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15. Surface Electrical Properties Experiment
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The surface electrical properties (SEP) experiment
was used to explore the subsurface material of the
Apollo 17 landing site by means of electromagnetic
radiation. The experiment was designed to detect
electrical layering, discrete scattering bodies, and the
possible presence of water. From the analysis of the
data, it was expected that values of the electrical
properties (dielectric constant and loss tangent) of
lunar material in situ would be obtained.

The SEP experiment is important for several
reasons. First, the values of the electrical properties
of the outer few kilometers of rock and soil of the
Moon, measured in situ for the first time, may help
others interpret many observations already made with
both Earth-based and lunar orbital bistatic radar.
Second, the SEP experiment will provide data that
are needed to interpret the observations made with
the lunar sounder, an Apollo 17 orbital experiment.
In the Apollo lunar sounder experiment, the time
intervals required for electromagnetic waves to pene-
trate the Moon, be reflected, and return to the
surface of the Moon were measured. Of more interest
than times, however, are depths, which can be
obtained from the lunar sounder delay times and the
dielectric constant that is measured in the SEP
experiment. Third, the results of the SEP experiment
are expected to help define the stratigraphy of the
Apollo 17 landing site. Visual observations made by
the crewmen and recorded with cameras are restricted
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to the surface of the Moon. The SEP experiment will
extend to depth those visual observations made at the
surface and perhaps reveal features at depth that do
not reach the surface.

DESCRIPTION OF THE EXPERIMENT

The basic principle of the SEP experiment is
interferometry. This principle involves only the inter-
ference of two or more waves to produce an
interference pattern. The inversion of the interference
pattern in terms of the spatial distribution of the
electrical properties is the basic aim of the experi-
ment (fig. 15-1). The experiment is most easily
understood in terms of a single dipole antenna for
radiating electromagnetic energy and a loop receiver
for measuring the magnitudes of the fields. In the
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FIGURE 15-1.—Simplified schematic diagram of the SEP
experiment. Electromagnetic radiation from the trans-
mitting dipole antenna travels along path 1 (above the
surface), along path 2 (below the surface), and, if
reflectors are present, along path 3.
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15-2 APOLLO 17 PRELIMINARY SCIENCE REPORT

early developmental stages of this experiment, ex-
actly this configuration was used (ref. 15-1).

The electromagnetic energy radiated from the
transmitting antenna travels along various paths. In
the “half-space” case, one wave travels above the
interface through “free” space and another travels
below the interface through subsurface material.
Because the velocity of electromagnetic waves in a
solid medium is different from that in free space, the
two waves interfere and produce a distinctive interfer-
ence pattern. This case has been studied extensively
from both experimental and theoretical viewpoints
since 1909 (ref. 15-2). The correct mathematical
solutions, although somewhat complicated, are now
well known (ref. 15-3). An example of a theoretical
interference pattern for the half-space case is shown
in figure 15-2. The spacing between successive maxi-
mums or successive minimums is related to the
frequency of the wave and to the dielectric constant

£ Max = -5.585
= d = 0.0500%
g
g Max = -0.908
g d - 0.1250\
IN B

Max = 1.159

d = 0.2000%

Max = 10.826
d = 0.2750\

Max = 10.539
d . 0.3500%
J

0 2 4 6 8 10 12 14 1:6 18 20 22
Distance, free-space wavelengths
FIGURE 15-2.—Theoretical interference pattern for a haif-
space case, in which medium 1 is solid and medium 2 is
free space; where depth d = 0, medium 1 loss tangent p, =
0.0300, medium 2 loss tangent p, = e, medium 2
dielectric constant e, = o, and frequency f = 299.8 MHz.
The symbol H, represents the vertical component of the
magnetic field. The points on the ordinate indicate the
maximum (max) values of each wave pattern.

of the medium, and the rate at which the field
strength decreases with distance is related to the loss
tangent of the medium. This type of pattern is
present in some of the lunar data.

If a reflecting horizon occurs at depth, such as the
case shown schematically in figure 15-1, then a
reflected wave will interfere at the surface of the
medium with the other waves. Figure 15-3 is a
theoretical curve showing the distinct interference
pattern produced by a reflected wave. The presence
of additional reflecting horizons in the subsurface
would produce still more complicated interference
patterns.

