electromagnetic Description of the!Scatfering Process

A partly polarized plane electromagnetic wave navehng, along the positive z direction ma:
be 1epresented as:

E(z, t) =Ey(t)eile-F2)

where Eqo(t) is a slowly varying time function. The vector Eo(1) may be decomposed along two
orthogonal directions, both orthogonal 1o the direction of jpropagation of the wave. The com
ponents along these directions, represented by unit vectors|e, and ey, will in general be complex
phasors. When the field is a Gaussian process, every stdtistical property of the field may be
found from the second-order moments of the various phasor components. If e; and e; correspond
to the x and the y directions respectively, the field is thus co?npletaly specified by:

|
i
i

(Eel2), LB 2), (E.ES) and (E,E?).
j .

The usual Stokes vector representation involves the ('nlln‘vving four linearly independent co
binations of these moments: |
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Physically S; is proporuonal to the total power in the wave, Ss is the excess of power in the linear
polarization along the x direction over that in the y direction, S; is the equivalent of S, with the
reference axes rqtated through 45° in the positive direction, and, finally, Sy is the excess of the
right circularly polarized power over that in the left.

The degree of polarization p is related to the extent to which the power in the wave can be
separated into a single polarization. Numerically the degree of polarization is equal to the maxi-
mum of the ratio ,of the difference between the power in two orthogonal modes and the total power
in the wave. Appendlx A briefly shows that the degree of polarization according to this definition
is given by: :

| p=g VETSIS] 3)
which is also the§usudl definition (Born and Wolf, 1959).

The wave m< passing through a medium or in being reflected or scattered from an interface
~will, in general, chdngv its stale of polarization, and hence the various components of Stokes vector
will be transformed.

The transformation of the four components of Stokes vector when the wave passes through
- a medium or is b‘emg scattered or reflected by a surface, may be described by a matrix M relating
the Stokes vector before transformation, S, to that after transformation, S', i.e.,

Such transformations may or may not alter the degree of polarization p.

i
H
i

4)

will contain sixteen elements. In
principle, therefdre, we are required to determine from observations these sixteen elements as

In the most general situation the matrix M (the Mueller mairix)

a function of angle of incidence in order to achieve a complete statistical description of the scat-

tering properties| of the funar surface.  In the following paragraphs we shall employ symmetry
arguments and r
mined experimenitally in the case of lunar scattering.
Let us first perform a number of “Gedanken Experimente” to make use of symmetry propertics.
Suppose the; lunar surface is illuminated either with a right or a left circularly polarized wave,
ie,S={1,0,0,+1}. Since we must expect the scattered power as well as the excess of linear

polarization to be the same in the two situations, we have:

wciprocity relations to reduce considerably the number of unknowns to be deter-

My +My=My— My i.e., My=0

Moy + Moy = My — M2, ie., Ms=0

My + Mgy = My — My ie., My,=0 5)
Furthermore, lh(; amount of “circular depolarization” must be the same in the two cases. This

means that:

447



/VI.H"" /VI.H:_ (M.”“‘MM) i.(‘,., M4|
Reciprocity relations (Rumsey, 1954) also indicate that the power received in the y component
when transmitting waves linearly polarized along the x direction is-the same as the power received
in the x component when the same transmitted wave is polarized along the y direction — thus must ’
‘apply for arbitrary choice of x and y directions, which means that:
Mn‘\Lﬂ’[lz"/wzl—Mzz:Mm:Mlz'f'le”‘Mzz i.e., M12=M21
i
Mu+M|:;*M:n—/W:x:;zMn“Ml:;’*‘M:n“‘M:m i.e. My = M3, (7)

Iumination of the moon with a linearly polarized wave cannot give rise to preferential circular

polarization and hence one must have

/w.w_ = M‘;g = (),

To proceed further with these arguments we next orient the xy reference coordinate system with
respect to the plane of incidence of the backscattering surface in such a way that the x axis is in
the plane of incidence. The Mueller matrix corresponding to this sjtuation is denoted by M?, and.

its elements by M9

i

In this situation we can argue that the same total power must

of whether the transmitted linear polarization makes an angle of +45° or — 45° with respect to the’

plane of incidence. This means that

My = M§=0.

S .
The same two types of transmissions must give rise to identical values of S, which means that
i

M3=0.

Transmission polarized linearly either in or across the plane of incidence for reasons of symmetr

must give S;=0 which means that

Miy=0.

