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A Stuiy of the Depolarization of Lunar Radar Echoes 
Tor Hagfms 

Lincoln Iaboratory,* Massschusetts lhst i tute  of Technology 

ABSTRACT 

The radm backscattertng characteristics of 
examined in de ta i l  at a m e l e n g t h  of 23 cm. The 

3495-7 
the lunar surface axe 

backscattered waves are 
studied both for circular and fur linear polarizatian of the transmitted 

wave. 
on the moon with respect to  the polarization of transmitted or scattered 
waves are Investigated. T& exprimental results appear t o  strongly support 

the hypothesis that, the returns at oblique angles of incidence arise through 

s i n g l e  scattering f’run discrete objects a,s opposed t o  the returns at near 
norm83- incidence which are Armins- by quasispecula3. reflection. 

Effects relating t o  the orientation of the local plane of incidence 
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1. Introduction 

The moon has been subjected t o  rather intensive studies by earth-based 
radars Over the last few years. Most of these studies have been carried out 
i n  order t o  derive infarmstian about the physical properties of the lunar 
surface; sane studies have also been devoted t o  the question of orbit parameters 
of the moon. 

Several different experimental procedures are available for deriving in for^^- 

t ian about l m  surf‘ace properties. Measurements of the total 1- cross 
section have been carried out in the wavelength region fram 8 mm t o  22 m 
(Evsns and Pettengill, 1963a; Davis and R o h l f s ,  1964). Values of the cross 
section can be interpnvted in  terms of electr ical  properties of the surface 
material based on vaziuus models of the lunar surface. The most credible 
interpretations of the data a t  the manent appear t o  indicate that the dielectric 
constant of the surface material for  wavelengths of a few decimeters is about 
2.6 - 2.7 (Evans and Hagf’ars, 1964; Rea e t  al, 1w). 
are based on the assmption that the lunar surface is homogeneous w i t h  depth 

and that an abrupt transition fran vacuum t o  a dielectric medium takes place at  
the interface. 

Measureplents of the dew spread of the lunar echoes have been used t o  
derive the backscattering cross section per unit  sol id  angle per unit surface 
Bsea as a function of angle of incidence. 
section in turn has been used t o  derive certain s t a t i s t i ca l  properties of the 

slopes of the lunar surface (Hagfms, 1961; Daniels, 1963; Beclaluum, 1964). 
Although there is general agreement about the interpretation of the echoes for 
small angles of incidence, the intapetatian far larger angles is at present 
a subject of dispute. 
angles af incl&pye em- he t3eseyi?x?d irr the Usi~a1 Kircbhaff approximatim if 

proper allwance is made for tb geametric shadawing of the surface (Beckmann 

and Klemperer, 1965; Beckmarm, l s 5 ) .  
scattering at Wger angles of incidence can best be thought of as returns 
f’ran individual discrete scatterers of size conparable w i t h  the wavelength of 
observation (hrans snd Pettengill, 1963; Evans and Hagfars, 1966). 

These estimates, however, 

The angular variation of th i s  cross 

Some authars maintain that the returns even at  laxge 

Others maintain the view that the 
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More refined observation techniques have been developed t o  discriminate 
between different areas on the moan (Pettengill and Henry, 1962). 
methods have been used t o  study the reflectivity of 

surface (Thcunpson, 1965). 
rayed or yaunger ones, exhibit enhanced reflectivity a t  oblique incidence. 

tion a t  the transmitter and with the receiver adjusted for the orthogonal 
circultwly polarized wave. 

c i r a d . ~  poiarization is received as was transmitted. 

contain no energy in the case of an ideal reflector, this cmponent has been 
termed "depolarized" (Evans and Pettengill, 1NJb). Extensive depolarization 
studies of this type have been csrried out at 68 and 23 cm wavelength (Evans 
and Hagfors, 1966). 
circularly polarized waves, hawever, does not exhaust the possibilities for 
polarization observations. 
receive polarizations which may yield Independent data on the scattering 
properties of the surface. 
have been published peviausly (Hagfors e t  al, 1965; Evans and Hagf'ors, 1966) in 
preliminmy farm. The present theoretical understanding of scattering frau 
rough surfaces does not appear t o  be sufficiently w e l l  developed t o  be capable 
of fully util izing the mare canpkte  measurenents of depolarization properties 
discussed in this *-per to make f'mthe~ d&-i~%2ms s b ~ t  the @ysica1 stste ~f 

the lunar surface material. 
plausible conclusions can indeed be drawn fran the observational results - at 
least in  a heuristic manner. 

These 
features on the lmaz 

It has been found that many craters, particularly 

Most radar observations of the moon are carried aut w i t h  circular polariza- 

Observations have also been made in which the s ~ m e  

Since t h i s  cmponent should 

The study of the depolesization of lunas echoes using 

There are msny other canbinations of transmit and 

Examples of such additioplal polarization studies 

It w i l l  be shown, however, that a nuuiber of physically 

In the following sections it is first discussed how many different measure- 
ments ase required far the cauphte electrauagnatic determination of the back- 

scattering properties of the surface in a s t a t i s t i ca l  msnner. 
s t a t i s t i c a l  aature of the problem the transmitted and received radiation is 
adequately described in terms of s e e d  order maments of the transverse f ie lds  - 
ar in terms of Stokes vector. 
relating various second order manents of the radiation transmitted t o  those 
received - or in terms of a Muleller matrix. 

Because of the 

The lunar surface is characterized by quantities 

As the radar system used c a l l s  for 
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certain capabilities not camnonly found in radaz systems, the equipnent used 
is very briefly described in  the third section of the paper. 

contains a nuniber of observational results obtained from the Millstone H i l l  

radar at a wavelength of 23 cm and also some preliminary observational results 
f r a t h e  Haystack radar a t  a wavelength of 3.8 cm. 
length the significance of the observational results in terms of various 
physical models of the lunar surface, and also i n  the light of observational 
material from experiments not involving radar observations. 