In the Apollo 17 SEP experiment, two crossed
dipole antennas that radiated sequentially were used.
In addition, several frequencies—1, 2.1, 4, 8.1, 16,
and 32.1 MHz—were used. Because each transmitting
antenna radiates at each frequency for a sufficiently
long time, the experiment results can be analyzed in
terms of continuous waves. The shortest sampling
time at the lowest frequency includes approximately
33 000 cycles.

THEORETICAL BASIS

The SEP experiment is the first geophysical field
technique to use the dielectric properties of rocks
rather than the conductive properties. In that sense,
the experiment is entirely new. Consequently, all the
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FIGURE 15-3.—Theoretical curve for the case of a single
layer over a reflector. The layer is four free-space
wavelengths (42, ) thick (zef. 15-8).
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SURFACE ELECTRICAL PROPERTIES EXPERIMENT 15-3

experimental techniques and most of the theoretical
basis have been developed specifically for the lunar
experiment. Descriptions of the early versions (circa
1968) of the technique are given in references 15-1,
154, and 15-5. In this report, the physical and
mathematical basis of the experiment is outlined and
the discussions in references 15-6 to 15-8 are fol-
lowed. Theoretical work has been limited to the
electric and magnetic fields that result from dipole
antennas on plane, horizontal, layered media. For
mathematical details, the reader is referred to the
original sources.

In the theoretical development, consideration is
given first to electromagnetic propagation in an
unbounded, homogeneous, isotropic dissipative med-
ium and next to propagation near the plane interface
of two semi-infinite homogeneous media (specialized
to a lossy dielectric below an empty (or free) space
region, popularly called the half-space case). Then,
the effects of inhomogeneous horizontal stratification
are considered, specialized initially to a lossy dielec-
tric region of two layers, the first of depth d and the
second of infinite depth and having electrical prop-
erties differing from the adjacent layer and the
semi-infinite space above.

UNBOUNDED, HOMOGENEOQOUS, LOSSY
DIELECTRIC MEDIA

Electromagnetic propagation in unbounded dissi-
pative media is treated adequately in references 15-3
and 15-9 to 15-13. Variation of electric and magnetic
fields with time ¢ is usually expressed as exp(fwi)
where the rotative operator j = /=1 and the radian
frequency w = 2uf (where the frequency f is
expressed in hertz); this exponential is hereafter
suppressed. Meter-kilogram-second units are used
where, in vacuo, the dielectric constant or permittiv-
ity e = 1 X 107°/36m F/m and the permeability
Mo = 4w X 1077 H/m. The phase velocity in vacuo is
¢ = 1\/uoeo = 3 X 10® m/sec. Mathematically, the
field expressions are solutions to Maxwell’s equations.

The dissipative medium is characterized by its
electrical constants, real relative dielectric constant e,
and conductivity ¢ (mho/m). (For a vacuum, €, = 1.)
The media are customarily considered to be nonmag-
netic with permeability u = ug. The finite value of ¢
gives rise to a complex relative dielectric constant e;,
a complex refractive index N, and a complex phase
constant X = f§ — jo where §is the phase constant and

a is the attenuation constant. A typical component of
electric field £ at a large distance R from the
radiating source varies with R according to

0 = 5, R IF (150

where E is a reference value of £ (independent of
R).
The complex relative dielectric constant is

e, =¢c,(l-dp)=e, - Jx (15-2)
where p is the loss tangent
ol A
p = w5y = 600 -e—r (15-3)

with A the free-space wavelength in meters.
The refractive index relative to vacuum is

N =H=\/€:(l - Jp)l/z (15-4)

The evaluation of the complex radical may be
accomplished by the 50-yr-old method of G. W.
Pierce (ref. 15-14), recently revived by King (ref.
15-9), as follows.