For this particular choice of coordinate axes with respect to a scat

obtains for Mo;
My MY 0 0
oMy 0 0

0 0 My 0

0 0 0 M3,

The matrix elements for other orientations of the coordinate axes
simple coordinate rotation transformation, see appendix B.
the average of M over angle Y is:

In particular, we see from B5 that

N
o
=
o
=

T

0. (6) |
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(10

(11

tering element, one therefor

can be found from (12) byé
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0 0 0
5 (M3, + M3,) 0 0
(Myy= 1| : (13)
10 0 F(My+ M) 0
I
|
0 0 0 M3,

Hence it may be concluded that a complete statistical description of the electromagnetic back-
-scattering properties of the lunar surface at each frequency and angle of incidence requires the
-determination of five independént quantities.

3. Experimental Equipment

!
i
[

The antenna beam of the| Millstone-Hill radar system is somewhat wider than the angular
extent of the moon. Resolutioﬁn in range will single out areas where the incoming radiation has
a constant angle of incidence, but in order to separate out small areas with a well defined direction
of the plane of incidence, as séen from the radar system, additional discrimination was required
using doppler resolution: Due Eto a slight apparent angular rotation of the moon, as seen from the
radar, different areas on the moon will have different doppler offsets with respect to that of the
center of the lunar disk. Lim%s of constant doppler offset will be straight parallel lines across
the disk of the moon, Region% with near-zero doppler offset correspond to areas where the local
plane of incidence is near parallel to lines of constant doppler offset. Areas of maximum doppler
offset for a particular range ring, on the other hand, have their local plane of incidence normal
to lines of constant doppler shift. For zero and maximum doppler offset the local plane of inci-
dence of the area under study,! therefore, corresponds to well defined directions with respect to
the radar system. Range-doppler cells with intermediate doppler values correspond to a super-
position of two areas on the mobn with differently oriented planes of incidence and therefore, can-
not be so conveniently employediin polarization studies.

Since the doppler axis is r tating quite rapidly with respect Lo the radar system even on an
ourly basis, it follows that polqrizatinn studies based on resolution by means of the range-doppler
echnique can only he carried ot provided the feed polarization of the transmit and receive anten-
ias can be adjusted rather freely and rapidly. Certain modifications, therefore, had to be made
o the original Millstone tracking feed system to meet these requirements.

The original feed system could be-excited in the right or the left circularly polarized modes
by applying the transmitter power to one or the other of two input' ports to the feed system. In

rder to produce an arbitrary polarization of the transmitted wave, the power must be divided at
Wwill between these two ports and the relative phase of the two signals must be adjustable. The
arrangement finally employed is|shown schematically in figure 1.
Phase changer Ph 2 controls the relative levels of the power at the input of the two antenna
ports. Phase changer Ph 1 controls their relative phase. For circular polarization all the power
is applied to one of the two antenna input ports; for linear polarization the power is divided equally
between the two antenna ports By adjusting Ph 2. The plane of linear polarization is then set by
adjusting Ph 1. Arbitrary elliptical polarizations can also be produced, but were never used in
the experiments to be described] All the adjustments described can he carried out during normal
transmission conditions. ‘
The modes of polarization received were controlléd by a similar arrangement of phase changers
and power splitters (hybrids) as that shown between the dotted lines in figure 1. The input to the
arrangement was derived from ports 1 and 2 of figure 1. The receiver polarizations could, in prin-
iple, also be set up in the data processing procedure by properly combining the coherently de-
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4.1. Measurement of Circular Depolarization, Range Ring

‘ polarization have been carried out previously and have been
reported elsewhere (Evaﬁs and Hagfors, 1966), but the main results are, nevertheless, included
briefly in the present paper for the sake of completeness.

- Figure 2 shows the expected and the depolarize

i
Measurements of citcular de

d backscattered power plotted as a function
Both components have been corrected to account
gram of the antenna. The two-way correction factor
The relative gain of the two orthogonal channels was

arget transmitter, and it was also checked by operating
he radar system in a receiver mode as a radiometer with the moon as a thermal source. The

wo power gains were measured to be the same to within 10 percent. By gain ratio we here refer
o the ratio of powers received in the two orthogonal modes at the point where the noise calibration
ulse is inserted into the; system when the antenna is illuminated by a plane unpolarized wave

?

in dB is plotted against cfbsd; in figure 3.
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From these results, total power received —ie., the sum of polarized and depolarized powers —
osine of the angle of incidence in figure 4.
for linearly polarized transmission. Reference
The ratio of the polarized and the depolarized compo-
abscissa in figure 5. Knowing the total relative power as a func-
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The difference in power Jevels of the two curves does not reflect a dilference
in cross section, only a difference in the system calibration during the two runs.