The fourth section 

Section 5 discusses at  some 

2. Electrmagn e t i c  Description of the Scattering Process 

A partly polarized plane electromagnetic wave traveling along the positive 
z-direction may be represented as: 

where so(t) is a slowly varging time -tion. The vectar so ( t )  msy be decom- 
posed along two crrthogonal directions, both orthogonal t o  the direction of 

popagation of the wave. 

by unit  vectars e and e2, w i l l  in general be crsnplex phascjrs. 

is  a Gaussian process, every s t a t i s t i ca l  property of the f ie ld  may be found 
from the second arder moments of the various phasar canponents. 
correspond t o  the x and the y directions respectively the field is thus ccxn- 
pletely specified by: 

The components along these directions, represented 
4 4 

When the f ie ld  1 

4 4 

I% el and e2 

+ E  E * )  
* 

S = ( Ex Ey 
3 Y X  

* * +  
S4 = i ( Ex Ey - Ey Ex ) 
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Physically S1 is proportional t o  the t o t a l  power in  the wave, 
of puwer in the linear polarization along the x-dtrection Over that i n  the 

y-direction, S 

through 45' i n  the positive direction, ad, finally, S4 is the excess of the 

right circulairly polmized power mer that i n  the left .  
"he degree of polarization p is  related t o  the extent t o  which the -Darer 

i s  the excess *2 

is the equivalent of S2 with the references axes rotated 3 

in the wave can be separated into a s i n g l e  polarization. 
degree of polarization i s  equal to the maximum of the r a t io  of the difference 
-itween the power i n  two orthogonal modes and the t o t a l  power In the wave. 
<ppendixA briefly sbws that the degree of polarization according t o  th i s  

definition is  given by: 

Numerically the 

- .  

p = -  1 f s , 2 + s 3  2 c s ;  

s1 
( 3 )  

which is  also the usual definition (Born and Wolf, 1959, p. 551). 
The wave in -sing through a medium, or "in being reflected or scattered 

f rom an interface will,in general, change its  state of polarization aad hence 
the various coqmnents of Stokes vector w i l l  be transfarmed. Such transforma- 
tions may or may not alter the degree of poLarization p. 

The transfclrmatlan of the faur caanponents of Stokes vector when the wave 
passes through a medium or is  being scattered or reflected by a surface, may be 

described by a matrix M relating the Stokes vectar before transformation, s", 
t o  that a f t e r  transformation, .?', i.e., 

4 s" = M S  (4) 

In the most general situation the matrix M (The MwUr matrix) w i l l  contain 
sixteen elements. 
observations these sixteen elements as a function of angle of incidence i n  
order t o  achieve a complete s t a t i s t i ca l  description of the scattering properties 
of the lunaz surface. 
arguments and reciprocity relations t o  reduce cmstderably the nMiber of 
unknowns t o  be deternined experimentally in the case of lunar scattering. 

In principle, therefare, we are requires t o  determine frat 

In the following paragraphs we shall empluy symmzetry 

I 
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bt us first perform a nuuiber of "-n experimente" t o  make use of 

synmEtry properties. 
Suppose the lunar surface i s  i l lminated either w i t h  a right or a l e f t  

circularly polarized wave, i.e., s = {I, 0, 0, A 1). Since we must expect 
the scattered power as w e l l  as t he  excess of l i n e a  polarization t o  be the 

s a m  i n  the two situations, we have: 

Furthermore, the amount of "circular depolarization" must be the same i n  the  

two cases. This means that: 

Reciprocity relations (Rumsey, 199) also indicate that  the parer received In 
the y-coanponent when transmitting waves llnearly polarized along the x-direction 
is  the same as the parer received in the x-cmponent when the same t r a n s m i t t e d  
wave is poiarizeci along the y-direction. Thus must apply for arbitrary choice 
of x and y directions, which means t ha t :  

Illumination of the moan with a linearly polasized wave cannot give r i s e  t o  
preferential circular polarization and hence one mt have 
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TO proceed further w i t h  Lese arguments we next orient the xy re erence 
coordinate system w i t h  respect t o  the plane of incidence of the backscattering 
surface in such a way that the x-axis i s  i n  the plane of incidxmce. 
Mueller matrix corresponding t o  this  situation is denoted by Mo and i ts  

elements by M, +. 
In this situatim we can argue that the s m e  t o t a l  pawer must be 

scattered back irrespective of whether the transmitted linear polasization 
makes am angle of +45O or -45O w i t h  respect t o  the plane of incidence. 
ea-s j-tBt 

The 

0 

This 

MY3 = = 0 ( 9 )  

The same two types of transmissions must give r i s e  t o  identical values of S; 

which m e a n s  that 

MZ3 = 0 

Transmission polazized linearly either in or across the plane of incidence for 
reasons of symmetry must give = 0 which mans that -3 

No = 0 32 

For t h i s  particular choice of coordinate axes with respect to a scatter- 
element one therefore obtains for Mo: 

42 
%* 
0 

0 

0 

0 

M;3 

0 



The matrix elements for other orientations of the coordinate axes can be 

found from (12) by a s b p l e  cocdinate rotation trainsfarmation, see A p p e n d i x  B. 
In pa;rticula;r, we see fran B5 tha.t the average of M over angle JI is: 

0 0 

Hence it may be concluded that a complete s t a t i s t i ca l  description of the  

electromagnetic backscattering properties of the lunar surface st each *e- 
quency and angle of incidence requires the determination of five independent 
quantities. 

The antenna beam of the Millstone Hill radar system is sanewhat w i d e r  than the 

extent of the moon. Resolution in range will single out meas where the in- 
ccmfng radiation has a constant angle of incidence, but i n  arder t o  separate uut 

small areas with a w e l l  defined direction of the plane of inciflence as seen frm the 

I- =yaw=n, dditional discrimination xas requires using Dop-gler resolution. Due t o  a 
slight apparent angular rotation of the moon as seen f r o m  the rad=, different 
areas on the moon w i l l  have different doppler offsets w i t h  respect t o  that of 
the center of the lunar disk. 

paral le l  lines across the disk of the moon. 
offset correspond t o  axeas where the local plane of incidence is near-parallel 
t o  lines of constant doppler offset. 
particulas range ring, on the other hand, have their local plane of incidence 
narmal t o  lines of canstant domler shift. 
the local plane of incidence of the area under study there!fore corresponds to w e l l  
defined dfrections with respect t o  the radar system. 

-ad-- -.--A- 

L l n e s  of constant doppler offset w i l l  be straight 

Regions w i t h  near-zero doppler 

Areas a€' maximum doppler offset far a 

Far zero and maxhnxn doppler offset 

Raage-doppBr ce l l s  W i t h  
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intermediate doppler values correspond t o  a super-position of two meas on the 
moon w i t h  differently oriented planes of incidence and can, therefore, not so 
conveniently be employed in polarization studies. 

system even on an hourly basis it follows that polarization studies based on 
resolution by means of the range-doppler technique can only be carried oilt 
povided the feed polarization of the transmit and receive antennas can be 

adjusted rather freely and rapidly. Certain modifications, therefore, had t o  
be M e  t o  the migirnlsl M.llstoiie t r ~ k % n g  feed system t o  meet t'hese requ*e- 
ments . 