I - gp = flp) - dglp) (15-5)

where
Fflp) = cosh(% sinh™? p) = [%(\/1 +p2 + 1)]1/2
glp) = sinh<% sinh”! p> = [%(\]1 +p2 - 1>]1/2

Thus, the complex phase constant k& may be
written as

k=8 -Ja=gyafer =80 =284 [flp) - iglp)]
(15-6)

where the phase constant (real) in vacuo 8, = 2n/), =

w\/ Mo €q. Hence

B = Bo\/e_rf(p), rad/m

< 8
A= BTN - (15-7)

R
H

8.\ 9(p)s Np/m
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When the loss tangent p is small, say p < 0.5, then
Ap) =1 and g(p) = p/2; this is the case encountered in
the lunar SEP experiment, so that

= en
B = B&,Er =3 rad/m

, m (15-8)
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and o is independent of frequency. If o and e, are
constant with frequency, then p is proportional to f;
if p is constant with f, then o/e, is proportional to f.

Propagation in Layered Media

For propagation in semi-infinite space near and
above a semi-infinite, homogeneous (nonlayered)
lossy dielectric, see references 15-3, 15-9, 15-10, and
15-15 to 15-17. References 15-16 and 15-17 are
especially useful for layered media. Earlier applica-
tion was to ground-wave propagation along the
surface of the Earth, generally where the loss tangent
of the Earth is large. The mathematical solutions are
involved; they were solved initially by Sommerfeld in
1909 (ref. 15-2) with later (1926) correction of the
famous \/—1 sign error (ref. 15-18). A complete
history, with proof of the existence of Sommerfeld’s
controversial surface wave, is given by Bafios (ref.
15-3). The resulting field equations (for electric field
E and magnetic field H) depend on the nature of the
source. In theory, there are four source dipoles: the
horizontal electric dipole (HED) and vertical electric
dipole (wires), the horizontal magnetic dipole, and
the vertical magnetic dipole (VMD). In the SEP
experiment, a tuned series of wire antenna radiators
(thus extensions of the elemental HED) is used, and
the cylindrical coordinate values of magnetic field
Hp, H¢, and H, are measured.

The major difference in typical ground-wave prop-
agation from that on the Moon (or in earthbound
glaciers and deserts) is in the low values of €, and p
for the latter. For the case of a semi-infinite Moon
below semi-infinite space, the solution is that for the

so-called half-space case; the integral method of
solution (ref. 15-3) involves general integrals of the
type

-Yla-Yzb
I(a,b,r) = F())e

Hé(h‘*)k ar (159)

-0

where the function F(A\) is devoid of exponential
behavior, Hj is the zero-order Hankel function of the
first kind, and v; = (A2 — k7)” may be called a
complex propagation factor (i = 1 denoting the lunar
soil and 7 = 2 the space above). The variable A used in
equations (15-9) and (15-10) is a complex separation
(or eigen) variable of integration and should not be
confused with the wavelength.

In a cylindrical coordinate system with the source
dipole at a height 4 above the origin of the
coordinates (p, ¢, z), two essential integrals U{(a,b,r)
and V(a,b,r) are required to determine the vector
potential I1 from which the fields £ and H are
derived. The relationship of E and H is derived from
Maxwell’s equations and continuity relations at the
space-dielectric plane boundary (z = 0). The Uand V
integrals differ in the value of F(A) used; thus, for the
V integral

k2y - k2y
12 21
F(x) = y N " (15-10)
CEEICRE
where
kZ
K2 = —
0 2
Fexl (15-11)
k k.
N = —1- = = = EZ"
kz Bo 1

In equation (15-11), the refractive index N (eq.
(15-4)) is the reciprocal of n used by Bafios (ref.
15-3) and others.

For evaluating a component of the magnetic field
(e.g., Hy) in the SEP experiment, the U integral is
required (actually the partial derivative of U). Here,
a =0, b =h+z and the exponential involving a in
equation (15-9) is unity; thus, U is written as
U(0,b,r). If h = 0, then U becomes U(0,z,r).

The integral solution involves, generally, saddle-
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SURFACE ELECTRICAL PROPERTIES EXPERIMENT 15-5

point or double-saddle-point approximation methods
(ref. 15-3). However, if # = z = 0, the solution for
U(0,0,r) is exact, as found by Van der Pol. Thus, the
expressions for H, waves broadside to the horizontal
wire (HED) are exact as are those for the tangential
component of electric field £y (VMD) (first noted by
Wait (ref. 15-16)). If 4 or z (or both) are nonzero
values, approximate methods must be used; these
methods are very laborious because complex contour
integration must be used with consequent studies of
poles and branch cuts in the integrals /(a,b,7).