the moon fneasured with the polarized component only (Evans and Hagfors, 1966) suffices to dete
mine the Mueller matrix elements My, and My (see (12)). We shall return to actual numerical;
. . . . . . |
evaluations and discussions of possible models in section 5. g
i

4.2. Measurement of Linear Depolarization, Range Ring

The linear depolarization measurements were carried out by transmitting with a fixed, usual
vertical polarization. In order to avoid difficulties with Faraday rotation, the linear polarizatig
at the receiver was rotated between runs. The output power in ¢ach polarization would, ther

. . . 1 . .
fore, vary sinusoidally about a mean level proportional to ;jM‘,’,, and with an amplitude propo

tional to i (MY, M4, (sec (13)). I'he least mean square sinewave| was fitted to the data, and th

mean and the depth of modulation were determined Lo give the total power and the power ratio
A correction for the polar diagram was made here as in the case of circular polarization (see fig
_ TFigure 6 shows the polarized and the depolarized linear components again as a function of cos(
| Their ratio is shown in figure 7. A comparison of these results with those obtained with ci
cularly polarized waves will be made in section 5. We note here only that this experiment provid
direct information about the quantity MY, + M¢,. The angular variat'ion of MY,, which was dete
mined from the circularly polarized data (see fig. 4), was also determined as a check from the
linearly polarized data by summing the polarized and the depolari;zed components. The angul
relationship is shown in figure 4. Please note that the fact the two curves are displayed at differ

|
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drthogonal Linear Polarizations for Circularly Polarized Hlumination,
‘ Area Element

seen that the quantity MY, can only be determined provided resolu-
at provided by range gating, which was used exclusively to obtain
1s two subsections. In order to determine MY,, or the difference
5 for waves polarized in and across the local plane of incidence,
ircularly polarized wave. The two receiver chains were adjusted
arly polarized waves with direction of polarization parallel to the
oon, and the other perpendicular to this axis. Any variation in

the backscattering coefficient with angle with respect to the local plane of incidence, must show
up in a difference in the frequen!cy spectrum of the return for a particular range ring on the moon.

For a more detailed description
referred to Hagfors, et al. (1965

of the basic principles involved in this experiment the reader is
). Figure 8 shows a few normalized spectra for the two receiver

polarizations. The normalization consists in forcing the two frequency spectra corresponding to
the same range to have the sam%: area, i.e., the same returned power. As can be seen, the com-
ponent corresponding to E field Ealincd with the libration axis is stronger than the other near zero
frequency, but less strong than the other near maximum frequency for the range ring considered.




The effect observed could, in principle, be obtained if the antenna|beams for the two linear polari
zations were different. ~ Scans of the solar disk with the receivers used as radiometers were, there:
fore, made for both linear polarizations, the scans being carried out both in azimuth and in elevation,
These tests showed that the polar diagrams were identical to wnlmp 5 percent at an angular separas
tion from the center of the beam corresponding to the limb of the ) moon.

The ratio of the two backscattering coefficients was derived from curves such as those show
in figure 8 and the ratio plotted against cos¢ in figure 9. This determines the matrix elemer
M$, in (12). Note that the component which has its [ ficld in lhﬂ local plane of incidence is th
stronger one. ‘t :

A series of lunar polarization cxpeument% similar to those dédscribed so far for a waveleng
of 23 c¢m, have been begun at a wavelength of 3.8 em, and the (‘quwal(,m of the experiment des
scribed under the present subsection has been carried out. ;

In the 3.8 cm experiment using the 36-m diameter Haystdack antenna, the beamwidth
approximately only one tenth of the diameter of the lunar disk. The angular resolution necessa;
to define a local plane of incidence on the moon is, therefore, provided directly by the beam itse
and by a range resolution capability.  The experiment was, in pradtice, carried out by txdnsmm'u
in the circularly polarized mode and by recciving two orthogonally polarized linear components
The antenna beam was moved out from the center of the lunar disk to the limb in steps alon
radius of the disk, and the polarization of the receiver channels| was adjusted so that one w
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d with the radius and the other one was perpendicular to this radius. The center of the
as used as a reference point where the backscattering coeflicients for the two orthogonal
rizations by definition arel equal. The results of the experiment are displayed in the form
ratio of the power in thelcomponents polarized parallel and perpendicular to the local plane
ncidence, in figure 10 on the same scale as in figure 9 for the 23-cm results.