Since the dopplrer axis is rotating quite rapidly w i t h  respect t o  the radar 

The ariginal feed s y s t e m  could be excited i n  the right or the left  circularly 
polarized d e s  by applying the transmitter parer t o  one or the other of two 
input ports t o  the feed s y s t e m .  
of the transmitted wave the power must be divided at w i l l  between these two 
parts and the relative phase of the two signals must be adjustable. 
ment finally empluyed is sham schematically in Figure 1. 

In  order t o  produce an asbitrary polarization 

The arrange- 

Phase changer €%I 2 controls the relative levels of the power at the input of 
the two antenna ports. For 
circular polarizatim all the power is applied t o  one of the two antenna input 
ports; for linear polarization the power is divided equslly between the two 
antenna ports by adjusting ph 2. 

by adjusting Ph 1. 
but were never used in  the experinrents t o  be described. 
described can be earried out during normal transmissian conditions. 

Phase changer Ph 1 controls their  relative phase. 

The plane of linear polarization is then set 
Arbitrary e l l ip t ica l  polarizations can also be prdi-red 

A l l  the adjustments 

The modes of polazization received was controlled by a similar arrangement 
of phase changers and mer splitters (hybrids) as that  Shawn between the 

dotted lines i n  Figure 1. 

1 zz-d 2 of Figum i. *Tie receiver poiarizations could, in  principle, also be 
set up i n  the data processing procedure by properly cmbining the coherently 
detected in-phase and quadrature components of the signal. 
radio frequency amplifiers as w e l l  as the various mixers and intermediate fre- 
quency amplifiers t o  be stable in gain and phase and tests on the existing 
equipent  shared that this was not the case t o  a degree required by the 

observations. 

The input t o  the arrangement was derived from ports 

This requires the 

By combining the two orthogonal received polarizations at radio 
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frequencies -before passing the signal thruugh aqy phase or gain-sensitive 
components - the two receiver chains essentially only act as power measuring 
devices. 

The degree of circularity transmitted could be checked by rotating a line- 
receiving dipole on the center of the antenna beam a distance of 500 m. 
f'rom the antenna. The ra t io  of maxirmnn t o  minimum power received on the linear 
dipole was about 0.3 - 0.4 db. When sett ing the s y s t e m  up far llneas polasiza- 
t ion the maximum t o  minirmrm could easily be made better than 30 db. 

out. however, t-hat k s t s  of the antenna i n  the receive mode shared that the two 
n h l l y  orthogoaal &ear polarizations for sane settings deviated frm orthogon- 
a l i t y  by UP t o  5'. This in turn meam that depolarization ratios smaller than sme 

-18 db could not be measured. 

It turned 

The Haystack radar used t o  obtain sane of the data reparted on below at  a 
wavelength of 3.8 cm is at the  mLppent only equipped t o  transmit a circularly 
polarized wave. 
however, made it possible t o  receive either circularly polarized waves or rn 

asbitrary pair of orthogonal l i n e a r l y  polarized waves. 

4. Obserpations and R e s u l t s  

The insertion of a network similar t o  that sham i n  Figure 1, 

Ih this section the obsemational techniques and results are briefly 
described. 
el-nts of equation (E) in d e r  t o  ensure that a complete electromagnetic 
description of the scattering is achieved. 

terms of increasing complexity beginning w i t h  incoherent results, i.e. , results 
where a l l  the power f'ran a cauplete ring of constant range is c-ined. There- 
after sane observations are described i n  which the polarization of the receiving 
equipnent is continuously chsnged so as t o  relate the receiver polarization t o  

which both transplit and receive polarizations had t o  be changed continuously 
and independently i n  relation t o  lunar doppler cells.  

The various types of observations are related t o  the aatr ix  

Tkte observations are described in 

t;hp dnnnlnw --cr-.-* nnl le  --- ru t he  -ma, fw-, is 6escri-W in 
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4.1. 

Measurements of circular depolarization have been carried out previously 

Measurement of CircuzaS Depolarization, Range Ring 

and have been reported elsewhere (Evans and Hagfors, 1966) but the n?air! results 
me, nevertheless, included briefly in the  present paper for the sake of con- 
pleteness. 

Figure 2 shows the expected and the depolarized backscattered ,Dower plotted 
as a fbnction of cos fl where $8 is  the angle of incidence. 
been corrected t o  account for the effect of the f in i t e  width of the 30- 

diagram of the antenna. 
cos @ in Figure 3. 
by mans of a l lnewly  polasized target transmitter and it w a s  also checked by 

operating the radar system i n  a receiver node as a radianeter w i t h  the moon as 

a t h e m 1  source. 
10%. By gain r a t i o  we here refer t o  the r a t io  of powers received i n  the two 
orthogonal modes at the point where the noise calibration pulse is inserted into 
the system when the antenna is illuminated by a plane unpolarized wave along the 

main beam. 

Both components have 

The two-way correction factor in  db is  plotted against 
The relative .gain of the two orthogonal channels w a s  checked 

The two p e r  gains were measured t o  be the same t o  within 

Froan these results totalpower received - Le., the sum of pobzized and 
depolmized powers - w a s  detemined for each range and plotted against cosine 
of the angle of incidence in  Figure 4. 
range curve for linemly polarized transmission. 
curve below. 

plotted against the same abscissa in Figure 5. 
parer as a function of range, the  ra t io  of the depolarized and the polarized 
components and the cross section o f t h e  noon aeasured with the polarized cm- 

ponent only (Evans and Hagfors, 1966) suffices t o  determine the Mueller matrix 
elements M- - and M. a 

and discussions of possible models in Section 5. 

A l s o  shown is the t o t a l  p w e r  versus 
Reference w i l l  be made t o  t h i s  

The r a t io  of the polarized and the depolarized components is  

Knowing the to t a l  relative 

see (12). We shall return t o  actual numerical evaluations LL 44: 

4.2. 
The linear depolarization measurements were casried aut by transmitting with 

Measurement of Linear  Depolarization, Range R i n g  

a fixed, usual lyvert ical  polarization, %In order t o  avoid diff icul t ies  with 

Faraday rotation the linear polarization at the receiver was rotated between 
I'UI~S. 

and with an amplitude proportional t o  about a man level proportional t o  2 Mu 
The output power in each polarization w o u l d  therefore vary sinusoidally 
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(g2 + M;3), see equation (13). The least mean square sinewave w a s  f i t t ed  t o  
the data axxi the mean and the depth of nodulation w a s  determined t o  give the t o t a l  
power and the power ratios.  
the case of circular polarization, (see Figure 3). 
the depolarized linear components again as a function of cos 8. 
sham i n  Figure 7. 
cularly polarized waves w i l l  be made i n  Section 5.  
experiment provides direct  information about the quantity 
vasiation of Mll which w a s  determined from the c i r cubr ly  Tlar ized  data, see Fig. I+, 

w a s  also determined as a check from the l inearly polarized data by s m i n g  the 

Figure 4. Please note that  the fact the %wo curves are displayed at different 
power levels does not re f lec t  a difference i n  the two cross sections, only 3 

difference i n  the calibration of the system during the two runs com-gared. 
angular variation is seen t o  be closely similar. 