The resulting field expression for the half-space
case consists of two components, one a wave traveling
above the surface with the phase velocity of space
and the second a lateral wave; these two waves
interfere. An example is shown in figure 15-2 for H,
lateral waves broadside to an HED for several values
of ¢, and p; = 0.03. The lateral wave is that
component of energy traveling in the dielectric but
refracting across the boundary to reach the receiver
at height 4 = z.

For typical terrestrial soils, the loss tangent p of
the ground is so high that the lateral wave is relatively
too small to be observed. However, in glaciers, polar
regions, and deserts, such interference patterns as
those shown in figure 15-3 may be observed.

Horizontal Stratification

Two Layers.—Wave propagation in stratified re-
gions has been treated generally by Brekhovskikh
(ref. 15-17) and Wait (ref. 15-16); the properties of
antennas in such regions have been discussed by
Galejs (ref. 15-15). As specified for the SEP experi-
ment, the previously mentioned treatments in refer-
ences 15-6 and 15-8 find useful application. The
geometry is that of figure 15-4. The solutions are

1 Z
Medium 1 “ Py l/Y
T X
Medium 2 E’z p2 ?
Medium 3 “, Py

FIGURE 154.—Geometry for the case of a single layer over a
half space. Medium 1, a > 0 (free space); medium 2, -4 <
z < 0; medium 3,2 <-A.

integrals, similar to equation (15-9). The theoretical
problem is reduced to that of solving the integrals.
Three techniques have been used: (1) numerical
integration on a digital computer, (2) asymptotic
expansions that lead to geometrical optics approxi-
mations, and (3) contour integration to yield a
normal mode solution (mode). In the geometrical
optics approximation (GOA) method, the resulting
field at the receiver consists of the space and lateral
wave components (the half-space case) plus those
attributable to reflections from the boundary be-
tween the upper layer of thickness d and the lower
semi-infinite layer. (Lateral waves at this boundary
and their effects have been generally neglected.) The
formulation of reflections is approximate, but the
GOA solution is considered satisfactory if the depth d
is greater than the wavelength X\ in the upper layer.
An example is shown in figure 15-3, where d = 42,
for lateral waves broadside to an HED. In the mode
approach, the contributions to the integrals are
identified in terms of the normal modes of wave
propagation.

Multiple Layers.—Solutions to the various integrals
(eq. (15-9)) for multiple layers can also be obtained
by numerical integration and by using normal mode
theory. The numerical integration method (refs. 15-8
and 15-19) provides quite exact solutions but requires
much computer time; however, the method provides
a check on other techniques and can be extended
readily to large numbers of layers. In the GOA
method, the problem is treated in terms or rays (thus,
distances must be large compared with various wave-
lengths); therefore, solutions that are readily inter-
pretable against a background of physical optics are
provided. Unfortunately, the GOA is invalid for
“thin” layers, the case for both glaciers and the Moon
for at least some of the SEP experiment frequencies.
The formulation and solutions for certain parameters
are given in references 15-6 and 15-8. The theoretical
curve for one set of parameters is shown in figure
15-5. The lack of agreement between the GOA and
the numerical integration at distances less than 7 is
caused by the approximations in the GOA and
indicates clearly that the proper solution must be
chosen for a particular experimental situation. The
normal mode solution, valid for thin layers such as
appear to be present at the Apollo 17 site, was
formulated by Tsang, Kong, and Simmons (ref. 15-8).

We are rather sure that our various formulations of
the solution are correct. These formulations have
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FIGURE 15-5.—Comparison of the geometrical optics ap- B;:tatg:fe

proximation (dashed curve) with the Tsang exact solution
(solid curve), obtained by numerical integration, for a
single-layer case (ref. 15-8). Note the excellent agreement
for all peaks except the first.

been tested against field data collected on glaciers for
which the geometry was known from previous investi-
gations using such other techniques as seismic, grav-
ity, and drilling (refs. 15-1, 15-8, and 15-20). They
have also been tested against laboratory data obtained
with analog scale models.