1
4.4. Measurement of Power in Orthogonal Linear Polarizations for Linearly Polarized
Hlumination, Area Element v '

The three hasic types of experiments discussed so far still leave one quantity in (12) undeter-
ined.  Only the sum of My and May is known, and it is necessary to determine either one of the
wo elements by an addmonal experiment.

The particular setup choSen to separate My and My in (12) consists in transmitting a linearly
olarized wave in such a way} that the direction of polarization is alined with the direction of the
instantaneous libration axis of the moon. The two orthogonally polarized receiver channels were
ined so that one corresponds to polarization in the local plane of incidence and the other normal
this plane. The experlment ‘was carried out both by making use of the rotation-technique at
the receiver, as described in subsection 4.2, and by actually alining the receiver polarizations
nder conditions of low Faraciay rotation. The results are shown in figure 11, which displays the
atio of the two components as a function of cos¢p. The comparatively large spread in the observed
alues is not completely undc&rstood. The most likely explanation is presenily thought to be that
ocal variations exist in the scattering properties of the lunar surface. It should be noted, however,
iat the amount of depolarization is less from a doppler strip than from a whole range ring when
he illumination is linearly polarized parallel to this strip.

5. Discussion of Observational Results

The problem remains of relating the observed results to a reasonable model of the lunar
urface. In this discussion we shall not be concerned with that part of the return which can be
ermed “quasi-specular’” and which may be well described in terms of a geometric optics model
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mination, polarization || plane of incidence.

RATIO OF SCATTER lNG COEFFICIENTS Dotted curve shows depolarization when polarization of illumination is averaged

| over all angles —for the sume data,
IGURE 10. Ratio of backscattered ppwer in two orthogonal

linearly polarized components for circularly polarized
Humination, at 3.8 cm wavelength.
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involving tilted smooth facets having mean slopes of the|order of 10°~12° (Rea, Hetheringt
and Mifflin, 1964; Hagfors, 1966). In what follows, our interest will primarily be focused on
part of the return which is caused by areas tilted by more than about 20° with respect to the directi
of the incident radiation.

All data given above are relative; no absolute levels| were established. Furthermore,’
quasi-specular return was not examined in great detail and in many cases was absent due to.o
loading. In order to compare the scattering from the lunar surface with scattering from oth
surfaces it was first necessary to establish the scattering crpss section per unit lunar surface ar
Previously the total lunar cross section at 23 cm was determined to be 0.065=0.008 times
geometrical cross section. In'general, let the radar cross s¢ction be a fraction R of the geometrig
cross section, P(r) the received power per unit delay, a the radius of the moon, and ¢ the sp
of light. The scattering cross section o per unit surface area then becomes:

_a-R- P(’T)

f P(r)dr

This quantity was computed as a function of delay and angle of incidence from data presen
elsewhere (Evans and Hagfors, 1966). The cross section per unit area was computed for 23 o
wavelength where the total cross section is quite accurately known, as well as for 3.8 and 680
where the total cross section is less accurately known and, therefore, was assumed to be the sa
as at 23 cm (see also Evans and Hagfors, 1966). The resulls are shown in table 1. As can
seen, there is a strong wavelength dependence in the quasi-specular return near zero delay,
longer wavelengths being returned more strongly. At oblique angles of incidence, however,
wavelength dependence is much less pronounced and is in the opposite direction, the short
waves being scattered more strongly.

"TABLE 1. Radar cross section per unit surface area (dB)

Delay (usec) ! 8¢ 23cm 68cm Delay (psec) ¢ ¢ (deg)

10. . 271 % 29250. 36.29
20. . 1.92 X 2500. 38.33
30. . . . 2750. 40.28
40. 3 . . . . 3000. 42.15
50. 5. A . . 3250. 43.96
60. . X X k 3500, 45.71
70. : § . . 3750. 47.41
80. . X . . 4000, 49.07
90. . 3.8: . K 4250. 50.68
100. K X . 4500. 52.26
125. . X K 4750, 53.81
150. 9. —5.07 X 5000. 55.32
175. . 5. 3. 5250. 56.81
200, .65 5.7 . 5500. 58,27
225, N = 6.0: - 4.71 3 5750, 59.71
250, . .3 5. 6000, 61.13
6250. 62.53
6500. 63.92
6750. 65.29
7000. 66.64
7250. 67.98
7500. 69.30
7750, 70.62
8()()0. 71.92

8250, 73.21
8500,
8750,
9000,
9250.
9500,
9750; |
10000. |
10250,
10500. ,
10750,
11000. |
11250.
2000.
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scattering cross sections. !
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reflection and what can be
tional to the power reflect
geneous diclectric with die

and the magnitude of the
Suppose we have a u

qual to-b, and that the s

-power reflection coefficient

For a derivation the reade
oildrop on wet asphalt (So
of the top layer to be unifo

on the form of the distribu
- and large mean depths ar
mean depths, i.e., depth <

i.e., the top layer becomes

cross section, it appears that the strength of the backscattering at oblique angles of incidence
provides but a poor basis for determining the nature of the surface material on the moon.

lon coefficient at normal incidence.
}le(:tri(: constant € (possibly complex), the reflectivity is given by

=

with a certain probability ;

where R(b) is given in (16).