A correction for the polar diagram w a s  made here as i n  
Figure 6 shows the polarized and 

Their r a t io  is  

A canparison of these results with those obtained with c i r -  
We only note here tha t  t h i s  

+ Mo The angular 
0 33 

polarized and the depolarized components. The a n a  relationship is s h a m  ir 

The 

4.3. M e a s u r e m e D t  of Parer in  Orthogonal Linear Polarizations for  
Circulasly Polazized Illmination, Area Elenent 

From (12) and (13) it can be seen that the quantity M e  can only be 
determined jqnrided resolution is available i n  addition t o  that provided by 

range gating which w a s  used exclusively t o  obtain the data described i n  the 
previous two subsections. In order t o  determine M e  or the difference of the 
backscattering coefficients far waves polarized in and across the local plar,e 

~ 1 ~ ~ ~ = , , ~ =  CL- --I- ---- :ii-.-:-..~-a L ..<--..i---~-- --i-..:...-a .--.- *,.A +L- 
CILAG u u i i  w a 3  I I I U I L I L ; L ~ ~ U  uy' a LULULOLL~ y u r o r r r r ~ u  W U ~ L  ULAU UAAL 

-5. :--ad ---- 
U I  

t i 7 0  receiver chains were adjusted so that  one w a s  sensitive t o  iinearly 
polarized waves with direction of xlar izat ion paral le l  t o  the projected 
l ibrat ion axis of the moan and the other perpndicular t o  th i s  axis. 

variation in  the hac-hcattering coefficient With angle with respect t o  the 

local  plane of incidence must show up in a difference in  the frequency spxtyim 

of the return for  a particular range ring on the moon. 
description of the basic principles involved i n  t h i s  experiment the reader i s  

referred t o  Hagfors e t  a1 (1965). Figure 8 shows a few normalized spectra f3i- 

-the two receiver polarizations. The normalization consists i n  forcing the two 
frequency spectra corresponding t o  the same range t o  have the s a e  mea, i.e., 
the  same returned power. 
aligned with the l ibrat ion axis is  stronger than the other near zero frequency, 
but less strong than the other near  maximum frequency far the range ring con- 
sidered. 

beams for the two linear polarizations were different. Scans of the solar disk  

with the receivers used as radiometers were therefore made for both l i n e a r  

Ariy 

For a more detailed 

A s  can be seen, the comApnent correspondb-g t o  E-field 

The effect  observed could i n  principle be obtained i f  the antenna 
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polarizations, the scans being cmried out both in  azimuth and i n  elevation. 
These tes t s  showed that the polar diagrams w e r e  identical t o  wi th in  5 s  at an 
angular separation f r a n  the center of the beam corresponding t o  the l i m b  of 
the moon. 

The ra t io  of the two backscattering coefficients w a s  derived from curves 
such as those sham in Figure 8 and the r a t io  plotted against cos @ i n  Figure 9. 
This  determines the matrix element M& in (l2). Note that the component which 
has i ts  E-field i n  the local plane of incidence is the stronger one. 

A series of 1- p- izs t iaf i  cA-*rfi;i2nta a m h -  t= thcsf? c=ccri$&- so 

faz for a wavelength of 23 cm have been begun at a wavelength of 3.8 cm z;nd 

the equivalent of the experiment described under the present subsection has 

bt%n carried aut. 
In  the 3.8 cm experiment using the 36 meters diameter Haystack antenna the 

bearaJidth is  apswimately only one tenth of the diameter of the lunax disk. 

The angular resolution necessary t o  define a local plane of incidence on the 
moon is, therefore, Fuvided directly by the beam i t se l f  and by a range resolu- 
t ion capability. The experiment was i n  practice cwried out by +;ansrzitti’,g 
i n  the circularly polarized mode and by receiving two orthogonally polarized 
linear ccmponents. 
disk t o  the l i m b  in steps along a radius of the disk and the polarization of 
the receiver channels was adgusted so tha t  one was aligned w i t h  the radius a d  

the other one was perpendiculm t o  t h i s  radius. The center of the disk was 

used as a reference point where the backscattering coefficients for the two  
orthogonal polazizations definition are equal. The results of the e x p e r b n t  
me displayed i n  the form of a r a t i o  of the pwer in the cmponents polarized 
parallel and perpendicular t o  the local plane of incidence, i n  Figure 10 on 
the sane scale as in Figure 9 for the 23 cm results. 

The antenna beam was moved aut from the center of the lunar 

4.4. Measurement of Power in  Orthogmal Linear Polarizations for L i n e a r l y  

Polarized Illumination, Area Element. 

The three basic types of experiments discussed so far s t i l l  leave one quantity 
in (12) undetermined. Only the sum of M2* and M 
t o  determine either one of the two elements by an additional experiment. 

is known and it is necessary 33 
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The p r t i c u l a s  setup chosen t o  separate %2 and M in (12) consists i n  33 
transmitting a linearly polarized wave in such a way that the direction of 
polarization is alimed w i t h  the direction of the instantaneous libration axis 
of the moan. The two orthogonally polarized receiver channels were aligned so 

that one corresponds t o  polarization in  the local plane of incidence and the 
other normal t o  this plane. 
the rotation technique at the receiver as described i n  subsection 4.2 and 

by actually aligning the receiver polarizations under conditions of low Faraday 
rctation. 
two components as a Pact ion of cos 8 .  
observed values is  not completely mdmstood. 
presently thought t o  be that local variations exist i n  the scatterlng go-perties 
of the l u n a  surface. 
t ion is  less *om a doppler s t r i p  than f'rm a whole range ring when the illumina- 
t ion is linearly polarized ?mallel t o  this strip. 

5. Discussion of Observational Results 

The experiment was carried aut both by use of 

The resuits are shown in Figure 11 which displays the r a t i o  of the 
The canparatively Urge spread in the 

The nost l ikely eqlanation i s  

It should be nated, however, that the mount of depolwiza- 

The problem remains of relating the observed results t o  a reasonable model 
of the lunar surface. 
part of the return which can be termed "quasispecular" and which may be w e l l  
described in  terms of a geometric optics model involving t i l t e d  smooth facets 
havhg mean slopes of the order of 10 - 12' [Rea e t  a1 (1965); Hagfors (1965)1. 
I n  what follows our interest w i l l  prima.rily be focused on the p a r t  of the return 
which is caused by areas t i l ted by more than about 20' with respect t o  the 
direction of the incident radiation. 