The antenna radiation patterns of both the receiv-
ing loops and the transmitting dipoles are important
in the analysis of the lunar data. The theoretical
patterns for the transmitting antenna have been
calculated (ref. 15-21), and the results are shown in
figure 15-6. It has not been possible to calculate, with
equal confidence, the patterns for the receiving
antennas because of the effects of the lunar roving
vehicle (LRV). From the data obtained on the Moon,
however, it is deduced that the influence on the H,
component is minimal; thus, our preliminary data
analysis is based on that component. In order to
interpret the H, and H, components, the effect of
the radiation pattern of the receiving antenna must be
removed.

THE EQUIPMENT

On the Moon, the crewmen deployed a small,
low-power transmitter (fig. 15-7) and laid on the
surface two crossed dipole antennas that were 70 m
long tip to tip. The receiver and receiving antennas,
shown in figure 15-8, were mounted on the LRV.
Inside the receiver, there was a tape recorder which
recorded the data on magnetic tape. The entire tape
recorder, the data storage electronics assembly
(DSEA), was returned to Earth. In addition to the

(a)

FIGURE 15-6.—Model of the theoretical radiation pattern
for the SEP experiment transmitting antenna on the
Moon (ref. 15-22). (a) Diagram. (b) Photograph.

SEP experiment data, information on the location of
the LRV, obtained from the LRV navigation system,
was also recorded on the tape.

Description

The electromagnetic radiation at the six SEP
experiment frequencies is transmitted and received
according to the scheme shown in figure 15-9. One
data frame, which is 38.4 sec in duration, consists of
six 6.4-sec subframes that are identical except for the
receiver calibration and synchronization process. In
subframe 1, for example, the receiver is calibrated at
32.1 and 16 MHz and the synchronization signal is
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N

FIGURE 15-7.-The SEP experiment transmitter shown with
the solar panel power source and dipole antennas de-
ployed. The transmitter electronics package is covered on
the bottom five sides with a thermal blanket. Because the
top of the unit is shaded by the solar panel, the uncovered
surface needs only a coat of thermal paint to provide
adequate cooling for the enclosed electronics. The balance
between heat lost to cold space by radiation and that
generated inside the unit by the electronics equipment is
very delicate and requires careful thermal design.

transmitted on the north-south (N-S) dipole antenna
and received on the X antenna. In subframe 2, the
receiver is calibrated at 8.1 and 4 MHz and the
synchronization signal is transmitted on the east-west
(E-W) antenna and received on the Y antenna. Each
experiment frequency sequence is repeated exactly as
shown in all six subframes. Each experiment fre-
quency is transmitted first on the N-S antenna for
100 msec and then on the E-W antenna for 100 msec.
During each 100-msec transmission interval, the
receiver “looks” at the transmitted signal for a period
of 33 msec with each of the three orthogonal (X,Y,Z)
receiving loops. In addition to the preceding opera-
tions, once each subframe, the receiver observes
environmental noise and records its amplitude.

e

FIGURE 15-8.-The SEP experiment receiver and antennas.
The receiver electronics, including tape recorder and
battery, are contained in the box (23 cm?), which usually
is completely enclosed in a thermal blanket. The thermal
blanket has been opened to show optical surface reflec-
tors. The three-loop antenna assembly, folded during the
journey to the Moon, is shown unfolded as it was used on
the Moon.

The receiver acquires the transmitter signal se-
quence automatically as long as the signal exceeds a
given threshold. Synchronization of the receiver is

Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1973NASSP.330......

1973NASSP.330......

15-8 APOLLO 17 PRELIMINARY SCIENCE REPORT
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16 32.1 | 8.1 32.1 |16 MHz| 32.1 4 32.1)

C 16 32.1 | 8.1 32.1 16 | 32.1 | Noise

( 16 32.1 | 8.1 32.1 16 | 32.1 4 32.1 )

N-S
C 16 32.1 8.1 2.1 16 32.1 1 1, 2sync
Receive X
End
1

SF-1 SF-2 SF-3 SF-4 SF-5 SF-6
Cal 32.1/16|[Cal 8.1/4||Cal 2.1/1||Cal 32.1/16||Cal 8.1/4||Cal 2.111
Sync N-S [|Sync E-W||Sync N-S|{ Sync E-W [[Sync N-S||Sync E-W
Receive X [[Receive Y||Receive Z| | Receive X | [Receive Y| |Receive Z
I 64 ! !
— sec Data frame !
' 38.4 sec '