Extensive experimental studies of radar scattering from various types of rough surfaces have
een carried out by Peake (1959). In particular, slightly rough asphalt and concrete surfaces
ere examined in great detail. The height deviation of the roughness was typically of the order
f 0.01 times the wavelength, and the horizontal scale was usually somewhat smaller than the
avelength. Dielectric constants were complex and of magnitude in the range 2.5-6.0. The

found by Peake was highly variable, depending on the autocorrelation
ucture as well as on the intrinsic electrical properties of the surface ma-

erial. Typical values of the backscattering coefficient per unit area found by Peake are, however,
ot drastically different from those found in lunar scattering. The angular variation of the back-
scattering also appears to|be in general agreement with lunar re

Since such a wide class of surfaces exhibit approximately the same

discuss the actual polarization data, let us consider the quasi-specular
> inferred from it.  The strength of the quasi-specular return is propor-
If the surface material is a homo-

2

R |Ve—1

IVen o

lielectric constant may be determined.

niform upper layer with a dielectric constant € and of constant depth
upporting layer is semi-infinite and has a dielectric constant €. The
of such a double layer can be shown to be, assuming lossless dielectrics:

_a(Ver—1)2— (e, — I)es—e)) sin? (Ve, kb)
(Ve +1)2— (e — es—e)) sin® (Ve, kb’

(16)

r is referred to Sommerfeld’s explanation of the colors displayed by an
mmerfeld, 1950). For the lunar surface we cannot expect the depth b
rm. Instead, we must expect the depths in the range b, b+db to occur
(b)db. The mean reflectivity at normal incidence must therefore be:

(R) ~ f*,,(/,)le(l)) cldb (17)
(1]

The actual average reflection coefficient will depend rather strongly
ion function and on the mean depth. Only the limiting cases of small
independent of the form of the probability density p(b). For small
Mo/4 Ve; one obtains:

)2

invisible, as one would expect. When the mean depth becomes large,

Y

Ve —1

Vet 18

r)=(
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and where”.

G

the average reflection coefficient becomes:
shows an (%

WNVeer 1
(Ry=1~— . (19) ength for
) Ve+DH(Ve+Ve) (Giraud, 1§
the underl§

: This reduces to (15) when €; =€, and when €, =1, as it should. For a fixed value of €, the average
reflection coefficient has a minimum when €, = Ve, which is the familiar relationship used when
optical surfaces are given a dielectric coaling to reduce reflections. Figure 12ishows some results
of numerical evaluations of (19) for various combinations of €; and €2.  As can be¢ seen, the presence
of a tenuous surface layer can reduce the reflectivity quite appreciably with respect to the reflec-
tivity in the absence of a surface layer. Note that an increase in wavelength might bring about a
gradual transition from a region where (18) applies to one where (19) applies, and a two-layer model
could hence explain a wavelength dependence in the cross section.

Even more complex models for reflection at normal angles of incidence have been suggested,
in particular one involving a gradual linear transition from vacuum to some re¢latively high value,
whereupon the dielectric constant remains constant with depth (Giraud, 1965). | Figure 13 shows a
slightly more general model in that a jump in dielectric constant is allowed at the vacuum-material
interface. Again assuming lossless dielectrics, the reflection coeflicient al normal incidence.

half the w

case €, — ¥
It is not clej
applicationtd

becomes:
Det —

Det + (<0

’ R=

where

Deti‘—*{% <agel>_lX S,(aba)}{ <¢¥£:2> A\/—A (al)e,>}

A
{ (abel>— Rk (OZIGIH{S“ (azz)"k%s"’ <(i):‘)} o )

a=(k*Ae/b)'P

whére

Ae =€, — €,
POWER REFLECTION COEFFICIENTS FROM DIELECTRIC LAYER OF RANDOM THICKNES ZOop———
I
'_.
[+
W Zz-bf—— e e —
o
REFLECTION T
COEFFICIENT ]
. M
SURFACE SUPPORTING 03
LAYER O\ LAYER !
N 1
[