In this discussion we shal l  not be concerned with that 

A l l  data given above are relative; no absolute levels were established. 
Furthermore, the quasispecula,r return was not exanined in great de ta i l  and i n  
mamy cases wa.. ahselltj. dze t~ ~ . e ~ L s & x .  In ~rd&- t o  CUSK~ELR %he scattering 
frm the lunar surf'ace with scattering f'run other surfaces it was first necessary 
t o  establish the scattering cross section per unit lunar surface area. 
the t o t a l  lunm cross section at 23 cm was determined t o  be 0.065 ri, 0.008 times 

the geometrical cross section. 
fraction R of the geometrical cross section, P(T) the received power per u n i t  

Previously 

In general, let the radar cross section be a 

14 



delay, a the radius of the moon and c the speed of l igh t .  

section u per unft surface area then beccmes: 
The scattering cross 

aoR*P( 7) 
c jP (  7)dT 

G =  

This quantity was computed as a Aurction of delay and angle of incidence from data 

presented elsewhere (mans and Hagfors, 1966). 
w a s  canputed for 23 cm wavelength where the t o t a l  cross section is qulte accurately 

known, as well as for 3.8 and 68 cm where the t o t a l  cross section is less 
accurately known and, therefore, was assumed t o  be the same as at 23 cm (see 
also Evans and Hagfors, 1966). As can be 

seen there is  a strong wavelength dependence in the quasispecular return near 

zero delay, the longer wavelengths being returned more strongly. 
angles of incidence, harever, the wavelength dependence is much less pronamced 
and it is i n  the opposite direction, the shorter waves being scattered m r e  
strongly . 
surfaces have been carried out by hake  (1959). 
asphalt and concrete surfaces were examined in great detail. 

of the roughness was typically of the order of 0.01 times the wavelength an& the 

constants were cmglex and of magnitude i n  the range 2.5 - 6.0. 
backscattering found by P e e  was highly variable, depending on the autocarrelation 
f'unction of the surface structure as w e l l  as on the intrinsic e lectr ical  properties 
of the surface material. 
un i t  area found by Peake are, however, not d ra s t i ca l ly  different from those fuund 

in  lunar scattering. The angulas variation of the backscattering also appears 
t o  be in general agreement with lunas results if an appropriate choice i s  made 
of roughness parameters either for asphalt or for concrete surfaces. 
the surfaces discussed by Bake which are cwered w i t h  certain types of vegeta- 
t ion  also have similaJr backscattering cross sections. 

The cross section per unit area 

The results me  shown i n  Table 1. 

A t  oblique 

Ektensive experimental studies of radar scattering *om various types of rough 
In particulas, sl ightly rough 

The height deviation 

h~j5-z~i- i ta l  s c d e  k + s  trs.4- S m d c E  t h ~ c  w ~ y p ~ ~ n _ ~ . h e  Dtelectr ic  

The amount of 

Typical values of the backscattering coefficient per 

Some of 

Since such a wide class 
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of surfaces exhibit approximately the same 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. 

Befare  proceeding t o  discuss the actual polarization data, let  us con- 
sider the quasispecular reflection and what can be infefied f r a m  it. 
of the quasispecular return is proportional t o  the pcrver reflection coefficient 
at  norms1 incidence. 
dielectric canstant c (possibly canplex) the ref lect ivi ty  is  given by 

The strength 

If the surface material is a hamgeneow dielectric w i t h  

and the @tude of the dielectric constant may be determined. 

of constant depth equal t o  b and tha t  the support ing layer is semi-infinite and 
has a dielectric constant %. 
l w e r  can be shown t o  be, assuming lossless dielectrics: 

Suppose we have a uniform upper layer w i t h  a dielectric constant el and 

The p e r  reflection coefficient of such a double 

7 
C1(v e2 - 1)2 - (e1 - 1)( Ci2 - el) s i n 2 ( q  kb) 

R =  

For a derivation the reader is  referred t o  Sommerfeld’s explanation of the colms 
displayed by an oildrop on w e t  asphalt (Smerfeld,  1950). For the lunar surface 
we cannot expect the depth b of the top  layer t o  be unifcrrm. 
expect the depths In the range b, b 3. db t o  occur with a certain probability 

p(b) db. 

Instead we must 

The man reflectivity at normal incidence nust therefore be: 

m 
n 

( R ) = d p(b) R(b) db (iij 

where R(b) is given in Eq.(16). The actua3 average reflection coefficient will 
depend rather strongly on the form of the distribution f b c t i o n  and on the mean 
depth. only the limiting cases of small and lmge mean depths are independent 



of the form of the probability density p(b). 
depth < X0/4d< one obtains: 

For smal l  meart depths, i.e., 

i .e.,  the top layer becanes invisible as one would expect. 
becanes large, the average reflection coefficient becornes: 

When the mean depth 

. I. 

This reduces t o  Eq. (15) when s1 = s2 and when 
value of e2 the average reflection coefficient 
i s  the famillas relationship used when optical 
coating t o  reduce reflections. Figure 12 shows same results of numerical evalua- 

(19) 

e = 1 as it should. For a fixed 
has a min- when c1 = which 

surfaces axe given a dielectric 

1 

t.ions 04 ~ q .  (19) fc2r vazious zaxbinations of 2 and .s2. A s  can be seen tine 
presence of a tenuous surface Layer can reduce the ref lect ivi ty  quite appeciably 
with respect t o  the reflectivity in the absence of a surface layer. Note that an 

hcrease in  wavelength m i g h t  bring about a gradual trunsition from a region where 
Sq. (18) applies t o  one where Eq. (19) applies, and a two-layer m o d e l  could hence 
explain a wavelength dependence in  the cross section. 