FIGURE 15-9.—-The SEP experiment data format. The basic
cycle, shown in the center of the diagram, starts with the
16-MHz signal and ends with the synchronization (sync)
frame in the lower right corner. The cycle is 6.4 sec long.
(Values are frequencies in megahertz.) The upper part of
the figure shows a typical “data” frame. However, the
single calibration (cal) frame changes successively through
the subframe (SF) sequence shown at the bottom of the
diagram.

accomplished when both (or either of) the 1- and
2.1-MHz signals exceed a given threshold. A block
diagram of the SEP experiment receiver is shown in
figure 15-10.

The loop antennas are connected sequentially to a
low-noise amplifier section, which amplifies, converts
(in frequency), and logarithmically compresses the
amplitude of the received signal. A constant ampli-
tude, variable frequency signal (in the band 300 to
3000 Hz) corresponding to the logarithm of the
received signal amplitude was recorded on magnetic
tape in the DSEA. The DSEA can record nearly 10 hr
of data. Upon completion of the experiment, the
DSEA was removed from the receiver for return to
Earth.

Such functions as signal synchronization, fre-
quency mixing, and antenna switching are controlled
by the timing section, which is, in tum, crystal
controlled for stability. The entire receiver assembly
is battery powered using primary cells and is en-
closed, except for the antenna assembly, in a thermal
blanket. The thermal blanket has two flaps that may
be opened to expose optical surface reflectors, which
form a thermal radiator for internally produced heat
while reflecting heat from the Sun, to control the
internal temperature of the receiver.

The SEP experiment transmitter (figs. 15-7 and
15-11) is powered by solar cell panels that are
designed to provide a minimum output of 10.0 W at
15 V and 1.10 W-at 5 V. Like the receiver, the
transmitter timing sequence is crystal controlled for
stability. Also, separate stable crystal oscillators
generate the signals that are radiated by the dipole
antennas placed on the lunar surface. Because the
antennas are required to radiate energy at six differ-
ent frequencies, they are constructed in sections (fig.
15-12), and each section is electrically separated by
electrical filters (signal traps). Each section of the
antenna is of the proper electrical length for optimum
performance. The dipole antennas, each 70 m long
(tip to tip), are made of insulated wire between signal
traps and were stored on reels until deployed.

Performance on the Lunar Surface

The crewmen deployed the SEP experiment equip-
ment during the first period of extravehicular activity
(EVA-1). Photographs of the receiver and of the
transmitter and the transmitting antenna are shown in
figures 15-13 and 15-14, respectively. Stereographic
photographs will be used to obtain the location of the
starting point of the SEP experiment profiles to
within 1 m. The LRV, with its navigation system, was
used to mark straight, orthogonal lines to be used as
guides for deploying the antenna. Especially impor-
tant for the analysis of the data was the fact that the
arms of the transmitting antenna were laid out
straight and at right angles to each other. The SEP
experiment operations were nominal during EVA-1.
During the rest period between EVA-1 and EVA-2,
however, the temperature of the SEP experiment
receiver increased; subsequent overheating hampered
the SEP experiment operation until the DSEA re-
corder was removed in the middle of EVA-3 to
prevent loss of data that had been recorded already
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FIGURE 15-11.—Block diagram of the SEP experiment transmitter.

on the magnetic tape. The receiver contained a
thermometer that was monitored by the crewmen.
Despite the efforts of the crewmen to control the
temperature, the receiver became too hot and was
turned off by a thermally operated switch.

Data were obtained during EVA-2 on the traverses
from the SEP experiment site toward station 2 and
from station 4 toward the SEP experiment site. Data
were not obtained during the early part of EVA-3
because the receiver switch was in the “standby”’ po-
sition rather than “operate.” Apparently, the trans-
mitter operated nominally throughout the mission.

THE DATA

Three kinds of data were recorded in the SEP
experiment: navigational data, electromagnetic field
strengths, and the internal temperature of the re-
ceiver. The navigational data, obtained from the LRV
navigation system, included odometer pulses at 0.5-m
increments from two wheels, the computed range to

the SEP experiment transmitter in 100-m increments,
and the computed bearing to the SEP experiment
transmitter in 1° increments. The navigational data
are approximate because of wheel slippage on the
lunar surface and will be improved greatly by
including additional data on the LRV location ob-
tained from photographs, crew comments, and long-
baseline interferometry.