DIELECTRIC| CONSTANT

Ficure 12. Reflectivity of double layer of random thickness -
for various combinations of dielectric constant of upper FiGure 13. Surface model involving linear gradient in
layer e and of lower layer €. dielectric constant.
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nd where S, and S are any two
hows an example of reflectivity

L . . . . .
independent solutions of Stokes differential equation. Figure 14
R plotted against the ratio of transition layer thickness and wave-

fength for €2=4.0, and for severfal values of €;. The case €, =1.0 corresponds to Giraud’s case

Giraud, 1965).

As can be seen, the linear gradient introduces a “match” between vacuum and

he underlying layer even for veILy moderate layer thickness. For layers deeper than about one-

alf the wavelength essentially o
ase €;— 1=0 the reflectivity sh

ly the initial jump in €, i.e., €, — 1 gives rise to reflection. In the
ould approach zero and not the constant value quoted by Giraud.

t is not clear how this discrepancy was brought about. Most likely it may stem from an erroneous

pplication of the phase integral
From the discussion of thes
onstructed which may account
cho and even the frequency dep

©* Let us next turn to the ques

method as opposed to the exact method leading to (21).

e examples it is obvious that a number of surface models can be
for the strength of the quasi-specular component of the returned
endence of the return.

tion of interpreting the various kinds of polarization observations.

Fioure 14.  Reflection coefficient for diclectric double layer

2 N SR |

with linear gradient.

i
03 35
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05 A 3

. The depolarization of circul
may be thought of as arising in
difference in the backscattering
plane of incidence (the two prin
two principal linearly polarized v
tion gives rise to scattered powe
4.3 of this paper show that the
results of section 4.4 show that
the relative importance of thes
waves, one may argue as follows

Let the backscattering matr

so that the linearly polarized fie
tively, are related to the inciden

f

b/\) =

arly polarized scattered waves for circularly polarized illumination
at least one of two different ways. There may be a systematic
coeflicierits for waves polarized in or perpendicular to the local
cipal linear polarizations). There may be a depolarization of the
aves in the sense that illumination in one principal linear polariza-
r in the orthogonal linear polarization also. The results of section
ormer of the two possibilities does occur.  On the other hand, the
he latter type of mechanism is also present. In order to evaluate
e mechanisms in causing depolarization of circularly polarized

ix of a surface element be:

-

1ds in and across the local plane of incidence, £ and E», respec-
t fields E{ and E} through:

rma e

a2

(22)

I
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The corresponding connection between circularly polarized waves is:

2 . {Ei'}___% {"n + ree = i(riz = rar), rio—rag— Uizt ra }{E,’}

E/ r11—‘l‘22+i(l';2+f21), r11+r22+i(r12——r2, Et”
The ratio of depolarized to polarized circular when the illumination is circular hence becomes

- Depol _ ([rii—ra—i(rn+ra)*)

Pol *(!rn+I’22+i("12“r21)l2>. .

In the particular case when ri;=ry =0, one obtains:

Depol _ (|ris —rezl?)
POI <ll‘”+f‘22|2>.

If the phases of the two reflection coefficients are the same, the circuilar depolarized-to-polarize
power ratio may be expressed directly in terms of the ratio of the two principal linear power back
scattering coefficients p | and p, as follows:

Depol_(‘

2

V- E:
Vi)

Pol
Figure 15 shows a plot of the expected ratio of depolarized and polarized power for circular polariz
tion as a function of the ratio p”/p .~ Note that in this case there wopuld be no depolarization off
the two principal linearly polarized components. We also note that a/systematic phase difference
of the two reflection coefficients p, and p, would lead to a preferentidl circular polarization of th
scattered wave for linearly polarized illumination. This possibility was excluded at the outset of

Y
o

3
o]
I

]

i 1 FiGuURre 15.  Plot of ratio of polarized and depolarized po

RATIO POLARIZED/DEPOLARIZED CIRCULARS, dB

20 i~ - for circularly polarizéd illumination as a function of i
- 4 ratio of the buckscattéring coefficients of the two princips
- R linear polarizations.
| 1o | -
O i 1 1 i 1 L 1 l i 1 i
o Il 2 3 4 5 6 7 8B 9 10

RATIO OF PRINCIPAL S(iATfERlNG C'OEFFICIENTS
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ur discussion as being physically implausible.