Even more complex models for reflection a t  normal angles of incidence have 
been suggested; in particular one imrolving a gradual linear transition from 
vacuum t o  some relatively high value whereupon the dielectric constant remains 
constant w i t h  depth ( G i r a u d ,  1965). 
model in that a jump in dielectric constant i s  allowed at the vacuum-material 

normal incidence becomes: 

Figure 13 shows a s l ight ly  more general 

Lte?f*e tzgUi? ~ s . & g  l~ssless df,electi-its the y e f a c t i ~ f i  cmziicient 8% 

where 

2 
R =  

18 



Q = (k2 Ao/b)'I3 

and where SA and 
tion. Figure 14 sham an -le of reflectivity R plotted against the r a t io  of 
transit ion lqer thickness and wavelength far e2 = 4.0 and far several values of 

seen the mar gradient introduces a "match" between vacuum and the underlying 

layer even far very moderate layer thickness. Far laJTers deeper than amt one half 
the wavelength essentially cmly the initisl 3- in e, i .e . ,  s1 - 1 gives r i se  t o  
reflection. 
the constant value quoted by G l r a u i .  It is not clear how this disc~~1p%!xy me 
brought about. Most likely it ma;y stem f r a m  an erroneous application of the 
phase integral method as opposed t o  the exact method leading t o  equation (21). 

are any two independent solut;ioins of Stokes differential  e p -  

The case 5 = 1.0 corresponds t o  Giraa's case ( G i r a u d ,  1965). As can be 5. 

In the case s - 1 = 0 the ref lect ivi ty  should appiroach zero and not 

Frunthe discussion of these examples it is obviaus that a nuuiber of sur- 
face models can be constructed which m y  account for the strength of' the quasi- 
specular camponent of the returned echo and even the frequency demdence of the 
rei;urn. 

Ut us next IAwn t o  the qpstim of interEp.sting the variaus kinds of 

The depolarization of circularly polarized scattered waves far circularly 

polarizatian observations. 

polarized illumination may be thought of as arising in at least  me of two 
different wqm. Thhlv may either be a systumtic difference in the backscattering 



coefficients for waves p0la;rized in ar perpendicular t o  the local plane of 
incidence (the! two principal linear poLarizatians). There q also be a 
depolarization of the two principal linearly polarized wrwes in the sense t h a t  

illumination in one principal linear polarization gives rise t o  scattered power 
in the orthogonal linear polarization also. The results of Section 4.3 of this paper 
shaw that the former of the two possibilities does occur. 
results of Section 4.4 shuw that the latter type of mechanism is also present. 
order to evaluate the relative importence of these mechanisms in causiw depolariza- 
tion of circularly polarized waves one may argue as follxrws. 

On the other hand, the 
In 

L R t  the backscattering matrix of a surface element be: 

(22) 

so that the linearly polarized fields in and across the local plane of incidence, 
El and E2, respectively, are related t o  the incident fields E; and E; through: 

20 

The emresponding connection between circularly polmized  waves is: 

The ratio of depolarized to polarized circular  when the illunination is circuLas 
hence becaanes : 



In the pexticules ca8e when rZ = rZ1 = 0, one obtains: 

If the phases of the two reflection coefficients are the sane the circulas de- 
polarized t o  polarized power ra t io  may be expressed directly in  terms of the ra t io  
of the t w o  
follaws: 

linear backscattering coefficients and 

Figure 15 shows a plat of the expected r a t io  of depolaxized and polarized p e r  
for circular polarization as a fhnction of the ra t io  p 

case there w o u l d  be no depolarization of the two Fincipal Uneasly polasized com- 
ponents. 

thc scattered wsye for llnearly polarized illumination. This possibility was 

excl\ded et the outset of o m  discussion as being physically implausible. 

. Note that in  th i s  I I ’p_i 

We also note that a systematic phase difference of the two reflection 
w o u l d  lead t o  a preferential circular polarization of 1 1  “dp_L 

coefficients p 

Figure 15 shows that the dif‘ference i n  the reflection coefficients i; 1 
actually observed, see Figure 9, is inadequate t o  account for the deplasiza- 

and 
t ion of circula,rly polarized waves. It is therefore concluded that  rZ and rZ1 
being nonzero as indicated by the observational results shuwn in  Figure l l  must 
also be an impartant f ac t a  in producing depolarization. 

In order t o  continue the discussion it is convenient at this point t o  ln- 

Imagine that the backscattering i n  past arises fram specular reflectors 
+,=&&e= 8 sr*ifLi: m-1 = = c m i s  *-in_h 
data. 
which do not depolarize at all.  

near the subradar point as indicated by the data presented. 
anpls of incidence we Imagine the scattering t o  occur increasingly fYom a 

discrete structure which acts as sbgle scatterers. 
may, as a first appiroximation, be thought of as linear dipohs of more or less 

be &$st$- to ~ p - c j - l l c C  the &sIx-ved 

This type of mechanism c l e a r l y  is dominant 
With increasing 

- These discrete scatterers 
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randun orientation. 
scattering t o  account for the polarization effects is justified by the very 
l ow reflectivity of the lunar surface material. 

The assumption of single scattering rather than multiple 

A lineax dipole w i l l  depolarize a circulerrly polarized wave completely, 
Le., the energy scattered in right and left polarizations w i l l  be of equal 

strength. 
it is therefore possible t o  estimste the relative amount of power Pr scattered 
by the reflection mechanism and the power Ps by the dipole scatter mechanism. 
Tne r a t io  of 6epoiarized t o  po-iarizeii power 'Icanes: 

By observing the r a t io  of depolarized t o  polarized power as above 

Figure 16 shows the r a t io  of depolarized t o  polarized power plotted as a function 
of the r a t io  of p e r  scattered by dipoles t o  t o t a l  scattered power. 
the results in Figure 2 w i t h  the curve In Figure 16 shows that 7'0s of the power 
returned at oblique augles of Incidence is  t o  be ascribed t o  the dipole scattering 
mechanism. A collection of randomly oriented dipoles i l lminated w i t h  a linearly 
polarized wave w i l l  return 25% of the scattered power i n  the orthogonal mode .  
t h i s  case, therefore, the r a t io  of depolarizedto polarized power for circulasly 
polarized wares becollles: 

Cumpaxison of 

In 

I n  Figure 17 th i s  polarization r a t io  is plotted as a function of the fraction of 
the total power sca thred  by dipolesi Comparison w i t h  Figure 7 shows that again 
the fraction of the t o t a l  scattered power which nust be ascribed t o  the dipoles 

is  in the vicinity of 70%. 

account for a preferential backscattering when the E-field is  i n  the plane of 
incidence, as shown by the observational results of Figures 9 and ll. 

two modifications may be made t o  the m o d e l  t o  acccumnodate th i s  effect. 