The second kind of data, the primary SEP experi-
ment data, consists of the three orthogonal magnetic
components H,, Hp, and H,, recorded as a function
of frequency and of transmitting antenna (N-S or
E-W). An example of the field strength data is shown
in figure 15-15.

The third kind of data, temperature of the SEP
experiment receiver, was obtained for use in the
postflight analysis of the experiment. Because of the
sensitivity of all magnetic tape to temperature, the
potential loss of data from excessive temperature in
the SEP experiment receiver had been anticipated.
Although protection against overheating had been
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* e 0o — F s F @
3 12'm 41 19m
Transmitter, 1 14
\ N\ 1
) 246 pF 492 pF 984 pf 0.0039 pF
{32 MHz) (16 MHz) (8 MHz (2 MHz)
itip! d
Multiplexing an 35 m |

impedance matching |
network

FIGURE 15-12.—Electrical schematic diagram of the SEP experiment transmitting antenna. Only
one-half is shown because the antenna is symmetric about the midpoint (A’, A). Total physical
length (tip to tip) of each section of the antenna used for each SEP experiment frequency is 2, 4,
8, 32, and 70 m. The symbol Z represents impedance, and the components labeled F, to F, are

filters.

FIGURE 15-13.-The SEP experiment receiver mounted on
the LRV (AS17-141-21512).

FIGURE 15-14.—The SEP experiment transmitter and an-
tenna deployed at the Apollo 17 site (AS17-141-21517).

0

60 -

Theoretical data

50

Lunar data

0 ! ] I ] L ]
1 2 3 4 5 6 7

Distance, free-space wavelengths

FIGURE 15-15.—Comparison of lunar data for H;, 16-MHz,
N-S transmitting antenna with the theoretical curve
calculated from mode theory. Parameters are given in
table 15-1.

ool

built in, it was desired to have data on the actual
temperature. A portion of the temperature curve is
shown in figure 15-16.

PRELIMINARY ANALYSIS

The analysis of each individual component at each
frequency for each of the transmitting antenna
orientations is quite straightforward. However, a
single model that fits all the data has not been found,
perhaps because of the limitations of our present
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FIGURE 15-16.—Internal temperature profile of the SEP
experiment receiver during the traverse from the SEP
experiment site to station 2 on December 13, 1972.

theoretical development. For rigorous solutions, we
are limited to models with homogeneous layers
bounded by plane, horizontal surfaces. However, even
within the limitations of our present theory, values of
the properties of the lunar material in situ have been
estimated, and some interesting conclusions about the
electrical structure of the Taurus-Littrow site have
been obtained.

The discussion in this report is based mainly on
the analysis of H,, the vertical component of the
magnetic field, for two reasons. First, although the
radiation patterns of the receiving antennas have not
been measured, it is expected that the H, data are less
distorted than those of the other two components.
Second, the appearance of the H, data resembles
more closely the glacier data, which comprise our
background data.

Two quite different structural models of the
Apollo 17 site have been developed to account for
the observations. Although neither is based on rigor-
ous theory, we believe that each is correct in the
essential features. The first model, preferred by most
members of the SEP experiment team, is one in
which the dielectric constant increases with depth.
Each of the lunar profiles can be matched quite well
with the theoretical curves based on a single layer.
The parameters for each of these six single-layer
models are shown in table 15-I, and a typical example
of the match between the theoretical and observed
curves is shown in figure 15-15. The composite of
these several models is shown in figure 15-17. We
believe that the H, data indicate that the dielectric
constant increases with depth from a value of 2.5 to 3

TABLE 15-1.—Preliminary Results for H,,
N-S Transmitting Antenna

[p = 0.003]

Transmitter Layer
frequency, €r, r, depth,
MHz (2) (®) m
32.1 2.7 3.0 5.7

16 3.7 3.9 10
8.1 4.1 4.2 18
4 4.2 4.8 37
2.1 6.3 6.4 57
1 6.1 6.3 122

3Dielectric constant of layer.
bDielectric constant of semi-infinite half space beneath
layer.

near the surface to approximately 5 at a depth of 50
to 60 m. A discontinuity is present at 50 to 60 m,
where €, increases to a value of 6 to 6.5. Because no
reflection appears to be present in the 1-MHz data,
we expect that €, does not increase between 60 m
and at least 2.5 km. Compared to terrestrial values,
the loss tangent is quite low (approximately 0.003) at
all SEP experiment frequencies. On the basis of this
low value of the loss tangent, we infer that water is
probably not present at the Apollo 17 site.