Figure 15 shows that the difference in the reflection coefficients Py and p , actually observed,
ee figure 9, is inadequate to account for the depolarization of circularly polarized waves. It is
erefore concluded that| ri» and ry being nonzero as indicated by the observational results shown
# figure 11 must also be an important factor in producing depolarization.

In order to continue the discussion it is convenient at this point to introduce a specific model
mechanism which may |be adjusted to reproduce the observed data. Imagine that the back-
scattering in part arises from specular reflectors which do not depolarize at all.  This type of
mechanism clearly is dominant near the subradar point, as indicated by the data presented. With
ncreasing angles of incidence we imagine the scattering to occur increasingly from a discrete
structure which acts as gingle scatterers. These discrete scatlerers may, as a first approximation,
be thought of as linear dipoles of more or less random orientation. The assumption of single
scattering rather than m!u]tiple scattering to account for the polarization effects is justified by the
very low reflectivity of tje lunar surface material.

: A linear dipole will depolarize a circularly polarized wave completely; i.e., the energy scattered
~in right and left pnlariza!tions will be of equal strength. By observing the ratio of depolarized to
polarized power as above, it is therefore possible to estimate the relative amount of power P,
scattered by the reﬁccti@n mechanism, and the power I’¢ by the dipole scatter mechanism. The
“ratio of depolarized to polarized power becomes:

Depol 2 Ps
Pol  P,.+3 Py

27)

Figure 16 shows the ratio of depolarized to polarized power plotted as a function of the ratio of
. power scattered by dipoles to total scattered power. Comparison of the results in figure 2 with
the curve in figure 16 shows that 70 percent of the power returned at oblique angles of incidence
is to be ascribed to the dipole scattering mechanism. A collection of randomly oriented dipoles
{lluminated with a linearly polarized wave will return 25 percent of the scattered power in the
orthogonal mode. In this case, therefore, the ratio of depolarized to polarized power for circularly
- polarized waves becomes:

Depol _ i Py '
Pol P, % Py

|

- In figure 17 this polarizal[}on‘ ratio is plotted as a function of the fraction of the total power scattered
by dipoles. Comparison with figure 7 shows that again the fraction of the total scattered power,
which must be ascribed 1o the dipoles, is in the vicinity of 70 percent.

This somewhat naive model of the scattering mechanism is so far unable to account for a
- preferential backscattering when the E field is in the plane of incidence, as shown by the observa-
tional results of figures 9 and 11. At least two modifications may be made to the model to accom-
modate this effect. It may be that the dipoles behave as if oriented preferentially in the vertical
direction on the lunar surface. An alternative model was suggested by Hagfors, et al. (1965) in
" the form of a tenuous layer covering the dipoles. The preferential scattering of waves with E field
in the plane of incidence| was explained as a preferential transmission of these waves through the
tenuous top layer. The latter model requires that a large fraction of the scattering dipoles is
buried underneath the ténuous layer. This assumption, unfortunately, does not appear to be in

243-765 OL-67—2

\
|

(28)
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agreement with the recent Surveyor I pictures if these pictures are representative of the lu

surface in general. The pictures reveal large numbers of rocks

may well serve as the discrete scatterers, which so conveniently accounts for most of the ra
data. However, if the rocks are identical with the dipoles, it means that the scattering struct

is not buried under a tenuous layer. Let us first examine whether

Surveyor I pictures are numerous enough to account for the total scattered power at obligi
The Surveyor pictures appear to indicate that! the cumulative rock distriby

angles of incidence.
tion is of the form: 2

N=3. 105 - = 177

where N=cumulative number of grains per 100 m?; y = diameter o,

density of rocks or grains per m? with diameter between y and y+ dy is:

n(y)dy=>5-31-10% . y-277,

The geometric cross section of each grain expressed in m? is:

3 4 5 6 7 8 9
POWER SCATTERED BY DIPQ

on plotted as a function of the fru

on the surface. These roch

the rocks actually seen in.th

f grains in mm. The num]

5
Let us next assume that each grain scatters back with radar cross s

ection, which is a certain‘¢

stant fraction R of its geometrical cross section, when the diameté

i
?Surveyor 1, A Preliminary Report, Rept. SP-126, National Aeronautics and Space Administration (June, 1966).
|

|
|
;
§

r exceeds the wavelength ag
zero otherwise. The cross section per unit area is, therefore, found to be:
!
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4.