This somewhat naive model of the scattering mechanism is so far unable t o  

A t  least 
It may be 
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. 

that the  dipoh behave if  oriented preferentially 1 the ver t ical  
direction on the lunar surface. 
Hagfors et  al (1965) In the form of a tenuous layer cwering the dipoles. 
preferential scattering of waves with E-field in the plane of incidence w a s  
explained as a preferential transmission of these waves through the tenuous top 

layer. 
are buried underneath the tenuous layer. 
not appear t o  be i n  agreement w i t h  the resent S u r v e y o r  I pictures if these 
pictures are repcesentative o f t h e  lunar surface i n  general. 
large nmbers of rocks on the surface. These rocks m y  w e l l  serve as the discrete 
scatterers which so conveniently accounts for most of the radar data. 

i f  the rocks are identical w i t h  the dipoles, it means that the scattering 
structure is not buried under a tenuous layer. 
rocks actually seen i n  the Surveyor I pictures are numerous enough t o  account 
for the t o t a l  scattered power a t  oblique angles of incidence. - The Surveyor 
pictures appear t o  indicate tha t  the cumulative rock distribution is  of the form: 

An alternative model was suggested by 
The 

The latter model requires that a Large frsction of the scattering dipoles 
This assumption does, unfortunately, 

The pictures rweai 

However, 

L e t  us f i rs t  examine whether the 

* 

5 -1.77 N = 3.U 'y 

2 where N = cumulative number of grains per 100 m 
y = diameter of grains i n  mm. 

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

-2.77 n(y) dy = 5.31*103 y 

-6 
(3 = y2 *IO 

Q (31) 

------------ 
*"Surveyor I, A Preliminasy R e p o r t , "  Report SP-126, National Aeronautics and Space 

Administratian (June, 1966) . 
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Let us next assume that each grain scatters back w i t h  radax cross section 
which is a certain constant fraction R of its geometrical cross section when the 
diameter exceeds the wavelength and zero otherwise. 
area is therefore found t o  be: 

The cross section per unit 

is not very cr i t ica l ly  dependent on th i s  choice. If we put y- = lo00 m 
we obtain, for X = 23 cm 

s w R  0.083 (33)  

If the reflectivity of the grains is the same as for the moon as a whole we 
therefore obtain as a typical number for cross section per unit area: 

This number is  large enough t o  account f a r  a l l  the scattering at oblique angles 

of incidence, capare  with the data of Table 1. 

where Surveyor I landed i s  typical of the lunar surface the ear l ier  interpretation 
of the radarr data i n  terms of buried single scatterers (Ilagfors, e t  al, 1965) must 
be rejected on the grounds that the scatterers as seen photographically r e s t  on top 

of the STr_fifWC rather t.ht32 insifit2 it= %e px?seErP nf c a - m s  nnrl ?OCkS nl? top 

of the surface rather than buried inside the surface material does, huwever, not r u l e  

out the presence of a double layer surface model. It ab means that the back- 
scattering at oblique angles of incidence t abs  place without appreciable pene- 
traticm of the top layer. 

Hence, if  the Flamsteed area 

The double layer m o d e l  is  s t i l l  attractive in certain 
respects both t o  explain a wavelength dependence of the quasispecular return as 
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w e l l  as t o  account for the somewhat lower dielectric constant of the l;mar 

surface material generally deduced by radiometer observations of thermal 
emission f r o m  the moon (Sobolevs, 1962; Heiles and Drake, 1963; Baass e t  el, 

1965; Davies and Gardner, 1966). 
Davies and Gardner have constructed a nodel having l a t e ra l  inhomogeniety. 
Their model of the lunar surface consists of 65 percent mea with G = 1.6 and 
35 percent with 6 = 5.0. 

Rather than having inhomogeniety i n  de2th 

Local variations i n  the radar depolarizing properties of the lunar sur- 
m-e c ~ l y  LnTazation reganling n--- % -  _ _  lace: U ~ V C :  so f&- ~ i o t  3eer; & - & . ~ c ~  e:&tens2:e1;.. 

local  variabil i ty w a s  reported by Hagfors e t  a1 (1965) and shows certain 
peculiarities i n  relation t o  the scattering frm the crater m h o .  

other craters have also been shown t o  be extraordinwily strang radar 

scatterers (Thompson, 1965), but detailed studies of their  depolarizing 
groperties have so f a r  not been attempted. 

Several 

The model of the 1una.r surface energing frm the -present and past radar 
studies interpreted for  compatibility with radiometric thermal emission data as 

w e l l  as witin photographic close-u? Fict-mes ajpxzrs t o  3e as f o l l m s .  
partion of the surface 1s gently undulating with r . m . s .  slopes OE the order of 
10 - 12'. This surface must be either horizontally or vwrticaUy inhomogeneous 
i n  order t o  reconcile radar and radianetric data. 
as observed i n  backscattering a t  oblique angles of incidence a?pears t o  be zdequateb 
explained by pebbles and rocks strewn over the smooth surface. 

The ?zajQr 

The depolarizing properties 

I 

I 
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Appendix A 

Let m zrbitrarry j+ir of two-dimensional orthogonal unit vectors be given i n  

teras of e and e by: 

I 
+ 4 

X Y '  

~ 

The comsonents of the cm?lex f i e ld  along these directions me:  

4 4 

E, = ( e ,  I: 1 

I The difference i n  the power i n  these two orthogonal mffies is:  

(I! 1) 

(.".2) 

3;: 3chwartz inequality: 

B u t  f r o m  ( A l )  it fo l la rs  that  I  CY^ 2 + I B 1 = 1, and the well kncn.m definition 

of degree of polarization ( 3 )  is therefore seen to be ;Thysically reasonable. 
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Appendix B 

Rotation of the coordinate system through an angle *-,causes the comAmnents 

of c, vector E t o  transform according to  the  rule: 
+ 

The corresponding transfornation of the Stokes vector can be found by sinyle 

substituticn t o  be: 

or abbreviated: 

The Elueller matrix i n  the rotated coordinate system is: 

M$ = T M T" 

W h e r e  

of the scattering element we obtsin in general: 

is the  transpose of T. Measuring $ relative to the plane of incidence 

J 7 ; c c a s 2 $  ; - M z s i n 2 $  ; 

cos 29; &cos2 2$ $- Mi3 sin 2 2\) ; (M;3- M& ) sin 29 cos 2 \); 0 

sin 2$; (M;3- M&) sin 24' cos 2$ ; PIo cos 2 29 + MS 0 sin. 2 2'1; 0 
33 
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F i m e  Legends 

Figure 1. Arrangement for the control of polarization 3f the trans- 
Mtted radiation. 

Fi,me 2. ?lot of the polarized and clepolarized circular componen%s for 
c i r c u h -  polarization transmitted. 
(d being angle of Fncidence. 

Parer i n  d-ecibels against cos gY 

Figure 3. t i -  ltro-way msemia c o m e c t i e n  facta  f?l decibels ?lotted against 
cos 8. 

Figure 4. plots  o f  t o t a l  returned power per unit  area against cos $ y  

both for  circular and for linear illumination. The difference i n  

parer levels of the two curves does not ref lect  a difference i n  cross 
section, on* a difference in the system calibration during the two 
runs. 