In the alternate structural model, the cause of the
apparent change of dielectric constant with depth is
assigned to a sloping interface between a thin upper
layer with €, = 3 to €, = 4 and p <0.04 and a thick
lower layer with €, = 6.5 and p = 0.04. Rigorous
theoretical expressions have not yet been obtained
for this case either. However, we have confidence in
the general effects attributed to a sloping interface
because of the following limiting cases of horizontal
interfaces.

1. For a very thin layer (thickness < 0.1), the
interference pattern is equivalent to that of a half
space in which €, and p have the values of the lower
layer (fig. 15-18, upper curve).

2. For a layer with thickness between 0.1\ and
0.3, the individual “wiggles” of the interference
pattern disappear (fig. 15-18, intermediate curves).

3. For alayer with thickness greater than approxi-
mately 0.3A, the usual “reflected” wave appears in
the pattern.

The sensitivity of the interference pattern of a thin
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FIGURE 15-17.—Model for Apollo 17 site in which the
dielectric constant varies with depth. The values of e, for
each frequency are shown in table 15-I. In this figure, the
approximate continuous function of ¢, is shown. Note
that this interpretation is preliminary and, although the
theoretical solution for each frequency is rigorous, the
“solution” for the continuous variation of ¢, with depth
is somewhat intuitive at present.

L

layer to the exact thickness is shown clearly in figure
15-18. The basis for this type of model is best seen in
the 2.1-MHz profile, which resembles the intermedi-
ate theoretical curve of figure 15-18 near the SEP
experiment site and resembles the upper theoretical
curve of figure 15-18 farther away. The structure that
best fits this analysis is shown in figure 15-19. The

15-13
£ Max = -15.505
s €, =3.0000
) 1
N
E Max = -19,254
g E’1 = 4,0000
IN
Max = -18.460
‘,1= 5.0000
Max = -19.504
€, = 6.0000
! | | L | i 1 al 1I ]
0 2 4 6 8 10 12 14 16 18 20 22

Range, wavelengths

FIGURE 15-18.—Theoretical curves for thin layers, where
p, = 0.0300, ¢, = 3.000, p, = 0.0400, and ¢, = 6.000.
The points on the ordinate indicate the maximum values
of each wave pattern. These plots are based on correct
theory for horizontal layers, and they are used to “‘guess”
a solution for an inclined interface.

L04?
Er=3t0€r=4 p<0 (?) 15m

lzl.Skm

FIGURE 15-19.—The alternate model of the electrical
structure at the Apollo 17 site. A layer of thickness
between 0.2A and 0.3A is present at the SEP experiment
site (left) and thins toward station 2 (right). The broken
line at 300 m indicates a possible discontinuity in ¢, at
that depth.

layer is perhaps 20 m thick beneath the SEP
experiment site and thins to 15 m at station 2. In
addition, there is a hint of a discontinuity in €, at a
depth of approximately 300 m.
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CONCLUSIONS

1. The relative dielectric constant of the lunar
material at Taurus-Littrow, at frequencies of 1 to 32
MHz, is approximately 3 to 4 near the surface and
increases to 6 to 7 at a depth of approximately 50 m.
The loss tangent is less than 0.04 and possibly as low
as 0.003.

2. The electrical structure at Taurus-Littrow is not
simple horizontal layering.

3. No liquid water is present in the outer 1 to 2
km.

4. Scattering of electromagnetic waves at fre-
quencies of 1 to 32 MHz is insignificant.

5. Continuing postflight analysis of navigational
data, photographs, and other data will provide loca-
tion of the LRV on the EVA-2 traverse to an
accuracy of a few meters.

6. Additional theoretical and scale model work is
being done to solve the problem of continuous
variation with depth of the dielectric properties and
the problem of dipping interface.
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