The cross section o, howey

1000 mm, we obtain, for A

cross section per unit area:

his number is large enough to acc

R

0.23

iy
0.23 \/max

lO—:l . (32)

— A 023
ymin)'

arger rocks, i.e., the larger rocks obscure more of the surface
his reason one must assume, somewhat arbitrarily, a value for
er, is not very critically dependent on this choice. If we put
=23 cm

o =R -0.083. (33)

, same as for the moon as a whole, we obtain as a typical number

o ~—23 dB.

ount for all the scattering at oblique angles of incidence.. (Com-

are with the data of table 1.) Hence, if the Flamsteed area where Surveyor I landed is typical

f the lunar surface, the earlier interpretation of the radar data in terms of b
Hagfors et al., 1965) must be reje

est on top of the surface rather
rface rather than buried inside
double layer surface model. Tt
akes place without appreciable

tiractive in certain respects, bo

eturn, as well as to account for th
generally deduced by radiometer
Heiles and Drake, 1963; Baars

nhomogeniety in depth, Davies a

niety. Their model of the lunar
with €e=35.0.
Loecal variations in the radar

“studied extensively. The only information regarding loc
et al. (1965), and shows certain pec
Several other craters have also been shown to be extraordinarily strong radar scattere

- 1965), but detailed studies of their depolar
The model of the lunar surfa

: for compatibility with radiometr
- pictures appears to be as follows
slopes on the order of 10°—12°.
neous in order to reconcile radar

in backscattering at oblique angles of inc

and rocks strewn over the smoot

Iluminating discussions witk

The author is indebted to the personnel at the Millstone Hill Radar Stat
The use of the facilities of the Lincoln Laboratory Millstone/Haystack ¢
nowledged.

U.S. Air Force, is gratefully ack

uried single scatterers
cted on the grounds that the scatterers as seen photographically
it. The presence of grains and rocks on top of the
material, however, does not rule out the presence of
dence

than inside
the surface
nly means that the backscattering at oblique angles of inci
penetration of the top layer. The double layer model is still
th to explain a wavelength dependence of the quasi-specular
¢ somewhat lower dielectric constant of the lunar surface material
(i()bservations of thermal emissi()r_l from the moon (Soboleva, 1962;
et al,, 1965; Davies and Gardner, 1966). Rather than having
nd Gardner have constructed a model having lateral inhomoge-
surface consists of 65 percent area with e=1.6 and 35 percent

¢

depolarizing properties of the lunar surface have so far not been
al variability was reported by Hagfors,

uliarities in relation to the scattering from the crater Tyeho.
rs (Thompson,
izing properties have so far not been attempted.
ce emerging {rom the present and past radar studies interpreted
¢ thermal emission data as well as with photographic closeup
The major portion of the surface is gently undulating with rms
This surface must be either horizontally or vertically inhomoge-
and radiometric data. The depolarizing properties as observed
idence appears to be adequately explained by pebbles

h surface.
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6. Appendix A

Let an arbitrary pair of two-dimensional orthogonal unit vectors be given in terms of e, a

ey by:
e =ae;+ e,
ex=—[*e; +ae,
The components of the complex field along these directions are:
Ey=(e " E)
Ey=(e; - E).
The difference in the power in these two orthogonal modes is:
(IE:[2) — ([Ea]*) = Sa(|ae]* = |BI®) + SalaB™ + *B) +
By Schwartz inequalily:v
[UE2) = (|Eof2) 12 < (S3+ S5+ SD (e

But from (A1) it follows that |a|*+]B|?=1, and the well known
(3) is therefore seen to be physically reasonable.

7. Appendix B

Rotation of the coordinale system through an angle { caus
to transform according to the rule:

Ey cos Y sin ) (£,
Eyy —sin § cos Y} {E,
The corresponding transfornmtion of the Stokes vector can be fi
Swl (10 0 0
Say 0 cos2y cos2y O

Sy 0 —sin 2y cos 2y

0 0 0
or abbreviated: Sy=TS.

The Mueller matrix in the rotated coordinate system is:

My=TMT

Si(aB* —a*B)(—1).

+ 1819

lefinition of degree of polarizatio)

es the components of a vector

ound by simple substitution to b
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lere T is the transpose of T. Measuring s relative to the plane of incidence of the scattering
ément, we obtain in general:

(MY, . |5 M3 cos 2y ; —M3,sin 20 ;0
M¢,=W M2, cos 2xip; M8, cos® 24+ M, sin? 2¢; (MG, — M) sin 24 cos2y; 0 4 (BS)

—M¢9, sin 211; (M9, — MY,) sin 2¢s cos 2¢s; M9,-cos? 2¢s-+ MY, sin® 2¢; 0

0o | 0 ; 0 s My
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