Fi6-e 5. Ratio of polarized and depolasized cmponents against cos $, 
circular p la r iza t ion .  

Figure 6. plot of polaSized and depolarized components against cos jdy 
for l inearly polarized illumination. 

Fi,we 7. Ratio of polarized and depolarized components against cos (dy 
linear polarization. 

Figure 8. Frequency spectra far the two linearly polarized receive2 
components for  circularly polarized illumina,tion. 

Ratio of backscattered power in two orthogonal linearly -. rigure 9. 
polarized cmponents for circularly polarized illumination. 

Figure 10. Ratio of backscattered pmer i n  two orthogonal linearly 
polarized components for circularly polarized illumination, a t  

3.8 cm wavelength. 



Figure U. Ratio of backscattered mer i n  two orthogonal linearly 
polarized canponents for linearly polasized illumination, 
polarization 1 1 of incidence. Dotted curve shows depolarization 
when polarization of illumination is averaged over all angles - 
for the s a m  data. 

Figure 12. Reflectivity of double layer of random thickness f o r  various 
c d i n a t i o n s  of dielectric constant of upper layer el and of 
lower layer c2. 

Figure 13. 

Figure 14. 

Surf ace nodel involving linear gradient in dielectric c onstant. 

Reflection coefficient for dielectric double layer with linear 
gradient. 

Figure 15. Plot of ra t io  of p0la;rlZed and dewlaxized -parer for  circularly 
polaxbed iUmination as a function of the ra t io  of the back- 
scattering coefficients of the t w o  p i n c i m  linear ;>olarizations. 

Plot of ra t io  of polarized and depolarized parer for circular Figure 16. 
illumination as a function of the fraction of power scattered by 
dipoles. 

Figure 17. Plot of ra t io  of polarized and depolarized power for  linear 
i l lminat ion plotted as a function of the fraction of power cczttered 
by dipoles. 



QI a w a z 
I 
0 

a 
n 

m 
- 
* r 
I: u 
-c) 
W 
ri, 

w 
v) 

I 
a, 
a 

0 - a 
m 

n 
U 
rh 

N 

x 
e 



-4 3 FEB 1966 1700-2400 EST 

X=23cm 

-0  t 

-321 DEPOLARIZED CIRCULAR 

I- 
I . . . . ,  I I I I 

0.0: 0. I 
-361 1 1  I I I I 

I .o 
cos + 

CIRCULAR TRANSMITTED AND RECEIVED 

Fig. 2 



I m  
I o  I 

i 
6 

-8- 
v> 
0 
0 

7 
X 
W 
I- 
I- a n 
a 
7 
7 
W 
I- 
7 a 



. 

u 36 
a I " I  I I I I - 
-0  MOON X=23cm - 
- 0 o LINEAR 4/5/66 - 

- - -88, u 36 

W I- 

a I " I  I I I I - 
-0  MOON X=23cm - 
- 0 o LINEAR 4/5/66 - 

- - -88, 

a t- 

a a 
mi a 
2 
CE 
LrJ 

0 a 

- 

3 

a 
k 20 m 

t I- 
IC; C 
" I  

12 f 

A 
X 
X 

\CO<$ 

xx\. 

a 

I f i l l  I I I I I I l l 1  I I .  I I 

1.0 .7 +I ,2 .I .07 .04 .02 
COS +, + = ANGLE OF INCIDENCE 

Fig. 4 



I 



n 
P 
U 
v 

C 

-4 

-8 

-12 

- I6 

-20 

-24 

-28 

-32 

-36 

F 9 FEB 1966 0200-0800 EST 
A =  2 3 c m  

LINEAR 

- 

I l l 1  I I I I I I I I I  I I I I 
0 0. I 0.C 

cos + 
LINEAR TRANSMITTED AND RECEIVED 

Fig. 6 



J 

cu 
0 
0 



I 

Ir I 

FREQUENCY SPECTRA, MOON, I8 JUN. 1965 
0340- 0435 EST 

& =  23cm,PULSE LENGTH 200~~sec,  FREQ. BOX 2cps 

L =  MAXIMUM FREQUENCY, C=CROSSOVER POINT 

-X- E- FIELD ALIGNED WITH LIBRATION AXIS 
-0- E- F!ELD NORMAL TO LIBRATION AXIS 

.08 8 = 35.2.8. 

.06 RANGE = 2.08ms 

-12 -8 -4 6 4 8 12 16- 
.14 
.I2 
.IO 

E :El 
.04 
.02 

w *o 
L 

.I2 
-J .IO E -08 

.06 
.O 4 
.02 

.O 

8 = 52.2 7' 
RANGE = 4.48ms 

+ I  , + I  I I I I 1 1 I I 1 1  I+b-+#J 
-is -12 -8 -4 0 4 8 12 16 

-16 -12 -8 -4 0 4 8 12 16 

:It F: !I i 
.I2 
.IO 
.08 - 

- 
- 

-16 -12 -8 -4 0 4 8 12 16 

e=66'f.S0 
RANGE = 6.88ms 

e =71.s0: .5' 
RANGE = 9.28 mr 

DOPPLER FREQUENCY, cps 

Fig. 8 



I 

0 
F 

E 
0 

rr) cu 
x 

II 

Q) 

0 
F 
0 0 

In 
0 

* 
0 

0 
I- 
C 

- 
a 



rn 
0 

F 
0 

(D 
0 

0 
0 

e 
0 

0 

0 

0 
I- 

X 

- 
a 

SlN3131dd303 9NItJ31lVfS A 0  OIlVt l  



1N 

1 

0 
0 

6 

9 
Y 



L 

v) 
v) 

LL 
0 
a 
w 

J 
0 

I- 
0 w 
-J 

G 
- a 

W 
E 

w 
0 
0 

z 
I- o 
W 
J 
LL 
W a 
rK 

sz 



cu 

I I 
I I 

0 
N 
II 

a 
I 
II 
N 

z 
0 

Hld3a 



1 

A- 
d 



0 
d- 

1 I I I 1 I I 1 1 1 I 1  I I I W n L  \ I  0 
0 
rr) 

0 - U 



I -  

1 

I I [ - I  I I I I I I 1 I I I I I I 

1 
i I I I I 1 I 1 I I 1 I 1 I I I I I 

9P ‘StlVln3UI3 lOd3WlOd O l l W  



1 '  
I 

, 

I I 1 1 I 1 I I 1 I 

9P 'SUEIN11 O3ZItJ~lOd3O/Q3Zltl~lOd O I l W  
L 


